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Purpose. To validate the accuracy of ventricular function analysis using a single breath-hold real-time steady sate free precession (SSFP)
cine MR method and demonstrate its application during adenosine stress imaging in children with congenital heart disease. Materials and
Methods. Twenty-eight subjects with congenital heart disease were studied (mean age 12.4 + 2.3 years) with MR imaging at 1.5 T. Short-
axis images covering the entirety of both ventricles were acquired at rest, with a conventional segmented SSFP cine sequence acquired over
multiple breath-holds and a single breath-hold real-time SSFP sequence. Seventeen subjects were given an infusion of adenosine, and the
single breath-hold real-time short-axis stack was repeated during stress. Two independent observers performed the ventricular function
analysis. Data was compared between the 2 acquisition methods at rest and between the single breath-hold acquisition at rest and during
adenosine stress. Results. There was good agreement between the multiple breath-hold and single breath-hold methods for measurement
of end-diastolic volume (r = 0.95 and 0.96, p < .0001) and end-systolic volume (ESV) (r = 0.76 and 0.90, p < .0001) for the left and right
ventricles respectively, and the left ventricular mass (r = 0.97, p < .0001). Adenosine was administered safely to all subjects. During stress
there were significant changes in the heart rate and ESV, which led to a significant increase in cardiac output (mean 1.5 + 1.0 L/min,

p <.001).

Conclusion. Single breath-hold real-time SSFP cine imaging is robust and accurate in assessing cardiac function in children

with congenital heart disease. An application of this method is the rapid assessment of cardiac function during adenosine stress.
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1. Introduction

Cardiac MR is now well established as one of the first line
investigations for imaging older children and adults with
congenital heart disease (1). More recently, there has been an
increase in the number of younger children undergoing
cardiac MR (2, 3). Cardiac MR can often give complimentary
information to echocardiography. In particular, cardiac MR
can provide accurate quantitative cardiac function data (right
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and left ventricular volumes, mass and function) and is now
regarded as the best available in-vivo method for measuring
these parameters in adults (4, 5).

The major limitations for cardiac MR in young children are
the need to remain relatively still within the scanner for up to
an hour and the need for breath-holding to acquire images
without respiratory artifacts. For most children under the age
of 7, sedation or at time general anesthesia is necessary, and
this must be taken into account when planning investigations.

Cardiac MR function measurements are made by tracing
endo- and epicardial borders during end-diastole and end-
systole on a stack of short-axis images that cover the entire
heart in the short axis plane. In most institutions, these images
are acquired over multiple breath-holds, with one short axis
slices acquired per breath-hold, and 8—12 consecutive breath-
holds performed to acquire the entire data-set. However, for
young children who can be scanned without anesthesia,
breath holding remains problematic (6, 7), and a method of
acquiring an entire ventricular data set in a single breath-hold
would be useful. This would restrict the number of breath-
holds required to a minimum and limit the effects of mis-
registration between multiple breath-holds.
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A possible application of acquiring data in a single breath-
hold would be to assess cardiac function during pharmaco-
logical or physiological stress (8) or during simultaneous
ventricular pressure monitoring (9). During stress, performing
multiple breath-holds is both difficult for the patient and time-
consuming for the operator. Furthermore, using a single
breath-hold technique, data would be acquired at one short
time-point when stress parameters are relatively fixed and not
over several time-points where the effects of stress may vary
over time.

The aim of this study was two-fold:

1. To validate the accuracy of ventricular volume and mass
measurements made with a commercially available single-
shot, real-time steady state free precession (SSFP) cine
MR sequence acquired over a single breath-hold, against a
more conventional, segmented SSFP sequence acquired
over multiple breath-holds.

2. To demonstrate the application of the single breath-hold
method during adenosine stress in children with congenital
heart disease.

2. Materials and methods

2.1.

