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Single-Breath-Hold
Evaluation of
Cardiac Function

with Use of Time-Resolved
Parallel Cardiac Magnetic Resonance

Using cardiac magnetic resonance, we tested whether a single-breath-hold approach to
cardiac functional evaluation was equivalent to the established multiple-breath-hold meth-
od.

We examined 39 healthy volunteers (mean age, 31.9 + 11.4 yr; 22 men) by using 1.5 T
with multiple breath-holds and our proposed single breath-hold. Left ventricular and right
ventricular ejection fractions (LVEF and RVEF), LV and RV end-diastolic volumes (LVEDV
and RVEDV), and LV myocardial mass (LVMM) were compared by using Bland-Altman
plots; LVEF and RVEF were tested for equivalence by inclusion of 95% confidence inter-
vals (Cls). Equivalence of the methods was assumed within the range of —=5% to 5%.

In the multiple- versus the single-breath-hold method, LVEF was 0.62 + 0.05 versus
0.62 + 0.04, and RVEF was 0.59 + 0.06 versus 0.59 + 0.07. The mean difference in both
methods was —0.2% (95% ClI, -1 to 0.6) for LVEF and 0.3% (95% ClI, -0.8 to 1.5) for
RVEF. The mean differences between methods fit within the predetermined range of
equivalence, including the 95% CI. The mean relative differences between the methods
were 3.8% for LVEDV, 4.5% for RVEDV, and 1.6% for LVMM.

Results of our single-breath-hold method to evaluate LVEF and RVEF were equivalent
to those of the multiple-breath-hold technique. In addition, LVEDV, RVEDV, and LVMM
showed low bias between methods. (Tex Heart Inst J 2017:44(4):252-9)

uantifying cardiac function is crucial for diagnosis and therapeutic decisions

in many cardiac diseases. Functional measurements such as ejection frac-

tion, end-diastolic volume, end-systolic volume, and stroke volume, along
with myocardial mass, are independent predictors of cardiac morbidity and death."?
In cases of arrhythmogenic right ventricular cardiomyopathy (ARVC)* and congenital
heart diseases, right ventricular (RV) functional criteria are essential to definitively
diagnose the condition and to predict outcome.’

Cardiac magnetic resonance (CMR) is highly useful for evaluating cardiac func-
tion® because of its high temporal and spatial resolution and its independence from
superposition and viewing windows.” In addition, cardiac structures such as the ven-
tricular apices are difficult to depict echocardiographically. Cardiac magnetic reso-
nance, which is relatively unaffected by body habitus and limited only by the diameter
of the bore and flat bedding, yields low intra- and interobserver variability.*

The best CMR approach for determining cardiac function combines disk-shaped
volumes in short-axis view and steady-state free-precession (SSFP) cine images acquired
during several breath-holds (BHs).” The summation of disks, called the modified
Simpson method, is independent from geometric assumptions®; this is particularly
important in patients with diseased myocardium because of postischemic, pathologi-
cally altered ventricular geometry and pathologic asymmetric contractility." To obtain
optimal volumetric measurements in a stack of short-axis slices, the slice thickness and
gaps between slices should be minimal, and the temporal resolution of the cine imag-
ing should be kept in optimal range—all with a reasonable balance of BH time and
slices obtained per BH. In established sequence protocols, 8 to 12 BHs of 10 to 15 s
each are necessary to examine the entire left ventricle (LV).” Assuming 10 s of recov-
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ery time for the patient between each BH, this method
of quantifying cardiac function can take as long as 5
min.” A patient’s inability to follow BH instructions
can necessitate repeating the study.

The temporal generalized autocalibrating partially
parallel acquisitions (T-GRAPPA) acceleration technique
has been applied to real-time dynamic cardiac imaging.”
In T-GRAPPA, a time-interleaved acquisition scheme is
used to obtain coil sensitivity maps directly from the
actual dynamic acquisition data." This eliminates the
need to obtain additional reference data separately and
enables full image acceleration.

The aim of our study was to compare cardiac func-
tional results from T-GRAPPA—accelerated SSFP cine
imaging during a single BH with those of SSFP cine
images acquired during multiple BHs. The main vari-
ables were LV ¢jection fraction (LVEF) and RV ¢jection
fraction (RVEF).

