Radiology

Note: Thiscopy isfor your personal, non-commercial useonly. To order presentation-ready copies for
distribution to your colleaguesor clients, contact us at www.rsna.org/rsnarights.

Rapid Flow Assessment of
Congenital Heart Disease with

High-Spatiotemporal-Resolution

Gated Spiral Phase-Contrast
MR Imaging’

Jennifer A. Steeden, MEng
David Atkinson, PhD
Michael S. Hansen, PhD
Andrew M. Taylor, MD
Vivek Muthurangu, MD

1From the Centre for Medical Image Computing, UCL
Department of Medical Physics & Bioengineering, London,
England (J.A.S., D.A.); Centre for Cardiovascular MR, UCL
Institute of Child Health, Great Ormond Street Hospital,
Great Ormond St, London WC1N 3JH, England (J.A.S.,
M.S.H.,AM.T., .M.); and National Institutes of Health,
NHLBI, Bethesda, Md (M.S.H.). Supported by the Engineer-
ing and Physical Sciences Research Council. Received
September 14, 2010; revision requested November 10;
revision received December 8; accepted December 29;
final version accepted January 25, 2011.

Address correspondence to V.M.

(e-mail: v.muthurangu@ich.ucl.ac.uk).

©RSNA, 2011

Purpose:

Materials and
Methods:

Results:

Conclusion:

To validate a prospectively triggered spiral phase-contrast
magnetic resonance (MR) sequence accelerated with sen-
sitivity encoding (SENSE) in a population of children and
adults with congenital heart disease.

The local research ethics committee approved this study,
and written consent was obtained from all patients or
guardians. Stroke volumes were quantified in 40 pa-
tients (mean age = standard deviation: 21.4 years * 13.8,
age range: 3.0-61.3 years; 22 male patients aged 3.0-38.0
years [mean age, 17.2 years = 10.5], 18 female patients
aged 4.7-61.3 years [mean age, 26.6 years = 15.9]) with
congenital heart disease in the aorta (n = 40), main pul-
monary artery (n = 38), right pulmonary artery (n = 22),
and left pulmonary artery (n = 24). Stroke volumes were
obtained with (a) breath-hold spiral phase-contrast MR im-
aging with SENSE, (b) conventional breath-hold cartesian
phase-contrast MR imaging, and (c) reference free-breathing
phase-contrast MR imaging. Stroke volumes were com-
pared by using repeated-measures analysis of variance,
Bland-Altman analysis, and correlation coefficients.

Imaging time with the breath-hold spiral phase-contrast
MR sequence was significantly lower than that with the
conventional breath-hold phase-contrast MR sequence
(~S seconds vs ~16 seconds, respectively; P < .0001).
There was excellent agreement in stroke volumes in all
vessels between the reference free-breathing sequence
(mean volume, 60.3 mL = 27.3) and the two breath-hold
sequences—spiral SENSE phase-contrast MR imaging
(mean volume, 59.5 mlL = 27.1; P < .001) and conven-
tional cartesian phase-contrast MR imaging (mean vol-
ume, 59.8 mL * 27.6; P = .268). The limits of agreement
were smaller with the spiral breath-hold sequence than
with the conventional breath-hold sequence (—4.4 mlL,
2.9 mL vs —10.3 mL, 9.3 mL, respectively); correlation
was similar (r = 0.998 vs r = 0.984, respectively).

Flow volumes can be accurately and reliably quantified by
using a spiral SENSE phase-contrast MR sequence, with high
spatiotemporal resolution obtained in a short breath hold.

©RSNA, 2011
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ardiac-gated phase-contrast mag-

netic resonance (MR) imaging is a

proven method of measuring blood
flow in the clinical environment (1-3). It
is particularly useful in patients with
congenital heart disease (4), where flow
assessment often guides clinical decision
making.

Phase-contrast MR imaging is intrin-
sically slow because each line in k-space
must be acquired twice (with different
velocity encodings) to perform back-
ground phase subtraction. Unfortunately,
this prolongs acquisition time and prevents
high-spatiotemporal-resolution phase-
contrast MR imaging from being per-
formed in a breath hold. Hence, gated
phase-contrast MR imaging often relies
on the acquisition of multiple signals
to compensate for respiratory motion.
This results in imaging times of approx-
imately 2 minutes; thus, in congenital
heart disease where four to eight sepa-
rate flow measurements are often per-
formed, complete flow assessment can
take approximately 10 minutes. If spa-
tiotemporal resolution is lowered, gated
phase-contrast MR imaging can be per-
formed in a breath hold (5). In children
with congenital heart disease, however,
high spatiotemporal resolution is neces-
sary to assess smaller vessels at higher

Advances in Knowledge

B High-spatiotemporal-resolution
phase-contrast MR imaging can
be achieved by using fast spiral
trajectories and sensitivity-
encoding (SENSE) acceleration.