Twenty-eight consecutive subjects with congenital heart
disease were studied (mean age 12.4 + 2.3 years, range
8.8—16.8 years, 12 female, 16 male). Seventeen subjects had
congenital aortic stenosis, and 11 subjects had transposition of
the great arteries (repaired with arterial switch operation). In
addition to recruitment to the study of this manuscript, the
subjects with aortic stensosis were recruited to assess
myocardial perfusion, and the subjects with transposition of
the great arteries were recruited to assess coronary artery
anatomy (10). Seventeen subjects were given an infusion of
adenosine 0.14 mg/kg/min over 6 minutes (mean age
13.2 £ 2.6 years, range 8.8—16.8 years, 6 female, 11 male,
15 congenital aortic stenosis, 2 repaired transposition of the
great arteries). Two subjects with congenital aortic stenosis
were not given adenosine because of contraindications to this
agent. For the two subjects with transposition of the great
arteries, adenosine was administered in order to assess
myocardial perfusion to assess possible coronary artery
stenosis. All studies were performed in accordance with the
guidelines of the hospital committee on medical ethics and
clinical investigation. Informed consent was obtained from all
patients and/or their parents/guardians.

Study population

2.2. MR imaging

All images were obtained with a 1.5 T MR scanner (Philips
Medical Systems, Best, The Netherlands) equipped with
Master gradients (amplitude 30 mT/m, slew rate 150 mT/m/s),
using a dedicated cardiac software package on Release 9. A
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standard 5-element Synergy cardiac coil and VectorCardio-
Gram (VCG) (Philips Medical Systems, Best, The Nether-
lands) cardiac triggering were used. All subjects were
examined in the supine position with the VCG-leads on the
anterior left hemi-thorax.

For all scans, a local shim volume was positioned over
the heart to optimize the magnetic field homogeneity in
this region.

A survey was initially acquired in the transverse, coronal
and sagittal planes. A SENSE reference scan was then
performed (11, 12). Axial breath-hold balanced fast-field-
echo anatomical images through the heart and great vessels
were acquired. Vertical long axis and horizontal long axis cine
balanced turbo-field-echo (TFE) images were then acquired
and the short axis (SA) plane prescribed off both these
images. Short axis images were acquired from the base of the
heart (aligned parallel to the AV valves in diastole) to the
apex, encompassing the entirety of both ventricles. The SA
stack was repeated for both a conventional segmented 2D
balanced TFE sequence acquired over multiple breath-holds
(TR 3.8 ms, TE 1.9 ms, flip angle 60°, slice thickness 7 mm,
matrix 160 x 256, field of view 300mm, phases 30, SENSE
factor 1), and a real-time balanced TFE sequence acquired
during a single breath-hold (TR 2.8 ms, TE 1.4 ms, flip angle
60°, slice thickness 10 mm, matrix 122 x 256, field of view
350 mm, 20 phases presented using echo sharing, SENSE
factor 2). The reduction in acquisition time to enable 20
frames per cardiac is achieved by using a combination of
parallel imaging (SENSE factor 2) and echo sharing, with
k-space lines shared to the extent that the entire R-R interval
is divided into 20 equal parts. In this later sequence, k-space
was filled in a single-shot, with acquisition of all the data for
one slice during one R-R interval. This differs from the
conventional segmented 2D sequence, where each image was
composed of k-space lines acquired over several R-R
intervals. Both sequences were retrospectively gated. For
the single-shot method, this results in retrospective reordering
of the acquired real-time images into the R-R interval over
which they were acquired. The images can thus be accepted
by post-processing software as dynamic cardiac studies and
can be further analyzed: an advantage over non-triggered real
time scans (13).

For the 17 subjects who were given an infusion of
adenosine, the single breath-hold real-time balanced TFE SA
stack was repeated during adenosine infusion (5 minutes after
commencement of adenosine infusion).

2.3. MR imaging analysis

Two independent observers performed the ventricular vol-
ume, mass and function assessment. Analysis was performed
using EasyVision (Philips Medical Systems, Best, The
Netherlands). End-diastole and end-systole were selected,
and the endocardial ventricular contours traced for each slice
at both time points. This was performed for both the right
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Figure 1. Two patient examples of image quality. Diastolic mid-ventricular short axis frame; multiple breath-hold method at rest (a and c),
single breath-hold method at rest (b and d), and single breath-hold method during adenosine stress (e).