Study Population and Methods

We prospectively examined 39 healthy, athletic volun-
teers (mean age, 31.9 £ 11.4 yr; 22 men) (Table I). The
study protocol was advised and approved by the local
review ethics board, and all participants gave written
informed consent.

Image Acquisition

We performed CMR by using a 1.5-Tesla MAGNETOM®
Avanto magnetic resonance scanner (Siemens Health-
care GmbH; Erlangen, Germany), equipped with a gra-
dient system that had a maximal strength of 45 mT/m
and a maximal slew rate of 200 T/m/s. A 6-channel
body-array coil and 6 elements of a spine coil were used
for signal reception.

The BH sequences consisted of prospectively trig-
gered, 2-dimensional SSFP cine images. The reference
(multiple-BH) sequence acquired 2 short-axis slices per
BH. The scanner calculated a fixed 22 phases of the car-
diac cycle. In contrast, the study sequence acquired all

TABLE I. Demographic Characteristics of the Study

Population

Variable Value
Age (yr) 31.9+11.4 (19-62)
Height (cm) 176.2 +9 (160-198)
Weight (kg) 68.7 + 11.7 (51-97)

Body surface area (m?) 1.83+0.19 (1.51-2.27)

Body mass index (kg/m?) 22.1+£2.6(18.3-30)

Heart rate (beats/min) 66 + 18 (47-113)

Data are presented as mean + SD and range.

short-axis slices necessary to determine ventricular vol-
ume, from base to apex, during a single BH. In this pro-
tocol, calculated phases of the cardiac cycle depended
on the number of segments that could be read per R-R
interval and on individual heart rate, required number
of slices, and a 20-s limit for BH duration. Each study
participant was examined serially during a single CMR
session and underwent multiple- and single-BH acquisi-
tion in a random order, to avoid influence by the order
of examination. Table II shows details of the sequences.

Image Analysis

Image analysis was performed on a syngo® Multimodal-
ity Workplace (Siemens Healthcare) by 2 independent,
blinded observers (JDK and PK; 1 and 4 yr of experi-
ence in cardiac imaging, respectively). They were blind-
ed to their own results, by evaluating one method in an
individual and then evaluating the second method on a
different day. To evaluate ventricular volumes, the endo-
cardial contours were manually drawn in end-diastolic
and end-systolic phases. To evaluate LV myocardial
mass (LVMM), the LV epicardial contours were drawn
manually; the septum was included in LVMM by con-
vention, and RV trabecula arising from the septum
were excluded. The papillary muscles were not excluded
from the cavum. The basal slice was integrated into
the LV cavum if the LV myocardium exceeded 180°
of the myocardial circumference. Apical slices with no

TABLE Il. Sequence Settings in the Multiple- and Single-
Breath-Hold Methods

Multiple- Single-
Variable Breath-Hold Breath-Hold
Repetition time 60.6 55.4
(ms)
Echo time (ms) 1.2 1.1
Flip angle 80° 75°
Matrix 113 x 192 101 x 192

(phase encodings x
frequency encodings)
1x07-22x%x17

Pixel size (mm?) 11x07-25x%x1.8

Temporal 45 55
resolution (ms)

Receiver bandwidth 930 789
(Hz/pixel)

Slice thickness (mm) 5 6
Gap (mm) 5 6

Parallel imaging GRAPPA 2 T-GRAPPA 2

acceleration factor

(T-)GRAPPA = (temporal) generalized autocalibrating partially
parallel acquisitions

Texas Heart Institute Journal
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detectable cavity were excluded from evaluation. Right
ventricular trabeculations were included in the cavity
volume. The following morphologic and functional
characteristics of the LV were calculated with Argus
postprocessing software (Siemens Healthcare): end-dia-
stolic volume (LVEDV), end-systolic volume (LVESV),
stroke volume (LVSV), ¢jection fraction (LVEF), and
LVMM, as well as the body surface—normalized index
values for those variables. Except for RV myocardial
mass, the corresponding RV characteristics and indices
were also evaluated. The number of slices taken into
account, number of phases per cardiac cycle, and total
acquisition times for both methods were recorded.