B Breath-hold times with spiral
SENSE phase-contrast MR imag-
ing were significantly shorter
than those with conventional car-
tesian phase-contrast MR imag-
ing (~5 seconds vs ~16 seconds,
respectively; P < .0001).

B Limits of agreement for measure-
ment of stroke volumes, pulmo-
nary-to-systemic flow ratios, and
right-to-left pulmonary artery
flow ratios were smaller with
spiral breath-hold phase-contrast
MR imaging than for conven-
tional cartesian breath-hold
phase-contrast MR imaging.

heart rates. Furthermore, the breath-hold
times are often too long (>15 seconds)
for children or sick adults. Thus, in the
population with congenital heart disease
there is a need for a high-spatiotemporal-
resolution gated phase-contrast MR se-
quence that can be performed within a
short breath hold.

One possible method of achieving
this is to use efficient spiral trajectories.
Furthermore, spiral trajectories can be
combined with parallel imaging tech-
niques, such as sensitivity encoding
(SENSE), to further accelerate acquisition
(6-9). With use of both these techniques,
it is possible to perform phase-contrast
MR imaging in real time (6,10-12). Un-
fortunately, real-time phase-contrast MR
imaging comes at the cost of low spa-
tiotemporal resolution and is not well
suited to the pediatric population. Nev-
ertheless, cardiac-gated spiral phase-
contrast MR imaging, accelerated with
parallel imaging, should provide the nec-
essary high spatiotemporal resolution in
a short breath hold.

We performed this study to validate
a prospectively triggered spiral phase-
contrast MR sequence accelerated with
SENSE in a population of children and
adults with congenital heart disease.

Materials and Methods

In July and August 2010, 40 consecu-
tive children and adults (22 male and
18 female patients) referred for cardiac
MR imaging were enrolled in this study.
The mean patient age (*standard de-
viation) was 21.4 years = 13.8 (range,
3.0-61.3 years). Seventeen patients were
younger than 16 years. Fifteen patients

Implications for Patient Care

B [n subjects who are unable to
perform long breath holds, spiral
SENSE phase-contrast MR imag-
ing may be used to significantly
decrease breath-hold time.

® Spiral SENSE phase-contrast MR
imaging could significantly reduce
total imaging time in patients
with congenital heart disease
without compromising accuracy
of the flow assessment.

had a repaired tetralogy of Fallot and/or
pulmonary atresia with a ventricular
septal defect, seven patients had co-
arctation of the aorta, six patients had
cardiomyopathy, four patients had pul-
monary stenosis, two patients had re-
paired transposition of the great arter-
ies, two patients had secundum atrial
septal defect, two patients had dilated
aortic root, one patient had left pulmo-
nary artery stenosis, and one patient had
a bicuspid aortic valve. Five children were
imaged while under general anesthesia.
The inclusion criterion was clinical
referral for cardiac MR imaging. Pregnant
patients or patients with MR imaging—
incompatible implants were not referred
for MR imaging. The exclusion criterion
was an irregular heart rate (ie, multiple
ectopic beats or atrial fibrillation; n = 5).
The local research ethics committee ap-
proved the study, and written consent was
obtained from all patients or guardians.
Imaging was performed with a 1.5-T
MR unit (Avanto; Siemens Medical So-
lutions, Erlangen, Germany) by using
two spine coils and one body matrix coil
(giving a total of 12 coil elements). Flow
was measured by using three sequences:
(a) reference free-breathing phase-
contrast MR imaging, (b) conventional
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FOV = field of view

ROI = region of interest
SENSE = sensitivity encoding
SNR = signal-to-noise ratio
VNR = velocity-to-noise ratio
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breath-hold cartesian phase-contrast
MR imaging, and (c¢) breath-hold spiral
SENSE phase-contrast MR imaging. Im-
aging parameters are shown in Table 1.
In addition, regurgitation was quantified
where there was more than 10% regur-
gitant flow. A vector electrocardiographic
system was used for cardiac gating.

