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or patients with intracardiac and extracardiac shunts, de-
Ftermination of shunt severity is essential for appropriate
management and consideration of surgical or intervention-
al procedures (1,2). Shunt quantification involves assess-
ment of systemic flow (Q) and pulmonary flow (QP) and
may be performed using invasive or noninvasive methods.
Noninvasive modalities for flow evaluation include trans-
thoracic and transesophageal Doppler echocardiography
and cardiac MRI with phase-contrast cine imaging.

Right heart catheterization with oximetry is an inva-
sive technique to estimate systemic and pulmonary blood
flow (3) and has long been the reference standard, per-
mitting estimation of shunt fraction by the Fick equation
(4). Although typically a safe procedure, complications
including arrhythmias, vessel perforation, and infection
do occur, and the test is often associated with increased
patient discomfort and costs compared with noninvasive
testing (5-7).

Two-dimensional (2D) Doppler echocardiography is
widely available, noninvasive, and commonly used for sur-
vey of cardiac morphology and blood flow in patients with
congenital heart disease (8,9). However, Doppler shunt
quantification requires good acoustic windows and highly

skilled operators, the lack of which may impact reliability
and reproducibility (8,10).

Cardiac MRI with 2D planar phase-contrast cine imag-
ing has proven to be a more reliable noninvasive method of
shunt quantification, demonstrating fair correlation to in-
vasive assessment in certain pediatric and adult populations
(11-13). However, 2D planar phase-contrast cine imaging
involves complex plane prescription in each vessel of in-
terest, which requires a highly skilled technologist and/or
physician to be physically present at the scanner and may
be further complicated by complex three-dimensional flow
patterns in patients with congenital heart disease.

Recently, four-dimensional (4D) flow MRI has
emerged as an accurate and reproducible means of shunt
quantification. This free-breathing, time-resolved volu-
metric MR angiography technique can be acquired in
8-10 minutes of scan time for retrospective quantifica-
tion of blood flow in any vessel and/or plane within the
imaged volume (14). Previous work showed that 4D flow
compares favorably to 2D planar phase-contrast cine
imaging, providing comparable quantification of blood
flow without incremental cost of additional scan time
for each vessel of interest (14-20). Unlike 2D planar
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Abbreviations

4D = four-dimensional, PAPVR = partial anomalous pulmonary
venous return, QP = pulmonary flow, /Q, = ratio of pulmonary-
to-systemic flow, Q_= systemic flow, RVSV/LVSV = right ventricu-
lar—to—left ventricular stroke volume ratio, SSFP = steady-state free
precession, 2D = two-dimensional

Summary

Four-dimensional flow—derived and catheterization-derived measure-
ments of pulmonary-to-systemic flow ratio demonstrated excellent
agreement and strong correlation; both measurements demonstrated
strong correlation with stroke volume ratio and moderate-to-strong
correlation with ventricular stroke volumes.

Key Points
= Shunt quantification is crucial for appropriate management of pa-
tients with intracardiac and extracardiac shunts.

= Invasive catheterization with oximetry has long been the reference
standard for quantification in most patients.

= Quantitative 4D flow MRI may be an acceptable noninvasive
alternative to invasive catheterization for shunt fraction quantifica-
tion.

local institutional review board with waiver of informed
consent because the study met all specific criteria according
to 45 CFR 46.116 (d). We first identified all adult patients
who underwent 4D flow cardiac MRI at 3 T between Au-
gust 2015 and November 2018 and who also underwent
invasive right heart catheterization with a shunt run within
3 months of the MRI for inclusion in the study (n = 42). Pa-
tients who underwent interval surgery or had a major change
in clinical status (eg, hospitalization, decrease in right or left
ventricular ejection fraction of greater than 10%) between
MRI and catheterization were excluded (7 = 3). Six patients
were excluded because of poor quality of right heart cath-
eterization. A total of 33 patients were included.