(RV) and left ventricles (LV). The LV epicardial border was
also drawn on the systolic slices. The RV and LV end-diastolic
volume (EDV), end-systolic volume (ESV), stroke volume
(SV), ejection fraction (EF), cardiac output (CO) and left
ventricular mass were calculated for all patients at rest for
both methods and during adenosine stress for the single
breath-hold real-time method. All measurements were
corrected for body surface area. The SA stacks were presented
to both observers in random order.

Total image acquisition time was measured for both the
multiple breath-hold and single breath-hold methods.

2.4.

Data are expressed as the mean + standard deviation.
Correlation coefficients and Bland Altman analysis were
used to compare the two methods of measuring ventricular
volumes, mass and function at rest. Bias was the mean of the
difference between the two methods and agreement was the
mean + 2 standard deviations (14).

The paired student #-test was performed to compare the ac-
quisition times between the two methods at rest, and the ven-
tricular volume, mass and function data measured at rest and
during adenosine stress with the single breath-hold method.

Statistical analysis was performed using Matlab (Maths-
works Inc., Natick, MA, USA) and SPSS version 12 (SPSS

Statistical analysis

Inc., Chicago, IL, USA). A p value of < .05 was taken as
statistically significant.

3. Results
3.1. Accuracy of single breath-hold cardiac
function measurements

Ventricular volume, mass and function analysis was possible
on all images acquired with the single breath-hold real-time
method (Fig. 1).

There was good agreement between the multiple breath-
hold and single breath-hold methods for measurement of
the EDV (r = 0.95 and 0.96, p < 0.0001) and end-systolic
volume (ESV) (r=0.76 and 0.90, p <.0001) for the left
(Fig. 2) and right ventricles (Fig. 3) respectively, and
the left ventricular mass (r=0.97, p <.0001, Fig. 4d)
(Table 1). There was a small systematic overestimate of the
volume measurements by the single breath-hold method
and a corresponding underestimate of the LV mass
(Table 1). This led to a reduced ejection fraction calcula-
tion, but no significant bias in the cardiac output calcu-
lation (Table 1).

In all subjects in whom there was no evidence of valvular
incompetence, the right and left ventricular stroke volumes



746

Single BH - Multiple BH (L/min/m?)

Single BH - Multiple BH (mL/m?)

Single BH - Multiple BH (mL/m?)

Single BH — Multiple BH (g/m?)

@

S

[

=

&

5

0.8

0.6

04

02

-0.2

-04

60 80 100

Mean (mL/m?)

Mean (mL/m2)

3 4 5
Mean (L/min/m?)

60 80 100
Mean (g/m?)

Taylor et al.

a) LV EDV multiple BH vs. single BH

140 e
120 -

100 Ve

80
60 LA

40 e

Single BH method (mL/m?)

20 e

0

0 20 40 60 80 100 120 140
Multiple BH method (mL/m?)

b) LV ESV multiple BH vs. single BH

40
35 .7
30 . . o

25 3 e

20 2 .

Single BH method (mL/m?)
\\
\

0 5 10 15 20 25 30 35 40
Multiple BH method (mL/m?)

¢) LV CO multiple BH vs. single BH

(S N
\
.
\
\
\,

[FEENN
“e
>

\
\

Single BH method (L/min/m?)

Multiple BH method (L/min/m?)

d) LV mass multiple BH vs. single BH

160

140 i
120 -
100 i

80 e

60 . es’s

40 o

Single BH method (g/m?)
X

20 -

0
0 20 40 60 8 100 120 140 160

Multiple BH method (g/m?)

Figure 2. Bland-Altman and scatter plots for left ventricular measurements. On the scatter plots, the dotted line represents line of equality.
LV—Ieft ventricle, EDV—end-diastolic volume, ESV—end-systolic volume, CO—cardiac output.

were compared with good agreement; r = 0.97 for multiple
breath-hold method, and r = 0.90 for the single breath-hold
method (both p < .0001) (Table 2).