Flow imaging was performed as per
clinical need (vessels with stents were
excluded) in the ascending aorta (n = 40,
including four patients with regurgita-
tion), main pulmonary artery (n = 38,
including 12 patients with regurgita-
tion), right pulmonary artery (n = 22,
including 10 patients with regurgitation),
and left pulmonary artery (n = 24, in-
cluding 14 patients with regurgitation).
Flow imaging was performed in both
branch pulmonary vessels to assess dif-
ferential blood flow and differential re-
gurgitation fractions (13). Flow assess-
ment was performed in each vessel by
using the three sequences hefore mov-
ing to the next vessel.

The reference standard was a retro-
spectively gated, free-breathing, carte-
sian, gradient-echo phase-contrast MR
sequence (provided by the manufacturer).
Respiratory motion was compensated
for by the acquisition of three signals.
This sequence has high spatial and tem-
poral resolution (Table 1) and is well-
validated in vitro and in vivo (2,14-17);
therefore, the flow volumes measured
with this sequence were used as the
reference standard.

The standard breath-hold sequence
was a retrospectively gated, cartesian,
phase-contrast MR sequence (provided
by the manufacturer). This sequence was
the same as the free-breathing flow se-
quence described earlier. However, the
spatiotemporal resolution was lowered
to acquire the data within a breath hold
(Table 1).

The spiral sequence was a prospec-
tively triggered, segmented, phase-contrast
MR sequence developed in-house to en-
able high-spatiotemporal-resolution im-
aging in a short breath hold. A uniform-
density spiral trajectory was used, with
36 spiral interleaves, undersampled by
a factor of three (so only 12 spiral in-
terleaves were acquired for each car-
diac phase). Two spiral interleaves were

Imaging Parameters

Free-Breathing Phase-

Table 1

Conventional Breath-
hold Phase-Contrast

Spiral Breath-hold
Phase-Contrast

Parameter* Contrast MR Imaging MR Imaging MR Imaging
TR/TE (msec) ~7.0/2.2 ~7.0/2.2 8.0/2.1
Spiral readouts 36
Acceleration factor 2 (GRAPPA)f 2 (GRAPPA)f 3 (SENSE)
Matrix size 256 X 192 192 X 113 256 X 256
FOV (mm) 200-400 290-400 400
Rectangular FOV (%) 75 66 100
Readouts per segment 3 4 2
Section thickness (mm) 5 5 5
Flip angle 30° 30° 25°
Pixel bandwidth (Hz/pixel) 543 543 1220
Velocity encoding (cm/sec) 180-400 180-400 180-400
No. of signals acquired 3 1 1
Total imaging time (sec) 44-144 11-24 3-8
Voxel size (mm) 0.8-1.5 1.5-2.1 1.6
Temporal resolution (msec) ~30.0 ~40.0 32.0

*FOV = field of view, TE = echo time, TR = repetition time.

T GRAPPA = generalized autocalibrating partially parallel acquisition.

acquired per R-R interval, meaning that
six R-R intervals were used to acquire
all of the data. One additional R-R in-
terval was required at the beginning
of imaging to reach a steady state. The
sampling pattern was rotated for each
cardiac phase so that three consecutive
cardiac phases comprised a fully sam-
pled k-space with 36 spiral readouts.
These data were reconstructed online
by using an iterative SENSE algorithm
(18). The coil sensitivity information
was calculated from the time-averaged
(flow-compensated) data from each coil,
divided by the sum of squares of the
time-averaged coil data (12). The FOV
was not optimized for children, as this
would have resulted in a reduction in
temporal resolution.

All images were processed by J.A.S.
(with 3 years of experience in car-
diovascular MR imaging) by using the
open-source software OsiriX (OsiriX
Foundation, Geneva, Switzerland) in a
randomized order. For each flow mea-
surement, the vessel of interest was seg-
mented by using the modulus images.
Segmentations were propagated by us-
ing a semiautomatic technique.

In the prospectively triggered spi-
ral phase-contrast MR sequence, the

acquisition window was automatically
calculated from the average R-R interval,
minus two times the standard deviation
of the R-R interval. This meant that data
in approximately the last 80 msec of di-
astole were not acquired. The missing
flow data were predicted by perform-
ing a linear interpolation between the
last calculated point and the first point,
so that the flow profile filled the entire
R-R interval (Appendix E1 [online]). It is
important to estimate flow during the
whole of diastole in patients with regurgi-
tation or those in whom diastolic func-
tion is being assessed.

