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Abstract
Background The value of late-gadolinium-enhancement
(LGE) imaging in the diagnosis and management of pediatric
and congenital heart disease is clear; however current acqui-
sition techniques are susceptible to error and artifacts when
performed in children because of children’s higher heart rates,
higher prevalence of sinus arrhythmia, and inability to breath-
hold. Commonly used techniques in pediatric LGE imaging
include breath-held segmented FLASH (segFLASH) and
steady-state free precession-based (segSSFP) imaging. More
recently, single-shot SSFP techniques with respiratory
motion-corrected averaging have emerged.
Objective This study tested and compared single-shot free-
breathing LGE techniques with standard segmented breath-
held techniques in children undergoing LGE imaging.
Materials and methods Thirty-two consecutive children
underwent clinically indicated late-enhancement imaging
using intravenous gadobutrol 0.15 mmol/kg. Breath-held
segSSFP, breath-held segFLASH, and free-breathing single-
shot SSFP LGE sequences were performed in consecutive
series in each child. Two blinded reviewers evaluated the qual-
ity of the images and rated them on a scale of 1–5 (1 = poor, 5
= superior) based on blood pool–myocardial definition, pres-
ence of cardiac motion, presence of respiratory motion

artifacts, and image acquisition artifact. We used analysis of
variance (ANOVA) to compare groups.
Results Patients ranged in age from 9months to 18 years, with
a mean +/− standard deviation (SD) of 13.3 +/− 4.8 years. R-R
interval at the time of acquisition ranged 366–1,265 millisec-
onds (ms) (47–164 beats per minute [bpm]), mean +/− SD of
843+/−231 ms (72+/−21 bpm). Mean +/− SD quality ratings
for long-axis imaging for segFLASH, segSSFP and single-
shot SSFP were 3.1+/−0.9, 3.4+/−0.9 and 4.0+/−0.9, respec-
tively (P<0.01 by ANOVA). Mean +/− SD quality ratings for
short-axis imaging for segFLASH, segSSFP and single-shot
SSFP were 3.4+/−1, 3.8+/−0.9 and 4.3+/−0.7, respectively
(P<0.01 by ANOVA).
Conclusion Single-shot late-enhancement imaging with
motion-corrected averaging is feasible in children, robust at
high heart rates and with variable R-R intervals, and can be
performed without breath-holding with higher image quality
ratings than standard breath-held techniques. Use of free-
breathing single-shot motion-corrected technique does not
compromise LGE image quality in children who can hold
their breath, and it can significantly improve image quality
in children who cannot hold their breath or who have signif-
icant arrhythmia.

Keywords Children . Free breathing . Heart . Late
gadolinium enhancement . Magnetic resonance imaging

Introduction

The value of late-gadolinium-enhancement (LGE) imaging in
the diagnosis and management of pediatric and congenital
heart disease has been documented in the literature for over
a decade. The impact of late-gadolinium-enhancement find-
ings in congenital heart disease [1, 2], pediatric muscular
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dystrophies [3] and pediatric hypertrophic cardiomyopathy
[4] are significant and widely published. Additionally, LGE
imaging has been performed in children and adults with myo-
carditis [5], anthracycline exposure [6] and myocardial infarc-
tion, with important clinical implications already established
in the literature. LGE imaging is typically performed using a
T1-weighted inversion recovery sequence with either a seg-
mented steady-state free precession readout or a segmented
FLASH (gradient-recalled-echo-based) readout. Both have
T1 weighting because of the inversion recovery preparation
that allows for nulling of normal myocardium and elevated
signal intensity in regions of cardiacmuscle where gadolinium
has collected. The segmented FLASH has been reported to
have slightly better contrast-to-noise ratio when compared to
SSFP [7]. Traditionally a segmented breath-held approach is
used to produce LGE images, where inversion times are typ-
ically 250–350 ms, requiring 8–14 heartbeats to acquire data
to produce one image. Although the utility of LGE is clear,
current techniques are susceptible to error and artifacts when
performed in children because of children’s higher heart rates
and higher prevalence of sinus arrhythmia, and the use of
lower slice thickness leading to lower signal-to-noise ratio.
Additionally, it can be difficult for children to comply
with breath-holding instructions for reasons related to
their development or their cardiovascular disease state.
Finally, a significant portion of pediatric studies is per-
formed with sedation, where breath-holding would re-
quire general anesthesia and mechanical breath-holding,
imparting a longer recovery and introducing more risk
to the imaging procedure [8].