There was good agreement between the two observers for
the assessment of the measured left ventricular parameters

(EDV, ESV, LV mass) for the multiple breath-hold and single
breath-hold methods at rest (Table 3a and b).

In two patients who could not breath-hold appropriately,
the multiple breath-hold technique images were not interpret-
able, while the single breath-hold images (not actually
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Figure 3. Bland-Altman and scatter plots for right ventricular measurements. On the scatter plots, the dotted line represents line of equality.
RV—right ventricle, EDV—end-diastolic volume, ESV—end-systolic volume, CO—cardiac output.

acquired during breath-holding) were of good quality and
useable for cardiac function analysis.

The total acquisition time for the single breath-hold method
(13.9 £ 2.8 s, range 8.4—18.5 s) was significantly less than the
multiple breath-hold method (84.5 £ 13.7 s, range 38—127,
p <.001). Note, the multiple breath-hold time was the data
acquisition time only and does not include the rest time
between breath-holds.

3.2. Effects of adenosine stress on cardiac function

Adenosine was administered safely to all subjects with no
major side effects.

Image quality remained good, and ventricular volume
analysis was possible on all images acquired with the single
breath-hold real-time method (Fig. le). There was good
agreement between the two observers for the assessment of

the measured left ventricular parameters for the single breath-
hold methods during stress (Table 3c).

During adenosine stress there was a significant increase in
the heart rate (p < .001). Furthermore, there was significant
change in all the left and right ventricular parameters (reduced
ESV, increased SV, increased EF and increased cardiac output)
except for the EDV, which showed a small non-significant
increase (Table 4). There was no correlation between the
percentage change in heart rate and the percentage change
in stroke volume (r = 0.06, p = .9). Cardiac output increased
in all patients (mean increase 1.5 = 1.0 L/min, range 0.1-2.9,
p < .001) (Figure 4).

4. Discussion

In our own practice, children less than 7 years of age, with an
absolute indication for cardiac MR, are imaged under general
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Cardiac output (L/min)

At rest During adenosine stress
Figure 4. Changes in cardiac output measured during adenosine
stress.

anesthesia. In these children, respiratory motion is reduced
during image acquisition by brief cessation of ventilation
under anesthetist control. In older children (8—16 years),
imaging is performed without general anesthesia, and breath
holding is required to ensure reduction of respiratory artefacts
during data acquisition. However, breath holding is problem-
atic with several problems, which are well documented in
adults (6, 7), but are probably more of an issue in children.
These include: an inability to understand and follow the
instructions for breath-holding; an inability to maintain a
breath-hold for the whole scan (15—-20 s); and an inability to
maintain the same breath-hold position over multiple breath-
hold, leading to errors of mis-registration.

For cardiac ventricular volumes, mass and function assess-
ment, acquisition of data in the short axis plane, over several

Taylor et al.

breath holds is necessary for current gradient echo (4, 5) or
steady steady state free precession sequences (15, 16). In
adolescents and adults who are able to breath-hold well, this
can be achieved in 4—6 breath-holds (sufficient time to
acquire two short axis cine images per breath-hold). However,
for most children, 8—12 breath-holds would be the norm (one
short axis cine image per breath-hold).

4.1. Accuracy of single breath-hold real-time

ventricular analysis

In this study, we have demonstrated that a commercially
available single breath-hold real-time cine MR method
can give an accurate, robust assessment of cardiac function
in the routine clinical investigation of children with con-
genital heart disease. There was good agreement between the
conventional multiple breath-hold and the single breath-hold
real-time methods for measurement of cardiac volumes, mass
and function.

Interestingly, in two patients who could not breath-hold
appropriately, the multiple breath-hold images were un-
interpretable, while the single breath-hold real-time images
(not actually acquired during breath-holding) were of good
quality and useable for cardiac function analysis. This reflects
the fact that in the single breath-hold method, a single short
axis slice is acquired during one heartbeat, and each phase
within the data set in one-tenth of this period is insufficient
time for the images to be degraded by respiratory motion.