For each flow measurement, the
stroke volume (net forward flow) and
regurgitation fraction were calculated
(by J.A.S.). In addition, where flow was
measured in both the main pulmonary
artery and ascending aorta (n = 38), the
pulmonary-to-systemic flow ratio was
calculated; where flow was measured in
both the pulmonary branch vessels (n =
20), the ratio of right-to-left pulmonary
artery flow was calculated (by J.A.S.)
to assess the importance of any pulmo-
nary artery branch stenosis.

In 10 randomly selected patients,
the ascending aorta flow data obtained
with all three sequences were re-analyzed
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Figure 1:  Comparison of flow profiles obtained with all three sequences in

the ascending aorta of one patient. PCMR = phase-contrast MR imaging.

(by J.A.S.) to determine intraobserver
variability. These data were also analyzed
by a second operator (V.M., with 8 years
of experience in cardiovascular MR imag-
ing) to determine interobserver variability.

Image quality was assessed in all
vessels (ascending aorta, n = 40; main
pulmonary artery, n = 38; right pulmo-
nary artery, n = 22; left pulmonary ar-
tery, n = 24; total vessels, n = 124) for
all three sequences by using measures
of signal-to-noise ratio (SNR), velocity-
to-noise ratio (VNR), and edge sharp-
ness (by J.A.S.). All image quality anal-
yses were carried out by using in-house
plug-ins for OsiriX.

True quantification of SNR and VNR
in images acquired with noncartesian
parallel imaging is nontrivial in the clin-
ical environment owing to the uneven
distribution of noise (19-21). Therefore,
in this study, estimated SNR (o) and
VNR (o,) were calculated in the same
way as in previous studies (21,22). In
summary, a region of interest (ROI) was
drawn in stationary tissue, and estimated
noise was calculated as the average stan-
dard deviation of the pixel intensity (o) or
velocity (o) through all cardiac phases.
o, was calculated in all images after
correcting for exponential signal decay,
from a nonsteady state. Final estimates
of SNR were made from the corrected
mean signal intensity and final esti-
mates of VNR from the mean velocity,
within an ROI drawn in the vessel

during peak systole, divided by o, and
o, respectively.

A quantitative edge sharpness value
was calculated in all vessels (n = 124)
by measuring the maximum gradient of
the normalized pixel intensities across
the border of the volume of interest
(20,22). To reduce noise, which results
in artificially high gradients (represent-
ing sharp edges), the pixel intensities
were filtered by using a Savitzky-Golay
filter (23) (window width, 6 pixels; third-
order polynomial) before differentia-
tion. Edge sharpness was calculated for
all cardiac phases, and the average value
was used for comparison.

The sample size was chosen to de-
tect a mean difference in stroke volumes
of 2.0 mL (mean and standard deviation
assumed from literature values [3]), with
a statistical power of 80% and a P value
of .05. This value was chosen because
it was believed to be the lowest clinically
significant deviation. This analysis was
performed by using open-source software
(G*power 3; University of Dusseldorf,
Dusseldorf, Germany) (24), which gave
an estimated sample size of 36 (which
was increased to 40 for this study). All
statistical analyses were performed by
using software (Prism; GraphPad Soft-
ware, San Diego, Calif). The results were
combined for all patients and are ex-
pressed as means = standard deviations.
Comparison of means was performed
by using repeated-measures analysis of

variance, with Bonferroni correction for
multiple comparisons. P < .05 was in-
dicative of a statistically significant dif-
ference. Bland-Altman analysis was per-
formed to give measures of agreement
with the free-breathing phase-contrast
MR sequence (25). In addition, correla-
tion coefficients were calculated.