The use of a single-shot SSFP-based technique has
been described in adults and has been found to detect
infarction and fibrosis [9, 10]. The use of respiratory-
motion-corrected averaging in conjunction with repeated
single-shot SSFP LGE improves the signal-to-noise ra-
tio, thereby permitting the use of improved spatial and
temporal resolution [11–13]. Its utility as an imaging
biomarker for long-term outcomes in adults with cardiac
disease has been described [14]. Although the single-
shot imaging with acceleration factor 2 has a lower
signal-to-noise ratio when compared to the segmented
methods, signal can be regained through image averag-
ing over multiple cardiac cycles. Both approaches (seg-
mented breath-held, and single-shot free-breathing) have
similar acquisition times. Thus our hypothesis was that
equivalent image quality can be obtained with single-
shot imaging, and that superior image quality can be
obtained in the presence of arrhythmia and inability to
breath-hold.

Therefore this study tested and compared single-shot free-
breathing LGE techniques with standard segmented breath-
held techniques in children and young adults undergoing
LGE imaging.

Materials and methods

Our institutional review board approved this study, and we
obtained written informed consent from all 32 consecutive
participants. Gadobutrol 0.15 mmol/kg (Bayer Healthcare,
Whippany, NJ) was administered intravenously for clinical
indications, including evaluation for myocarditis or cardiomy-
opathy, or for thoracic arterial and venous anatomy requiring
an angiogram, after which research LGE images were obtain-
ed. Late-gadolinium-enhancement imaging was performed on
a Siemens 1.5-T Aera (Siemens Healthcare, Erlangen,
Germany) 10–15 min after the infusion. Inversion time was
selected from a modified Look-Locker sequence based on the
inversion time where myocardium was best nulled. For clini-
cal purposes, a standard series of LGE imaging was performed
in patients in whom respiration could be suspended, either by
request/direction or by suspending respiration in an anesthe-
tized child. Inversion time was adjusted, and an additional
segmented FLASH (segFLASH), segmented SSFP
(segSSFP) and free-breathing motion-corrected single-shot
SSFP image were taken in short-axis and long-axis orienta-
tions according to the left ventricle in each patient in consec-
utive series, for a total of six images. Short-axis image position
was at the mid-ventricular level or at the level of LGE, if
present. The order of these six images was randomized. All
six images were completed within 2 min, and within 15min of
gadolinium administration. Breath-hold times for segFLASH
and segSSFP were comparable — generally within 1–3 s,
depending on R-R interval during acquisition, and no standard
arrhythmia rejection was used. The respiratory-motion-
corrected reconstructions took 10–15 s.

Imaging parameters for segmented FLASH, segmented
SSFP and single-shot SSFP for children weighing less than
15 kg and for those weighing more than 15 kg are described in
Tables 1 and 2, respectively. All patients were imaged with
one of these sets of parameters in order to standardize the
imaging experiment. We used standard imaging parameters
for the breath-held segmented LGE sequences to maintain a
uniform and optimized image resolution. Imaging was gener-
ally completed over 70–100 ms per R-R interval for small
patients and over 140–200 ms for larger patients. A standard
trigger delay of 150–250 ms was added, based on the R-R
interval, to situate the readout window in mid-diastole. For
single-shot SSFP, eight repetitions were acquired and four
measurements were averaged with online reconstruction after
motion correcting; four measurements were discarded to mit-
igate through-plane motion.