There were some differences between the two methods for
the assessment of ventricular indices, and these should be
borne in mind when interpreting real-time ventricular studies.
The Bland-Altman comparison between the two methods
demonstrated a small systematic bias, with higher end-
diastolic and end-systolic volumes measured by the single
breath-hold method. This leads to similar stroke volume
calculations, but an underestimation of the ejection fraction
as compared with the multiple breath-hold method. At

Table 1. Comparison data for ventricular volumes, mass and function between the multiple breath-hold (BH) and single BH balanced TFE

sequences (n = 28)

Absolute differences

Parameter Multiple BH Balanced FFE Single BH Balanced FFE Mean SD r value
LV EDV (mL/m?) 73+ 17 77 £ 17 3.8 5.4 0.95"
LV ESV (mL/m?) 18 + 7 2147 2.7 4.9 0.76*
LV SV (mL/m?) 55 + 14 56 + 14 1.1 33 0.97*
LV EF (%) 75+ 7 73+8 —24 5.3 0.75%
LV CO (L/ m?) 3.9+ 1.1 40+1.2 0.1 0.2 0.98*
LV mass (g/m?) 70 £ 22 67 £ 22 -3.1 52 0.97*
RV EDV (mL/m?) 78 + 22 83 +22 5.0 5.8 0.96*
RV ESV (mL/m?) 26 + 11 29 + 12 3.3 52 0.90*
RV SV (mL/m?) 52+ 15 54 +13 1.7 4.0 0.96*
RV EF (%) 67 +9 65+9 —1.7 5.9 0.77*
RV CO (L/m?) 3.7+12 39+1.2 0.2 0.3 0.96*

*p < .0001.
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Table 2. Comparison between left (LV) and right ventricular (RV) stroke volume (SV) measurements for both the multiple and single

breath-hold (BH) methods (n = 21)

Absolute differences

Parameter LV RV Mean SD r value

Multiple BH 51+£8 49 + 8 -2.3 2.2 0.97*
SV (mL/m?)

Single BH 52+9 51+9 —14 4.0 0.90*
SV (mL/m%)

Note: 7 subjects were excluded from this analysis as they had evidence of aortic incompetence.

end-diastole, we propose that the poorer spatial resolution
means that tracing of the endocardial border for trabeculations
and papillary muscles is less accurate. This is also reflected
in the slight systematic underestimate of LV cardiac mass by
the single breath-hold method. At end-systole, definition of
the endocardial border is often easier (more accurate as-
sessment of end-systolic volume); however, we propose that
the reduced temporal resolution of the single breath-hold
technique, in combination with the short systolic iso-
volumetric period, means that the end-systolic volume is
unlikely to be measured at the smallest volume (optimal end-
systolic period), resulting in an overestimation of the end-
systolic volume.

Validation of real-time sequences has been performed in
adults for the left ventricle during a single breath-hold and

Table 3. Left ventricular (LV) interobserver variability data, EDV

(17) and for both ventricles in adults during free respiration
(13). To our knowledge, validation of real-time single breath-
hold acquisition in children has not been reported previously.
Furthermore, as the real-time images are retrospectively
reordered into the R-R interval over which they were acquired,
the images can be accepted by post-processing software as
dynamic cardiac studies and can be further analyzed: an
advantage over non-triggered real-time scans (13).

4.2.

We have also demonstrated the safe and successful admin-
istration of adenosine pharmacological stress to a group of
children with congenital heart disease. The protocol we
have used enables the effects of adenosine to be established

Hemodynamic effects of adenosine

A. Interobserver variability for the multiple breath-hold method at rest (n = 28)

Absolute differences

Parameter Observer 1 Observer 2 Mean SD r value
LV EDV (mL/m?) 73 £ 17 72+ 19 2.7 42 0.97*
LV ESV (mL/m?) 18+7 18+7 —0.7 2.8 0.92*
LV mass (g/m”) 70 + 22 74 +23 42 3.7 0.99*
B. Interobserver variability for the single breath-hold method at rest (n = 28)