The average heart rate was 76 beats
per minute = 12 (range, 50-111 beats
per minute). For the reference free-
breathing sequence, data were acquired
over 108 heartbeats (mean, 91 seconds
+ 17; range, 44-144 seconds). In the
standard breath-hold sequence, data were
acquired over 18 heartbeats (mean, 16
seconds * 3; range, 11-24 seconds). For
the spiral breath-hold sequence, data were
acquired over seven heartbeats (mean,
5 seconds * 1; range, 3-8 seconds).
Good agreement was seen through-
out the cardiac cycle for all sequences,
as can be seen in Figure 1. When evalu-
ating all vessels combined (n = 124),
there were no significant differences in
mean stroke volume calculated with
the reference free-breathing sequence
(60.3 mL + 27.3), standard breath-hold
sequence (59.8 mL * 27.6), and spiral
breath-hold sequence (59.5 mL = 27.1).
Results of Bland-Altman analysis com-
paring the breath-hold sequences to
the reference free-breathing sequence
are shown in Figure 2. There was no
clinically significant bias with either
breath-hold sequence (spiral breath-hold
phase-contrast MR imaging: —0.7 mL;
standard breath-hold phase-contrast
MR imaging: —0.5 mL). However, the
limits of agreement and correlation for
the spiral breath-hold sequence were
smaller than and similar to, respec-
tively, those with the conventional
breath-hold sequence (—4.4 mL, 2.9 mL
vs —10.3 mL, 9.3 mL, respectively; r =
0.998 vs r = 0.984, respectively).
Results of Bland-Altman analyses
and correlations performed separately
for the ascending aorta, main pulmo-
nary artery, and branch pulmonary ar-
teries are shown in Table 2. There were
no statistically significant differences in
stroke volumes calculated with any of the
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Figure 2:  Comparisons of stroke volumes obtained in all vessels with free-breathing phase-contrast MR imaging (FB-PCMR) versus conven-
tional breath-hold phase-contrast MR imaging (BH-PCMR) (top) and with free-breathing phase-contrast MR imaging versus spiral breath-hold
phase-contrast MR imaging (SP-PCMR) (bottom). Scatterplots are shown on left, and corresponding Bland-Altman plots are on right.

SD = standard deviation.

sequences. At Bland-Altman analysis, we
found only a small bias in stroke volume
between the free-breathing sequence
and both breath-hold sequences (spiral
breath-hold vs conventional breath-hold,
respectively: ascending aorta, —0.9 mL vs
—1.3 mL; main pulmonary artery, —0.8
mL vs —0.5 mL; pulmonary branches:
—0.6 mL vs 0.2 mL). For all vessels,
limits of agreement with spiral breath-
hold acquisition were smaller and corre-
lation was greater than those with con-
ventional breath-hold acquisition (limits
of agreement: ascending aorta = —4.6 mlL,
2.8 mL vs —11.1 mL, 8.5 mL, respec-
tively, main pulmonary artery = —4.4 mlL,
2.8 mL vs —13.1 mL, 12.1 mL, pulmo-
nary branches = —4.2 ml, 3.1 mL vs
—6.5 ml, 6.8 mL; correlation coeffi-
cients: ascending aorta = 0.996 vs 0.968,

respectively, main pulmonary artery =
0.998 vs 0.976, pulmonary branches
0.995 vs 0.985).

In this study, 21 vessels were imaged
in seven patients with heart rates faster
than 90 beats per minute (ascending
aorta, n = 7; main pulmonary artery,
n = 7; right pulmonary artery, n = 4; left
pulmonary artery, n = 3). Bland-Altman
analysis of these stroke volumes found
a small bias between the free-breathing
sequence and both breath-hold sequences
(conventional breath-hold sequence,
—0.78 mL; spiral breath-hold sequence,
—0.53 mL). In these vessels, the lim-
its of agreement were smaller for the
spiral breath-hold acquisition than for
the standard breath-hold acquisition
(—=3.70 mL, 2.64 mL vs —8.31 ml,
6.76 mL, respectively).

Forty-seven vessels were less than
2.0 cm in diameter (ascending aorta,
n = 6; main pulmonary artery, n = 7;
right pulmonary artery, n = 16; left pul-
monary artery, n = 18). Bland-Altman
analysis of the stroke volumes in these
vessels found a small bias between the
free-breathing sequence and both breath-
hold sequences (conventional breath-
hold sequence, 0.14 mlL; spiral breath-
hold sequence, —0.48 mL). The limits
of agreement for these vessels were
smaller for spiral breath-hold acquisition
than for conventional breath-hold ac-
quisition (—3.97 mL, 3.00 mL vs —6.91
ml, 7.19 mL, respectively). Because of
the insufficient number of vessels with
these characteristics, we did not calculate
pulmonary-to-systemic flow and right-to-
left pulmonary artery flow ratios.
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Regurgitant flow was found in 40 ves-
sels (Table 3). There was no significant
difference in the regurgitation fractions
seen with free-breathing versus conven-
tional breath-hold phase-contrast MR
imaging. However, a small but statisti-
cally significant difference (—2.0%) was
found between regurgitation fractions
seen with free-breathing versus spiral
breath-hold phase-contrast MR sequences.
Despite this finding, the correlation coef-
ficient was found to be higher and lim-
its of agreement were found to be lower
with the spiral breath-hold acquisition
compared with the standard breath-hold
acquisition (r = 0.986 vs 0.971, respec-
tively; limits of agreement = —6.8%,
2.8% vs —8.2%), 3.9%, respectively).