Motion correction was performed using non-rigid registra-
tion of the single-shot images to a common target frame. The
common target frame was selected as the frame that was sim-
ilar to most other frames with regard to root mean square
difference. The four frames that were the most similar frames
prior to registration were averaged after non-rigid registration,
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and the four frames that were the most different from other
frames were discarded to avoid problems with through-plane
motion [12]. The non-rigid registration algorithm produces
pixel-wise deformation fields, which are needed to warp the
single-shot LGE images before the averaging. To estimate the
deformation field, a fast variational image registration frame-
work is applied as the working engine [15]. This approach can
be considered as an extension of the classic optical flowmeth-
od. In this framework, a dense pixel-wise deformation field is

estimated as the solution to a calculus of variation problem,
which is solved by performing a compositional update step
corresponding to a partial differential transport equation.
Regularization is added by low-pass filtering of the gradient
images, which are in turn used as a velocity field to drive the
transport equation. To speed up the convergence and avoid
local minima, a multi-scale image pyramid is created. The
local cross correlation [16] was selected as the image similar-
ity measure because its explicit derivative can be efficiently
calculated while being general enough to cope with noise and
intensity differences among single-shot LGE images. After
computing the deformation fields, we warped the single-shot
images using a fifth-order BSpline interpolator and used them
for averaging.

Of note, and central to this study, patients who were
scanned without sedation were asked to give a best effort to
comply with breath-holding techniques. Patients who were
scanned using general anesthesia had respirations suspended
for the breath-held techniques. Patients who were scanned
while free-breathing with sedation (without the ability to sus-
pend respiration, either by command or with general anesthe-
sia), were not included in this study because of the inability to
compare a breath-held image with a non-breath-held image in
the same patient. It is standard at our institution to use sedation
and anesthesia only if absolutely clinically indicated.

Phase-sensitive images were first randomized and assigned
quality scores by two blinded and independent reviewers.
Quality scores were assigned based on the degree of cardio-
respiratory motion, ranging from 1 (poor) to 5 (superior) as
demonstrated in Fig. 1. Specifically, quality was assigned 1, or
poor, when one could only identify blood pool and myocardi-
um; 2, or fair, when there were significant cardiorespiratory
motion artifacts and blood pool–myocardial border blurring;
3, or satisfactory, when there were minimal cardiorespiratory
artifacts and some blood pool–myocardial border blurring; 4,
or good, when there were minimal cardiorespiratory artifacts
and good blood pool–myocardial border distinction; and 5, or
superior, when there were no cardiorespiratory artifacts or
myocardial border blurring and images showed an easily dis-
cernable pericardium, myocardium and blood pool. Artifacts
related to metal objects or poorly selected inversion time
should be equal between the imaging groups and therefore
were not taken into account in the overall quality rating.

The image quality key guided the image review and quality
rating. Quality scores for the cohort were tallied and compared
between the segmented FLASH (segFLASH), segmented
SSFP (segSSFP) and single-shot SSFP (ssSSFP) using
ANOVA with post-hoc analysis using the Student-Newman-
Keuls test. The effect of heart rate on image-quality score was
examined through calculation of a standard R2 correlation
coefficient. Additionally, a subgroup of patients with high-
quality (>3) segmented images was identified to offer com-
parison between the methods, while excluding poor

Table 2 Imaging parameters for late-gadolinium-enhancement (LGE)
imaging for segmented FLASH (segFLASH), segmented steady-state
free precession (segSSFP) and single-shot SSFP (ssSSFP) for patients
weighing more than 15 kg