The primary objective was comparison of estimated shunt
fraction (Qp/ Q,) between 4D flow and right heart catheteriza-
tion. Secondary objectives included: (2) comparison of right
ventricular—to—left ventricular stroke volume ratio (RVSV/
LVSV) obtained by manual segmentation of steady-state free
precession (SSFP) data with 4D flow and right heart catheter-
ization—derived Qp/ Q, and (%) comparison of measurements
of cardiac output between 4D flow and catheterization

Table 1: Baseline Patient Characteristics
Characteristic Value
No. of total patients 33
No. of women 24
Mean age (y) 49 = 16
Cardiac shunt*
Left-to-right 11
Right-to-left 3
No shunt 19
Mean LVEF (SSEP MRI) (%) 56.3 = 9.0
Mean RVEF (SSFP MRI) (%) 48.8 + 13.1
Average heart rate (beats/min) 70 = 13
Interval between MRI and catheterization (d) 41 *+ 31
Note.—Detailed patient characteristics can be found in Table E1
(supplement). LVEF = left ventricular ejection fraction, RVEF = right
ventricular ejection fraction, SSFP = steady-state free precession.
* By catheterization (Fick equation).

by the Fick equation.

Cardiac MRI

All patients were imaged with the same scanner with a
3-T superconducting magnet (Discovery MR750 using
a 32-channel phased-array coil, software version DV26;
GE Medical Systems, Boston, Mass). Postcontrast 4D
flow MR angiography was performed in all patients, and
all but two also underwent electrocardiographically gated
balanced SSFP gradient-echo (also called FIESTA) im-
aging. The gadolinium-based contrast agent gadobenate
dimeglumine was administered intravenously at 0.3 mL/
kg (0.15 mmol/kg) (Multihance; Bracco Diagnostics,
Monroe Township, NJ). Analysis of 4D flow and measure-
ments of ventricular volumes were performed at the time
of clinical examination according to our standard prac-
tice. Additionally, for the purposes of independent obser-
vation, 4D flow data were reanalyzed by a cardiothoracic

phase-contrast cine imaging, regions of aliasing can be avoided
during flow quantification, enabling quantification even when
velocity aliasing is present. Further, 4D flow has demonstrated
good intra- and interobserver consistency (15,17-19) and reli-
ably preserves conservation of mass (15). However, there are
scant data directly comparing 4D flow with catheterization.
We therefore retrospectively assessed measurements of shunt
fraction and cardiac output among patients who underwent
both examinations in the course of routine clinical care.

Materials and Methods

Study Design

This retrospective study was Health Insurance Portability
and Accountability Act compliant and was approved by the

radiologist (A.H.) with more than 10 years of experience
in cardiac MRI with 4D flow.

4D Flow MRI

4D flow was performed as a postcontrast free-breathing se-
quence during the approximately 8—10 minutes following
first-pass perfusion or MR angiography with a parallel im-
aging and compressed-sensing variant which uses variable-
density off-Cartesian sampling; in 29 patients, respiratory
self-gating was used, while in four others, a version without
self-gating was used (16). The mean scan parameters were the
following: acquired in-plane spatial resolution of 1.96 X 2.35
mm (range, 1.33-2.25 mm X 1.77-3.2 mm), flip angle of
20.7° (range, 15°-25°), repetition time of 4.76 msec (range,
4.04-5.52 msec), echo time of 2.42 msec (range, 1.77-2.66
msec), scan time of 11 minutes 11 seconds (range, 8 min-
utes 2 seconds to 14 minutes 38 seconds). Velocity encoding
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Figure 1:

upper lobe. Right ventricular outflow fract views from, A, MR angiography and, B, 4D flow show the connection between the right upper lobe pulmonary vein and superior

Cardiac-gated MR angiography and four-dimensional (4D) flow images from patient 2 with partial anomalous pulmonary venous return (PAPVR) of the right

vena cava. In C, four-chamber view shows an enlarged right atrium (RA) and left-to-right flow through a large secundum afrial septal defect. In D, red and black circles high-

light the location of blood flow measurements in the ascending aorta and main pulmonary artery, respectively. LV = left ventricle, RV = right ventricle.

ization, and SSFP MRI

Table 2: Comparison of Shunt Quantitation and Cardiac Output by 4D Flow MRI, Catheter-

SSFP Segmentation and
Volumetry

Data postprocessing, man-

BA mean difference
(L/min)

0 (—0.563, 0.567)

Q

Pearson correlation

0.673
—1.19 (—3.83, 1.44)

0918
BA mean difference
(L/min)

0.750 0.754

—1.54 (—6.15, 3.06)