Pulmonary-to-systemic flow and right-
to-left pulmonary artery flow ratios were
calculated where possible (Table 3). No
significant differences were found be-
tween any of the sequences. Bland-Altman
analysis found the limits of agreement
were smaller and the correlation was
greater with the spiral breath-hold ac-

Free-Breathing
Phase-Contrast

Conventional Breath-
hold Phase-Contrast

Comparison of Stroke Volumes Calculated with the Three Sequences

Spiral Breath-hold
Phase-Contrast MR

Parameter MR Imaging MR Imaging Imaging

Aorta
Mean stroke volume (mL) 68.6 = 19.6 67.3 = 19.6 67.7 +19.9
Bias (mL)*t —1.3(—2.89, 0.30) —0.9 (—1.52, —0.31)
Limits of agreement (mL)* -11.1,85 —4.6,2.8
Correlation coefficientt 0.968 0.996

Main pulmonary artery
Mean stroke volume (mL) 76.6 = 27.6 76.2 = 29.1 759 + 277
Bias (mL)* —0.5(—2.59, 1.63) —0.8(—1.37, -0.16)
Limits of agreement (mL)* —-13.1,121 —4.4,2.8
Correlation coefficient! 0.976 0.998

Pulmonary branches
Mean stroke volume (mL) 395+ 185 39.7 £19.2 38.9 +18.1
Bias (mL)* 0.2(—0.82,1.19) —0.6 (—1.11,0.00)
Limits of agreement (mL)* —6.5,6.8 —4.2,31
Correlation coefficient! 0.985 0.995

“ Numbers in parentheses are 95% confidence intervals.
T Compared with the free-breathing phase-contrast MR sequence.

Regurgitation Fraction, Pulmonary-to-Systemic Flow Ratio, and Right-to-Left
Pulmonary Artery Flow Ratio Calculated with the Three Sequences

quisition than with the standard breath-
hold acquisition (pulmonary-to-systemic

flow ratio: limits of agreement = —0.08,
0.10 vs —0.23, 0.27, r = 0.989 vs 0.933,
respectively; right-to-left pulmonary ar-
tery flow ratio: limits of agreement =
—0.22, 0.12 vs —0.32, 0.21, r = 0.991
vs 0.973, respectively).

For 10 randomly selected subjects,
the ascending aorta data from all three
sequences were re-evaluated by the same
observer (J.A.S.). The mean difference
in stroke volumes was 0.5% = 1.2 (range,
—1.1% to 2.9%; P = .25) for the free-
breathing sequence, 0.9% = 2.4 (range,
—3.6% to 5.6%; P = .20) for the con-
ventional breath-hold sequence, and
-0.3% = 1.2 (range, —2.6% to 1.6%;
P = .22) for the spiral breath-hold se-
quence. There were no statistically signif-
icant differences between the repeated
measures for any of the sequences.

These data sets were also indepen-
dently reviewed by a second observer
(V.M.) to assess interobserver variabil-

Free-Breathing
Phase-Contrast

Conventional Breath-
hold Phase-Contrast

Spiral Breath-hold
Phase-Contrast MR

Correlation coefficient!

0.973

Parameter MR Imaging MR Imaging Imaging

Regurgitation (n = 40)
Mean regurgitation fraction (%) 31.1 = 14.7 30.0 = 15.0 291 = 14.2*
Range (%) 11.16-60.8 6.4-60.4 8.6-55.7
Bias (%)'* —1.1(-2.28,0.02) —2.0(—2.82, —1.25)
Limits of agreement (%)" —8.2,5.9 —6.8,2.8
Correlation coefficientt 0.971 0.986

Q/Q, (n= 38)8
Mean Q/Q, 1.13 = 0.29 115+ 0.34 1.14 £ 0.30
Range 0.81-2.64 0.78-2.92 0.83-2.73
Bias'* 0.018 (—0.02, 0.06) 0.006 (—0.01,0.02)
Limits of agreement’ —0.23,0.27 —0.08,0.10
Correlation coefficient! 0.933 0.989

RPA/LPA (n = 20)"
Mean RPA/LPA 1.44 = 0.59 1.42 = 0.65 1.39 = 0.53
Range 0.55-2.78 0.44-2.62 0.54-2.70
Bias™ —0.049 (—0.11,0.01)  —0.050 (—0.09, —0.01)
Limits of agreement® —0.32,0.21 —0.22,0.12

0.991

*Value is significantly different from that with the free-breathing phase-contrast MR sequence (P < .05).
T Compared with the free-breathing phase-contrast sequence.