Imaging parameter segFLASH segSSFP ssSSFP

FOV 332 × 249 332 × 249 332 × 249

Slice thickness 8 mm 8 mm 8 mm

Matrix size 256 × 144 256 × 144 256 × 144

Flip angle 25 50 50

TE 3.2 ms 1.23 ms 1.23 ms

TR 8.31 ms 2.91 ms 2.91 ms

Shots per slice 6 3 1

Views per segment 24 48 72

Acquisition window 199 ms 140 ms 209 ms

R-R interval Every 2nd Every 2nd Every 4th

Acceleration 1 1 2

Averages 1 1 4 of 8

FLASH fast low angle shot, FOV field of view, TE echo time, TR repeti-
tion time

Table 1 Imaging parameters for late-gadolinium-enhancement (LGE)
imaging for segmented FLASH (segFLASH), segmented steady-state
free precession (segSSFP) and single-shot SSFP (ssSSFP) for children
weighing less than 15 kg

Imaging parameter segFLASH segSSFP ssSSFP

FOV 228× 171 228 × 171 228 × 171

Slice thickness 6 mm 6 mm 6 mm

Matrix size 128 × 78 128 × 81 128 × 82

Flip angle 25 50 50

TE 3.19 ms 1.1 ms 1.2 ms

TR 8.11 ms 2.62 ms 2.53 ms

Shots per slice 6 3 1

Views per segment 13 27 41

Acquisition window 105 ms 71 ms 103 ms

R-R interval Every 4th Every 4th Every 4th

Acceleration 1 1 2

Averages 1 1 4 of 8

FLASH fast low angle shot, FOV field of view, TE echo time, TR repeti-
tion time
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segmented images, and was compared using ANOVA.
Finally, a group of patients with significant arrhythmias was
identified by a pediatric cardiologist through review of all
vectocardiogram tracings during image acquisition, and the
segmented and free-breathing quality scores were compared
using ANOVA.

Results

We included 32 children and young adults who ranged in age
from 9 months to 18 years, with mean +/− SD of 13.3+/
−4.8 years. R-R interval at the time of acquisition ranged
366–1,265 ms (47–164 bpm), mean +/− SD of 843+/
−231 ms (72+/−21 bpm). Overall during LGE imaging, three
patients had isolated premature ventricular contractions, one
had isolated premature atrial contractions and six had sinus
arrhythmia causing significant R-R interval variation. Table 3
illustrates the baseline characteristics of the group. For the
entire cohort, mean +/− SD quality ratings for long-axis im-
aging for segmented breath-held FLASH (segFLASH),

segmented SSFP (segSSFP) and single-shot SSFP (ssSSFP)
were 3.1+/−0.9, 3.4+/−0.9 and 4.0+/−0.9, respectively
(P < 0.01 by ANOVA). Mean +/− SD quality ratings for
short-axis imaging for segFLASH, segSSFP and ssSSFP were
3.4+/−1, 3.8+/−0.9 and 4.3+/−0.7, respectively (P<0.01 by
ANOVA). Using a Student-Newman-Keuls test for all
pairwise comparisons in a post-hoc analysis, the single-shot

Fig. 1 Image quality key demonstrates images that are representative of
each quality score, 1–5. a Quality score of 1, or poor. Can only identify
blood pool and myocardium. b Image quality of 2, or fair. Significant
cardiorespiratory motion artifacts and blood pool–myocardial border
blurring. c Image quality of 3, or satisfactory. Minimal cardiorespiratory

artifacts, some blood pool–myocardial border blurring. d Image quality of
4, or good. Minimal cardiorespiratory artifacts, good blood pool–
myocardial border distinction. e Image quality of 5, or superior. No
cardiorespiratory artifacts and no myocardial border blurring, with
easily discernable pericardium, myocardium and blood pool

Table 3 Baseline characteristics of the pediatric cohort undergoing
late-enhancement imaging (n = 32)

Mean SD Min Max

Age (y) 13.3 4.8 0.75 18

Height (cm) 151 29.4 58 188

Weight (kg) 59 25.8 5 120.6

BSA (m2) 1.55 0.5 0.28 2.51

R-R interval (ms) 843 214 366 1265

BSA body surface area, Max maximum, Min minimum, SD standard
deviation, y years
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SSFP image-quality scores were different from both of the
segmented image-quality scores. Finally, the kappa statistic
ranged from 0.59 to 0.64 for each type of imaging, and there
were no statistically significant differences between re-
viewers’ aggregate scores for each type of imaging.