Pearson correlation

BA mean difference
(L/min)

—0.03 (—0.935, 0.881)

—0.14 (—1.79, 1.51)

—0.04 (—4.77, 4.69)

4D Flow versus Cath- SSFP versus ual endocardial contour

Parameter eterization SSEP versus 4D Flow Catheterization .
segmentation, and quan-
Q/Q, titative measurements of
Pearson correlation 0.938 0.852 0.842 stroke volume were per-

—0.05 (—0.845, 0.740) formed using the cvi42 v5
suite (Circle Cardiovascu-
lar Imaging, Calgary, Al-
0.561

—1.29 (—4.77, 2.18)

berta, Canada). Volumetry
was performed as part of
routine clinical care by
cardiac imaging fellows
(M.J.H., D.EK.) with di-

rect supervision and over-

0.503
1.37 (—4.58,7.31)
sight by two cardiothoracic

flow, Q, = systemic flow, SSFP = steady-state free precession.

Note.—Bland-Altman (BA) mean difference is shown with upper and lower bounds. Q, = pulmonary

radiologists  with more

than 10 years experience

speed was varied by clinical indication, with lower velocity
encoding (150 cm/sec) in patients with known or suspected
venous shunts (eg, atrial septal defect or partial anomalous
pulmonary venous return), high velocity encoding (350 cm/
sec) for patients with known or suspected arterial stenosis or
other high-velocity flow scenarios (eg, tetralogy of Fallot or
hypertrophic cardiomyopathy), and intermediate velocity
encoding (250 cm/sec) for all other patients. Data postpro-
cessing and quantitative measurements were performed using
the CardioAl v2.4 suite (Arterys, San Francisco, Calif). Back-
ground phase-error correction was employed, but no other
additional phase-unwrapping or other postprocessing tech-
niques were used. Cardiac imagers with 2 (M.J.H.), 3, and
10 (A.H., S.J.K.) years of experience in 4D flow prescribed
orthogonal planes for aortic (Q) and pulmonary (QP) flow
in the proximal ascending aorta and main pulmonary artery
approximately 2-3 cm distal to the aortic and pulmonary
valves, respectively. In one patient with a Fontan circuit, the
sum of quantitative flow measurements in the inferior vena
cava (Fontan) and superior vena cava (Glenn) conduits served
as a surrogate measurement of Qp

Radiology: Cardiothoracic Imaging Volume 3: Number 2—2021 = rctirsna.org

in congenital heart disease
(A.H., S.J.K.). End-systolic
and end-diastolic right ventricle and left ventricle endocardial
boundaries were contoured at end diastole and end systole on
cine SSFP short-axis images with a four-chamber view as a
cross-reference.

Right Heart Catheterization for Invasive Oximetry

Right heart catheterization was performed through the in-
ternal jugular or femoral vein approach. Blood sample and
oxygen saturations were obtained in the inferior vena cava,
superior vena cava, right atrium, right ventricle, pulmonary
artery, and aorta. Calculation of shunt fraction by using in-
vasive oximetry was performed using the modified Fick equa-
tion with individual aortic and pulmonary outputs calculated
(22). Aortic flow (Q,) was calculated as follows:

Vo,

QS_ SaOZ - SV02 ,

where Vo, is oxygen consumption, S o, and S o, are arterial
a 2 v o2
and mixed venous oxygen saturation, respectively.
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Q,/Q, 4D Flow vs Catheterization
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Figure 2: Compoarison of Qp/@S between four-dimensional (4D) flow MRI and cardiac catheterization. (Left) Bland-Aliman analysis and (right) scatterplots demonstrate
minimal bias and sfrong correlation. Data obtained during initial {routine) clinical care are indicated by blue circles, while orange triangles represent recalculation of 4D
flow measurements by an independent observer. Mean difference values are zero (initial data) and 0.04 (recalculated), while Pearson r=0.938 and 0.905 for initial and

recalculated data, respectively. Q_/Q, = rafio of pulmonary-to-systeric flow.

Pulmonary flow (QP) was calculated as:

VO,

Q=F—"7""->

Spvoz - SPAoz
where Vo, is oxygen consumption, S, 0, and S, 0, are pul-
monary venous and pulmonary arterial oxygen saturation,
respectively.