* Numbers in parentheses are 95% confidence intervals.

§ @Q,/Q, = pulmonary-to-systemic flow ratio.

I RPA/LPA = right-to-left pulmonary artery flow ratio.

ity. The mean difference in stroke vol-
umes was 0.1% = 1.5 (range, —2.5%
to 3.4%; P = .75) for the free-breathing
sequence, 0.7% = 2.3 (range, —3.9%
to 3.6%; P = .40) for the conventional
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in the ascending aorta and main pulmo-

Free-breathing Standard breath-hold Spiral breath-hold nary artery. Quantitative image quality

PCMR PCMR PCMR metrics can be seen in Table 4.

The estimated SNR and VNR ob-
tained with the free-breathing phase-
contrast MR sequence were higher than
those with both of the breath-hold phase-
contrast MR sequences (P < .05). The
estimated SNRs and VNRs with spiral
breath-hold phase-contrast MR imaging
were lower than those with free-breathing
and conventional breath-hold phase-
contrast MR imaging (P < .05).

Edge sharpness was not significantly
different among any of the sequences
(Table 4). However, the free-breathing
phase-contrast MR images and the spi-
ral breath-hold phase-contrast MR im-
ages had the same average edge sharp-
ness; edge sharpness was slightly lower
with the standard breath-hold phase-
contrast MR images.

We have demonstrated that is it pos-
sible to use a prospectively triggered,
undersampled, spiral phase-contrast MR
sequence with a SENSE reconstruction
algorithm to accurately and reliably mea-
sure flow within a short breath hold.
Figure 3: Examples of image quality obtained with the three sequences in the ascending aorta (440) and ~ Currently, high-spatiotemporal-resolution,
main pulmonary artery (MPA). PCMR = phase-contrast MR imaging. free-breathing, cardiac-gated phase-
contrast MR imaging is used as the

reference standard for the measure-

ment of flow in patients with congenital
Summary of Image Quality Metrics heart disease. Unfortunately, owing to
multiple signal acquisitions, each flow
assessment can take more than 2 min-
utes to perform. Thus, in MR imaging

AAO Magnitude

AAO Phase

MPA Magnitude

MPA Phase

Free-Breathing Conventional Breath-  Spiral Breath-hold
Phase-Contrast ~ hold Phase-Contrast ~ Phase-Contrast

Parameter AAHET A Al 1 Tl of congenital heart disease, where four
Estimated signal variation or o 54+14 5.9 + 1.5* 8.6 + 2.2 to eight separate flow assessments are
Stationary as/free—breathing oy 1.1+03 1.7 £0.6 necessary, flow imaging can take up a
Estimated SNR 456 + 14.9 417 =142 319 = 11.6 substantial proportion of the total im-
Estimated velocity variation or o, (cm/sec) ~ 17.6 + 9.1 19.5 + 10.5* 197 +7.7* aging time. The spiral breath-hold se-
Stationary o, /free-breathing o, 1.1 =04 1204 quence used in this study should enable
Estimated VNR 8448 7439 6.7 = 3.1 reduction of the total duration of flow
Edge sharpness (mm~") 0.78 = 0.36 0.74 = 0.34 0.78 = 0.35

imaging from an average of 10 minutes
to less than 1 minute. This would lead

“Value is significantly different from that at free-breathing phase-contrast MR imaging (P < .05).
T Value is significantly different from that at conventional breath-hold phase-contrast MR imaging (P < .05). to a marked reduction in total imaging
time and has implications for patient