Effect of segmented imaging quality on single-shot SSFP
score

We eliminated 16 patients who had segmented late enhance-
ment images with a quality score less than 3 and performed a
subgroup analysis to compare good-quality segmented images
and corresponding ssSSFP images. Notably, the 16 excluded
patients included all patients with arrhythmias, and these pa-
tients tended to be younger and smaller and have higher heart
rates. A comparison of the remaining 16 patients’ quality scores
showed quality ratings of 3.6, 3.8 and 4.4 for segFLASH,
segSSFP and ssSSFP in the long-axis projection, and 4, 4.3
and 4.6 for segFLASH, segSSFP and ssSSFP in the short-axis
projection (P<0.001). Therefore, even in good-quality segment-
ed imaging, the motion-corrected free-breathing late-
enhancement sequence had higher quality ratings than the tradi-
tional segmented approach. Figure 2 demonstrates such a pa-
tient, where all three methods yield excellent-quality imaging.

Although quality ratings were significantly and universally
higher in the single-shot SSFP images, it is important to point
out that 7/32 subjects had breath-held segmented LGE imag-
ing that was nearly uninterpretable, with a quality score of 1 or

2, because of artifacts from respiratory motion or sinus ar-
rhythmia or cardiac ectopy. When patients had difficulty hold-
ing their breath or had significant arrhythmias, the resultant
image was typically uninterpretable. These seven individuals
had improved ssSSFP quality scores of >3, making a clinical
interpretation possible. Figures 3 and 4 demonstrate two such
examples, with the accompanying rhythm strip during LGE
imaging, located below the images.

Effect of heart rate and heart rhythm on single-shot SSFP
score

The subset of eight patients with ectopy or arrhythmia had
quality scores of mean +/− SD 2.6+/−1.1, 3.1+/−1.2 and
3.6+/−1.3 for segFLASH, segSSFP and ssSSFP, respectively,
although this was not statistically significant, possibly because
of the small group size (P=0.243 by ANOVA).

We also examined the relationship between R-R interval
and quality because the acquisition window for ssSSFP is
longer than either of the segmented methods and is more
prone to image degradation from cardiac motion. Aweak cor-
relation was observed between R-R interval and quality score
(R2=0.31) when all 192 data points were included. When
broken down into all free-breathing and all segmented
breath-held data, the correlation between R-R interval and
quality score was R2=0.44 for free-breathing and R2=0.34
for breath-held data, respectively, indicating no significant
quality differences in either methodology attributable to heart

Fig. 2 Late-gadolinium-enhancement imaging imaging using three
techniques in an 18-year-old man status post arterial switch operation
and with a history of perioperative infarction. a Quality score = 5.
Segmented SSFP image (FOV 332 × 249, slice thickness 8 mm, flip
angle 50°, TR/TE 2.91/1.23 ms, matrix size 256 × 144, 3 shots per
slice, 48 views per segment, trigger time 2). b Quality score = 4.5.
Segmented FLASH image (FOV 332 × 249, slice thickness 8 mm, flip
angle 25°, TR/TE 8.31/3.2 ms, matrix size 256 × 144, 6 shots per slice, 24