Mixed venous oxygen saturation was calculated as:

$,0, = (3 X Sgyc0,) + ¥,

where S .0, and S, 0, represent oxygen saturation in the su-

sve2 vc©2
perior and inferior vena cava, respectively.
The ratio of pulmonary-to-systemic flow was subsequently

calculated to determine shunt fraction.

Statistical Analysis

Agreement between measurements of shunt fraction calculated
using 4D flow versus catheterization data was assessed by lin-
ear regression with Pearson correlation as well as Bland-Altman
plots using the Prism GraphPad software package (GraphPad,
San Diego, Calif). Similar comparisons were made between
RVSV/LVSV and QP/Qs ratios calculated from data obtained
by 4D flow and catheterization, as well as between 4D flow—
and catheterization-derived measurements of aortic and pul-
monary flow, using the same statistical tests.

Results

Patient Characteristics

Forty-two patients were identified who underwent cardiac
MRI and catheterization within a 3-month window during

the study period; three were excluded due to interval surgery
or hospitalization with greater than 10% decrease in left or
right ventricular ejection fraction. Six were excluded from
analysis due to poor quality of right heart catheterization data.
The mean age of the remaining 33 patients was 49 years =
16 [standard deviation], and 24 patients (73%) were women.
Eleven of 33 (33%) patients had a left-to-right shunt (QP/ Q=
1.3), three (9%) had a right-to-left shunt (Qp/Q < 0.8), and
19 (58%) had no clinically significant shunt (0.8 = QP/Q <
1.3) at catheterization by the Fick equation. Sixteen patients
had valvular regurgitation greater than 10% by 4D flow (five
with tricuspid regurgitation, one each with isolated mitral, aor-
tic, and pulmonary regurgitation and eight with multivalve re-
gurgitation). Additional patient characteristics and a complete
list of diagnoses are included in Tables 1 and E1 (supplement).

The mean time between invasive catheterization and MRI
was 41 days = 31. Twelve patients underwent catheterization
prior to MRI, and all of these were solely diagnostic catheteriza-
tions without any intervention performed. The most common
congenital abnormality was an atrial septal defect and/or patent
foramen ovale occurring in 13 patients (39%) (Fig 1; Movies 1
and 2 [supplement]), seven of whom demonstrated left-to-right
shunt at catheterization. The remaining six patients with atrial
septal defect had no shunt. Six patients (18%) had partial anom-
alous pulmonary venous return—one with concomitant atrial
septal defect—including one surgically repaired (Fig 1). The pa-
tient with surgical repairs had no residual shunt, but the other
five all demonstrated left-to-right shunt. One patient (3%) had
a ventricular septal defect and two (6%) had tetralogy of Fallot.
One patient had tricuspid atresia palliated to a Fontan circuit,
and the remaining 11 (33%) either had no cardiac abnormalities
or abnormalities not associated with shunting (including new-
onset heart failure, tricuspid regurgitation, pulmonary atresia,
pulmonary hypertension, hypertrophic cardiomyopathy, Wil-
liams syndrome, repaired coronary fistula, and partial cor tria-
triatum; Table E1 [supplement]).
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Q,/Q, (4D Flow) vs RVSV/LVSV (SSFP)
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Figure 3: Compoarison of QP/QS by four-dimensional (4D) flow MRI and right ventricular—to-left ventricular stroke volume (RVSV/LVSV) rafio from manual cardiac seg-
mentation of steady-state free precession (SSFP) images. (Left) Bland-Altman analysis and (right) scatterplot demonstrate minimal bias and strong correlation. Data obtained
during initial (routine) clinical care are indicated by blue circles, while orange triangles represent recalculation of 4D flow measurements by an independent observer. Mean

difference values are =0.05 (initial) and ~0.08 L/min (recalculated), while Pearson r=0.852 and 0.815 for inifial and recalculated data, respectively. Qp/@S =

pulmonary-to-systemic flow.