throughput and compliance for cardiac
breath-hold sequence, and —0.5% = differences between the repeated mea- MR imaging of patients with congenital
1.5 (range, —2.7% to 2.5%; P = .21) sures for any of the sequences. heart disease.
for the spiral breath-hold sequence. Figure 3 shows examples of the image Achieving high-spatiotemporal-res-
There were no statistically significant quality from all three tested sequences olution phase-contrast MR imaging in a
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short breath hold requires efficient fill-
ing of k-space. In this study, spiral tra-
jectories were used to significantly re-
duce the acquisition time. Imaging was
further accelerated with noncartesian
SENSE. The resultant sequence had a
breath-hold time of ~5 seconds, com-
pared with ~16 seconds for the con-
ventional cartesian breath-hold phase-
contrast MR sequence. Furthermore,
unlike the standard breath-hold sequence,
spatiotemporal resolution was not com-
promised to achieve the short breath
hold. This makes this spiral sequence
useful in both children and sick adults
who are unable to perform long breath
holds. In this study, most of our patients
were adolescents or adults, as this rep-
resents the population seen in most MR
examinations of congenital heart disease.
There are some disadvantages to spiral
trajectories and parallel imaging, includ-
ing off-resonance effects and trajectory
errors as well as a reduced SNR. How-
ever, these were not seen to affect the
accuracy of the spiral phase-contrast MR
sequence in this study.

For stroke volumes and pulmonary-
to-systemic and right-to-left pulmonary
artery flow ratios, there was excellent
agreement between the spiral breath-
hold sequence and the reference free-
breathing sequence. Furthermore, the
spiral breath-hold sequence was found
to give smaller limits of agreement and
higher correlation compared with the
conventional breath-hold sequence. This
is most likely owing to the higher tem-
poral and spatial resolution of the spi-
ral breath-hold sequence. It may also be
attributed to the shorter breath-hold
times, which may prevent residual breath-
ing as well as limit heart rate variability
during imaging. In addition, the intra-
and interobserver variability seen with
the spiral breath-hold phase-contrast
MR sequence was good.

There was, however, a small but
statistically significant difference in the
regurgitation fractions calculated with
the free-breathing phase-contrast MR
sequence and the spiral breath-hold se-
quence. This was probably due to the
interpolation of the flow curve at the
very end of diastole in the prospectively
triggered spiral sequence. It should be

noted, however, that the difference in
regurgitation fraction was on average
only 2%, which would not be considered
clinically important.

The edge sharpness with the spiral
breath-hold sequence was similar to that
with the free-breathing sequence and
higher than that with the conventional
breath-hold sequence. This is most likely
due to the lower spatial resolution of the
conventional breath-hold phase-contrast
MR sequence. The good edge sharpness
with the spiral breath-hold sequence may
have benefits in terms of either manual
or automatic segmentation of the ves-
sels compared with standard breath-
hold sequences.

The estimated SNR and VNR, how-
ever, were lower with the spiral breath-
hold sequence than with the free-
breathing and conventional breath-hold
sequences. This is due to (a) the higher
acceleration factor used with the spiral
breath-hold sequence compared with
the other two sequences, (b) the much
higher bandwidth used with the spiral
breath-hold sequence compared with the
other two sequences, (c¢) the fact that
multiple signals were not acquired with
the spiral breath-hold sequence (unlike
the free-breathing phase-contrast MR
sequence), and (d) the higher spatial
resolution with the spiral breath-hold
sequence compared with the conven-
tional breath-hold sequence.

The main limitation of using an un-
dersampled spiral trajectory is the need
for a large FOV to prevent wrapping of
signal and to ensure accurate reconstruc-
tion of the undersampled data. Because
we do not use a selective excitation, it
is necessary for the FOV to be larger
than the object being imaged. In the
future, the FOV could be reduced by
using improved coil configurations or
radiofrequency shielding of the arms
and torso. In addition, a spatially selec-
tive radiofrequency pulse or saturation
bands could be used; however, these
would increase the imaging time or re-
duce the temporal resolution.

As seen from the results of image
quality analysis, the SNR and VNR with
the spiral breath-hold phase-contrast MR
sequence were significantly lower than
those with either the conventional breath-

hold phase-contrast MR sequence or
the free-breathing sequence. Although
this is a limitation of the sequence, it
did not affect the accuracy of the stroke
volume measurements obtained in this
study.

Currently, MR flow assessment can
take more than 10 minutes in patients
with congenital heart disease owing to
the need to measure flow in four to
eight vessels. Thus, it often represents
almost 25% of total imaging time. With
use of the spiral breath-hold sequence
validated in this study, all flow imag-
ing could be performed in less than
1 minute. This would significantly reduce
total imaging time without compromis-
ing the accuracy of the flow assessment.
The benefits of this would be twofold.
First, in the pediatric population a
shorter total imaging time would be less
demanding on the patients and improve
compliance. Second, shorter imaging
times should improve patient through-
put. Therefore, we believe that this se-
quence has substantial benefits in MR
imaging of congenital heart disease.
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