views per segment, trigger time 2). c Quality score = 5. Single-shot SSFP
image (FOV 332 × 249, slice thickness 8mm, flip angle 50°, TR/TE 2.91/
1.23 ms, matrix size 256 × 144, parallel imaging with rate 2 acceleration,
single shot, trigger time 2). All three images clearly show the late
enhancement in the anterior wall of the left ventricle (arrows). FLASH
fast low angle shot, FOV field of view, SSFP steady-state free precession,
TE echo time, TR repetition time
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Fig. 3 Late-gadolinium-enhancement imaging using three techniques in
a 7-year-old girl. a Quality score = 4. Segmented SSFP image (FOV
332 × 249, slice thickness 8 mm, flip angle 50°, TR/TE 2.91/1.23 ms,
matrix size 256 × 144, 3 shots per slice, 48 views per segment, trigger
time 2). b Quality score = 2. Segmented FLASH image (FOV 332 × 249,
slice thickness 8 mm, flip angle 25°, TR/TE 8.31/3.2 ms, matrix size
256 × 144, 6 shots per slice, 24 views per segment, trigger time 2). c
Quality score = 5. Single-shot SSFP image (FOV 332 × 249, slice

thickness 8 mm, flip angle 50°, TR/TE 2.91/1.23 ms, matrix size
256 × 144, parallel imaging with rate 2 acceleration, single shot, trigger
time 2) in the four-chamber view. Note the cardiac blur from motion of
the interventricular septum (arrows in a, b), presumably related to the
significant sinus arrhythmia this girl had during the scan. d
Vectocardiogram tracing during the acquisition. FLASH fast low angle
shot, FOV field of view, SSFP steady-state free precession, TE echo time,
TR repetition time

Fig. 4 Late-gadolinium-enhancement imaging using three techniques in
a 12-year-old girl with tetralogy of Fallot. aQuality score = 2. Segmented
SSFP image (FOV 332 × 249, slice thickness 8 mm, flip angle 50°, TR/
TE 2.91/1.23 ms, matrix size 256 × 144, 3 shots per slice, 48 views per
segment, trigger time 2). b Quality score = 1. Segmented FLASH image
(FOV 332 × 249, slice thickness 8 mm, flip angle 25°, TR/TE 8.31/
3.2 ms, matrix size 256 × 144, 6 shots per slice, 24 views per segment,
trigger time 2). c Quality score = 4. Single-shot SSFP image (FOV
332 × 249, slice thickness 8 mm, flip angle 50°, TR/TE 2.91/1.23 ms,

matrix size 256 × 144, parallel imaging with rate 2 acceleration, single
shot, trigger time 2) in the four-chamber view. There is significant motion
artifact in (a) and (b), presumably from the intermittent ventricular ectopy
this girl experienced during the scan. The motion artifact is notably absent
in (c), the free-breathing single-shot technique. d Vectocardiogram
tracing done during the acquisition that shows premature ventricular
contractions. FLASH fast low angle shot, FOV field of view, SSFP
steady-state free precession, TE echo time, TR repetition time
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rate. There were fewer low (1 and 2) scores in the free-
breathing group, but there was a similar spread of heart rates,
which may be why the R2 values for the free-breathing and
breath-held groups are both higher than the total R2 value.

Discussion

Late-gadolinium-enhancement techniques in cardiac MR im-
aging are invaluable in a variety of conditions and therefore it
is clinically important to optimize this sequence for children
with heart conditions including myocarditis, cardiomyopathy
and congenital heart disease. This work introduces a new LGE
imaging technique — single-shot free-breathing SSFP
(ssSSFP) — and shows that this technique produces images
that are equal in quality to segmented approaches. Further,
LGE imaging that is normally degraded by arrhythmia,
breathing motion and cardiac motion can be improved upon
using this technique. Although ideally this work would have
compared diagnostic accuracy between ssSSFP and the other
techniques, because of the low incidence of LGE in the pedi-
atric population we used image-quality scores instead.