Image quality was rated quantitatively: the coefficient
of variation (CV) of the CMR signal was measured in
a standardized 15-mm? region of interest in the infero-
septal myocardium and the LV blood pool, respectively.
The CV was calculated from absolute CMR signal §
and its SD o as follows:

with 0 as the minimum possible CV value and 1 as the
theoretical maximum. The CMR contrast signal be-
tween the inferoseptal myocardium and LV blood pool
was calculated as follows:

Sblood pool — Smyocardium

Contrast = >
Sblood pool + Smyocardium

with 1 indicating maximum possible contrast and 0
indicating no contrast.

Statistical Analysis

Statistical analysis was performed by using JMP® version
11.2 (SAS Institute Inc.; Cary, NC). Bland-Altman
plots with £1.96 SD limits of agreement were created
with use of Prism® version 7.03 (GraphPad Software,
Inc.; LaJolla, Calif). Continuous variables are expressed
as mean £ SD with additional range.

The most clinically relevant quantitative cardiac
functional values, LVEF and RVEF, were the primary
targets compared between the 2 methods and tested
for equivalence. To prove equivalence, the “inclusion
of 95% confidence intervals” (Cls) method was per-
formed.”

Initially, we had defined a range of equivalence of
15%, to determine which difference should not be rel-
evant and acceptable in clinical routine. By this defini-
tion, equivalence of the 2 methods was assumed if the
difference of the results of both methods was within the
range of =5% to 5%.

Bland-Altman plots of LVEF, RVEF, LVEDYV,
RV end-diastolic volume (RVEDV), and LVMM
were created in percentages, to facilitate determining
agreement between the methods. Differences were
calculated as LVEFngle Bt — LVEFmuleiple 811, and aver-
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ages as (LVEFqingle 11 — LVEFmutiple 811)/2. The 2-sided
100(1-2a)% CI for the difference between the LVEF
values of the multiple- and single-BH sequences
(LVEF;ingte 31 — LVEFmutiple B1) was calculated, and
the level of significance was set to a=5%. Equivalence
of the 2 methods was assumed if the 95% CI for the
difference LVEFingle Bt — LVEFmutiple 311 fit within the
predetermined range of equivalence (-5% to 5%). The
RVEF was evaluated in the same fashion. The mean
intraindividual interventricular difference of LVSV and
RVSV was evaluated by using Bland-Altman plots for
each method; this excluded different absolute stroke vol-
umes within one individual and method. Interobserver
variability was evaluated for LVEF and RVEF by using
Bland-Altman plots for both methods. To avoid mul-
tiple testing, we performed no further statistical tests for
equivalence or difference of other values. A descriptive
statistic was applied for all other functional values.

Results

Endocardial contours were evaluable in all data sets.
Figure 1 shows representative short-axis slices acquired
via both methods. Table III shows detailed volumetric
data, acquisition times for each method, and quantita-
tive image quality. The LVEF was 0.62 £ 0.05 for the
multiple-BH sequence and 0.62 + 0.04 for the single-BH
sequence. The RVEF was 0.59 +0.06 for the multiple se-
quence and 0.59 +0.07 for the single-BH sequence. The
intraindividual mean interventricular difference between
LVSV and RVSV was 1 £ 5.4 mL for the multiple-BH
sequence and 0.3 £ 10.2 mL for the single-BH sequence.

Comparison of the Methods

The Bland-Altman plots showed mean differences be-
tween both methods of —0.2% (limits of agreement,
—5.2% to 4.7%) for LVEF (Fig. 2A) and 0.3% (limits
of agreement, —6.4% to 7.1%) for RVEF (Fig. 2B). The
lower and higher 95% Cls of -1 and 0.6 for LVEF, and
those of 0.8 and 1.5 for RVEF, fit within the prede-
termined range of equivalence.

The mean relative difference between both methods
for LVEDV was 3.8% (limits of agreement, —4.7% to
12%). For RVEDV, this was 4.5% (limits of agreement,
—15% to 24%). For LVMM, the difference was 1.6%
(limits of agreement, —9.7% to 13%)).