Absolute differences
Parameter Observer 1 Observer 2 Mean SD r value
LV EDV (mL/m?) 78 + 17 75 £ 18 -2.9 6.8 0.93*
LV ESV (mL/m?) 2+7 19 + 8 —-1.6 3.2 0.91%*
LV mass (g/m?) 67 + 23 70 + 23 2.9 6.0 0.98%
C. Interobserver variability for the single breath-hold method during adenosine stress (n = 17)

Absolute differences
Parameter Observer 1 Observer 2 Mean SD r value
LV EDV (mL/m%) 81 + 16 79 + 16 -23 3.6 0.97*
LV ESV (mL/m?) 15+38 15+7 —0.3 2.8 0.94*

*p < .0001.
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Table 4. Changes in ventricular volume and function data measured at rest and during adenosine stress (n = 17)

Parameter Single BH REST Single BH STRESS Absolute A % A p value
Heart rate (bpm) 74 + 14 88 + 18 14+ 12 20 + 17 <.001*
LV EDV (mL/m?) 79 + 22 82+ 19 349 5+12 2
LV ESV (mL/m?) 219 17 £ 10 —4+7 —19 + 34 .03*
LV SV (mL/m?) 59 + 17 65 + 14 748 15+ 16 .004%*
LV EF (%) 74 + 8 80 + 8 6+8 9+12 .004%
LV CO (L/ m?) 42+ 1.4 57+17 1.5+ 1.0 38 +£27 <.001*
RV EDV (mL/m?) 85+ 17 87 + 17 2413 3414 5
RV ESV (mL/m?) 31+ 11 25+9 —6+11 12437 .03*
RV SV (mL/m?) 53+ 11 62 £ 10 8+6 17 + 14 <.001*
RV EF (%) 63+9 72+ 6 8 +10 15+ 17 <.001*
RV CO (L/m?) 39+ 1.1 54414 1.5+ 0.9 41 +28 <.001*

P value for paired Student t-test (*p < .05).

(3.5 minutes after commencing adenosine) and then sufficient
time (2.5 minutes) to perform first pass gadolinium perfusion
imaging and/or a further functional assessment under stress.

Adenosine is a potent vasodilator, and its primary use is as
a stress agent in perfusion imaging for the assessment of
reversible myocardial ischemia. However, there is an increase
in cardiac output with the application of adenosine (3 to 104%
in our study). As expected, this was secondary to a significant
increase in the heart rate (20 = 17%), but we have also
demonstrated a significant increase in the stroke volume
(15 £ 15%). Increases in heart rate (18) and changes in LV
ejection fraction (19, 20) and ventricular parameters (21) have
been demonstrated using nuclear scintigraphy in adults, but,
to our knowledge, changes in ventricular indices during
adenosine stress have not been quantified previously using
MR imaging in children.

The increase in cardiac output during adenosine stress may
potentially be used as a method of mimicking exercise.
Assessment of changes in gradients across valvular stenosis
or vascular narrowings (e.g. aortic coarctation), which may
appear mild at rest, but increase significantly with an increase
in cardiac output, and changes in valvular incompetence and
ventricular function during stress [e.g. Tetralogy of Fallot (8)]
would be possible. These MR parameters should also be
assessed in conjunction with other hemodynamic parameters,
including the blood pressure response. The effect of
adenosine on cardiac output is not as predictable as that
induced by dobutamine stress, but adenosine is a much
simpler stressor to use and can easily be terminated if side
effects develop.

5. Conclusion

Single breath-hold real-time SSFP cine imaging is robust and
accurate in assessing cardiac function in children with
congenital heart disease at rest and during pharmacological
stress. The main advantage is that an uncooperative child
need only perform one good quality breath-hold to acquire the

data or, in the worse case scenario, no breath-hold without
significant degradation of the image quality. During adeno-
sine stress, there was an increase in cardiac output, secondary
to an increase in both the heart rate and the stroke volume.
The method may prove useful for assessing ventricular
function during stress.
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