Comparison of Shunt Fraction Derived from MRI and
Catheterization Data

4D flow—derived Q /Q_ very strongly correlated with catheter-
ization (7 = 0.938). Bland-Altman analysis showed excellent
agreement between Q /Q, ratios obtained by 4D flow and
catheterization, with no bias between the two methods (mean
difference, 0 [limits of agreement: —0.563, 0.567]; Table 2 and
Fig 2). 4D flow measurements performed at the time of clini-
cal evaluation correlated very strongly with those subsequently
performed by an independent observer (r = 0.933 for Q /Q,
0.911 for Q, and 0.975 for QP)

RVSV/LVSYV, as calculated by manual segmentation of endo-
cardial contours in end diastole and end systole at SSFP imaging,
correlated strongly with 4D flow (r = 0.852) and catheteriza-
tion-derived QP/Q (r = 0.842; Table 2 and Figs 3, 4). When
excluding two patients, one with severe tricuspid regurgitation
(regurgitant volume of 180 mL; regurgitant fraction of 73%)
and the other with severe pulmonic regurgitation (regurgitant
fraction of 44%), correlation to RVSV/LVSV improved to 0.913
for 4D flow and 0.887 for catheterization. There was minimal
bias between the techniques, with SSFP measurements tend-
ing to slightly underestimate the ratio compared with 4D flow
(mean difference, —0.03 [limits of agreement: —0.935, 0.881];
Fig 3) and catheterization-derived Q /Q, (mean difference,
—0.05 [limits of agreement: —0.845, 0.740]; Fig 4). LVSV cor-
related strongly with 4D flow—derived aortic flow (r = 0.918)
but weakly-to-moderately with catheterization-derived left ven-
tricular cardiac output by the Fick equation (r = 0.561). RVSV
correlated moderately with 4D flow—derived pulmonary flow
(r = 0.754) and weakly-to-moderately with Fick-derived right
ventricular cardiac output (7 = 0.503; Table 2); when excluding

Radiology: Cardiothoracic Imaging Volume 3: Number 2—2021 = rcfirsna.org

ratio of

the two patients with severe tricuspid or pulmonary regurgita-
tion, correlation improved to 0.885 (4D flow) and 0.602 (cath-
eterization). Comparison of 4D flow and catheterization data to
SSEP volumetry was not possible in three of the 33 patients (two
patients did not undergo SSFP imaging and images were inade-
quate for accurate segmentation due to arrhythmia in the third).

Measurements of left ventricular (Q) and right ventricular
(Q) cardiac output between 4D flow and catheterization were
moderately correlated (= 0.673 and 7 = 0.750; Table 2). How-
ever, 4D flow tended to overestimate aortic and pulmonary flow
compared with Fick equation calculations, and Bland-Altman
limits of agreement were more broad (aortic flow mean differ-
ence, 1.19 L/min [limits of agreement: —3.83, 1.44] and pul-
monary flow mean difference, 1.54 L/min [limits of agreement:

—6.15, 3.06]; Table 2 and Fig 5).

Di on
Accurate quantification of shunt severity is crucial to appropri-
ate triage and management of patients with intracardiac and

extracardiac shunts (23-28). Although invasive catheterization
remains prevalent, this study provided support to the use of
4D flow for noninvasive assessment of shunt lesions and sug-
gested that in some patients, invasive catheterization may not
be necessary unless further anatomic or physiologic delinea-
tion is required. Both methods agreed and correlated well with
stroke volume ratio calculated from anatomic cine SSFP imag-
ing, which may provide further support for 4D flow measure-
ments at the time of MRI. Further, agreement of Qp/ Q, ratio
appeared more consistent between 4D flow and oximetry than
what previous works have reported between 2D phase con-
trast and oximetry. In combination with conventional MRI,
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Figure 4:  Comparison of Q_/Q, by catheterization and right ventricular—to-left ventricular siroke volume (RVSV /LVSV) ratio from manual segmentation of steady-state
free precession (SSFP) images. (Left) Bland-Altman analysis and (right) scatterplot demonstrate minimal bias (mean difference = =0.05) and strong correlation (r=0.842).

Q./Q, = ratio of pulmonary-to-systemic flow.

4D flow can serve as an alternative to invasive testing in some
patients, avoiding the costs, patient discomfort, and rare com-
plications associated with catheterization.