Single-shot SSFP LGE imaging clearly has utility in any
patient who cannot perform a breath-hold [14], and this work
demonstrates that ssSSFP with respiratory-motion-corrected
averaging can be performed with adequate resolution in small
children with higher heart rates. This imaging method also has
utility in children with an irregular heart rate, including those
with significant sinus arrhythmia or atrial/ventricular ectopy,
and it performs well in this subset of patients, although a direct
comparison with standard arrhythmia rejection methods was
outside the scope of this study. Overall, twice as many chil-
dren had high-quality diagnostic LGE images using the free-
breathing motion-corrected imaging strategy when compared
to either of the segmented strategies. This translates into de-
creasing the overall time of studies when repeat imaging is
needed, decreasing the number of failed studies where ar-
rhythmia or breathing motion precludes segmented LGE im-
aging, and decreasing the time of LGE imaging because fewer
slices need repeating.

On a more global scale, the single-shot motion-corrected
free-breathing technique significantly reduces the need for gen-
eral anesthesia during LGE imaging and reduces the need for
sedation in centers where free-breathing techniques are already
used for ventriculography and angiography in children.
Generally speaking, the motion correction algorithm has two
components: (a) discarding motion-corrupted data and (b)
deforming the remaining data to a target image. Both compo-
nents enable successful averaging of multiple beats. Motion
correction allows for registration of images across the respira-
tory cycle and elimination of motion-degraded imaging.
Subsequent averaging of these images creates a higher signal-
to-noise ratio, so the overall effect is to deliver an image with

high-quality spatial resolution that is robust in the face of respi-
ratory motion, thus eliminating the need to suspend respiration.

The single-shot SSFP LGE technique is limited in children
with R-R intervals less than 400 ms given the acquisition time
of ~120–220 ms, depending on matrix size. Therefore it may
not be appropriate for the smallest infants and those with a
heart rate >150 bpm. In these cases, breath-held segmented
imaging or averaged segmented imaging may be superior be-
cause of its ability to decrease the number of cardiac segments
and limit cardiac motion in the image. There may be an inter-
est in developing a respiratory navigator to allow for free-
breathing segmented imaging in this cohort. However with
the advent of newer receiver coils with smaller elements de-
signed for infant imaging, increased signal-to-noise ratios may
be favorable to drive up the parallel imaging factors to a point
where it is realistic to obtain single-shot imaging at even
higher heart rates. Also, there was not a significant degrada-
tion in quality of the free-breathing technique at higher heart
rates in this study. The ideal acquisition window length and
trigger delay in single-shot late enhancement could be the
subject of future study.

This study was limited by the overall incidence of the pres-
ence of late gadolinium enhancement, which was only found
in four subjects. In children LGE findings are less common
than in adults undergoing MRI for ischemic heart disease
evaluation. The prevalence of LGE in the studied cohort was
similar to that in our general pediatric population. In each of
those subjects, LGEwas detected with the ssSSFP. There were
no studies where LGE was detected on the segmented images
and not the single-shot free-breathing images. Another limita-
tion is that it is difficult to be truly blinded to reviewing a
FLASH versus an SSFP LGE image, although the images
were evaluated without any identifiers or markings. An addi-
tional limitation of this study is that it only focused on the left
ventricle, which can be imaged in diastole, whereas the right
ventricle is optimally imaged in systole, where it is thicker.
Finally, because various institutions rely on a systolic acqui-
sition for LGE imaging at higher heart rates, it should be noted
that because the single-shot technique employs a long acqui-
sition window, systolic imaging would suffer significantly
from blurring. A separate validation study should be conduct-
ed to explore feasibility and optimized parameters for the
single-shot approach in that context.

Conclusion

Single-shot late-enhancement imaging with motion-corrected
averaging in the pediatric population is feasible, robust at high
heart rates and with variable R-R intervals, and can be per-
formed without the need for breath-holding and produce
higher image-quality ratings than standard breath-held tech-
niques. Use of free-breathing single-shot motion-corrected
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technique does not compromise LGE image quality in chil-
dren who can hold their breath, and it can significantly im-
prove image quality in those who cannot hold their breath or
who have significant arrhythmia.
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