In addition, individual 4D flow measurements of aortic and
pulmonary flow correlated moderately well with individual
left and right ventricular stroke volumes calculated from SSFP
images. In contrast, catheterization-derived left and right ven-
tricular cardiac output demonstrated weaker correlation with
SSEP-derived stroke volumes. Such a difference is expected in
the setting of concomitant valvular regurgitation. Indeed, 16 of
33 patients demonstrated at least one valve with greater than
10% regurgitant fraction at 4D flow; when excluding a single
patient with severe tricuspid regurgitation (regurgitant volume
of 180 mL and regurgitant fraction of 73%) and an additional
patient with severe pulmonic regurgitation (regurgitant fraction
of 44%), correlation with SSFP ventricular stroke volume ratio
notably improved. Moreover, in these and other patients, some
of the discrepancy may be due to physiologic variations in car-
diac output that occur between time of catheterization and MRI
that do not affect shunt fraction as greatly such as changes in pre-
load, afterload, contractility, heart rate, body temperature, and
environmental conditions (28). Further, use of the Fick equa-
tion introduces known errors into cardiac output calculations
(eg, by using assumptions regarding oxygen extraction [29-32]).
It has also been previously shown that Fick-derived Q and Q,
can be inaccurate in the setting of cavopulmonary connections
(ie, Glenn or Fontan circuit [33]). As such, a clinically significant
amount of shunting may cause over- or underestimation of car-
diac output by catheter-derived methods; previous studies have
established that error may approach 10% (28) and in such set-
tings, quantitative blood flow measurement by using MRI-based
techniques including 4D flow may be less prone to inaccuracies.

‘There were some limitations of our study that should be con-
sidered. The study was performed at a single center using a sin-
gle MRI scanner, and variability may well exist across vendors,

scanners, and 4D flow pulse sequences. 4D flow is a newer
technique that requires a certain level of expertise to properly
perform, as well as an awareness of limitations and pitfalls of
imaging (eg, inaccuracies in the setting of vortical flow and rec-
ognition of various artifacts including from turbulence or de-
phasing and aliasing [34]). There may be a learning curve as 4D
flow is incorporated into clinical workflow, although previous
studies have shown good intra- and interobserver agreement in
quantitative measurements. It is also worth noting that the car-
diac volumetry measurements incorporated into this study were
measurements performed during the course of clinical care, not
measurements obtained for research purposes nor evaluated by
a dedicated core laboratory, which may increase variability of
measurements. However, 4D flow measurements recalculated
by an independent observer correlated very strongly with those
obtained at the time of initial clinical evaluation. Our work em-
phasizes that in the clinical environment, measurements of Q /
Q, from 4D flow are more reliable than those one might obtain
from ventricular volumetry. Finally, this was a retrospectively
performed study with a time delay between imaging and inva-
sive catheterization in most cases. Patients who underwent sur-
gery or major interval change in clinical status between imaging
and catheterization were excluded, but changes in medications
or other environmental factors may impact cardiac output and
may have affected the correlation between catheterization and
4D flow measurements. Despite these many potential caveats,
the consistency between invasive catheterization and 4D flow
measurements is remarkable, highlighting the robustness of the
4D flow MRI technique, and its feasibility for routine clinical
practice.

4D flow MRI can provide noninvasive measurements of
cardiac output and shunt fraction that parallel invasive mea-
surements by cardiac catheterization with oximetry. This study
provides further support for 4D flow as a noninvasive alterna-
tive to guide clinical management of patients with congenital
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Figure 5:  Comparison of systemic (Q) and pulmonary (Qp) cardiac oufput measurements by four-dimensional (4D) flow MRI and catheterization. (Left) Bland-Aliman
analyses and (right) scatterplots show that measurements of, A, systemic and, B, pulmonary cardiac oufput by 4D flow tend to be higher than catheterization. Data obtained
during initial {routine) clinical care are indicated by blue circles, while orange triangles represent recalculation of 4D flow measurements by an independent observer. For Q,,
mean difference ==1.19 (initial) and =1.18 L/min (recalculated), respectively, while Pearson r=0.673, 0.593 (initial, recalculated). For Qp, mean difference =-1.54,-1.72

and Pearson r=0.750, 0.719 {(initial, recalculated).

shunts. In our practice, on the rare occasion that there is dis-
cordance of catheterization and 4D flow MRI, we generally fa-
vor management of patients based on the Qp/ Q, measurements

from 4D flow.
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