Interobserver Variability

For LVEF, interobserver bias in the multiple-BH meth-
od was 0.13% (limits of agreement, —3.9% to 4.2%),
and bias in the single-BH method was —0.12% (limits
of agreement, —4.3% to 4.1%). For RVEE, interobserv-
er bias in the multiple-BH method was 0.71% (limits
of agreement, —8.5% to 9.9%), and bias in the single-
BH method was 1.1% (limits of agreement, —7.5% to
9.8%).

Aug. 2017, Vol. 44, No. 4
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Fig. 1 Cardiac magnetic resonance images with steady-state free precession show representative midventricular short-axis slices
acquired in A, B) multiple- and C, D) single-breath-hold sequences during A, C) end-diastole and B, D) end-systole. Signals were
measured for the inferoseptal myocardium (arrows) and left ventricular blood pool (asterisks). Left ventricular trabeculae (arrowheads)
were depicted similarly in both methods without visually apparent differences in image quality.

Discussion

Economical use of time in CMR evaluation of cardiac
function is important in clinical practice. Whereas
enough time should be allocated for morphologic and
viability evaluations, scanning time should be mini-
mized for patients’ comfort. Left ventricular ejection
fraction is an important criterion for decision-making in
therapy and as a predictor of outcome.'*” In the current
study, a T-GRAPPA—accelerated approach for evaluating
LV cardiac function during a single BH was compared
with the established multiple-BH protocol. We tested
the equivalence of the 2 methods, versus merely testing
statistical differences and assuming equivalence. Our

Texas Heart Institute Journal

results indicate that the single-BH method is as effec-
tive as the multiple-BH method for evaluating cardiac
function: in tests for equivalence, the mean difference
for LVEF and RVEF in both methods was close to 0,
and the 95% CI fit within the predetermined range of
equivalence. In terms of clinical relevance, our method
of evaluating LVEF and RVEF yields results as accu-
rate as those of the reference standard.” For the other
LV variables, we observed good agreement between
both methods without statistical testing. The absolute
cardiac volumes were slightly underestimated in the
single-BH method, which can be attributed to reduced
accuracy in the most basal and apical slices. This prob-
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TABLE Ill. Comparison of Volumetric and Imaging Results
in the Multiple- and Single-Breath-Hold Methods

Multiple- Single-
Variable Breath-Hold Breath-Hold

LVEDV (mL) 167.7 £44 161.6£42.6
LVESV (mL) 64 +20.1 62.1+£20
LVSV (mL) 103.7+25.6 99.56+24.6
LVEF 0.62+0.05 0.62+0.04
LVMM (g) 132.2+42.4 129.9+41.4
LVEDV index (mL/m?) 90.2+16.8 86.8+£16.3
LVESV index (mL/m?) 34.3+85 33.3+£8.2
LVSV index (mL/m?) 55.8+10.2 53.6+9.6
LVMM index (g/m?) 70.9+£18.6 69.7+17.8
RVEDV (mL) 176.9+57.8 168.2+51.5
RVESV (mL) 75.1+32 70.5+27.4
RVSV (mL) 101.8+28.4 97.6+£27.3
RVEF 0.59+0.06 0.59+0.07
RVEDV index (mL/m?) 94.8+24.5 90.2+221
RVESV index (mL/m?) 40+14.5 37.7+126
RVSV index (mL/m?) 54.7+11.7 52.6+11.7
Intraindividual mean 1+5.4 0.3+10.2
interventricular
difference (mL)
LV slices in 95+0.9(8-11) 7.6+0.6(6-8)
end-diastole (n)
Phases per 22 17.3+3.9 (11-26)
cardiac cycle (n)
Total acquisition time (s)  190.3 + 64 22449
CV in inferoseptal 0.08+0.04 0.1+0.08
myocardium
CVin LV blood pool 0.02+0.01 0.02+0.01
Contrast between 0.6+0.1 0.6+0.1

inferoseptalmyocardium
and LV blood pool

CV = coefficient of signal variation; LV = left ventricular; LVEDV
= left ventricular end-diastolic volume; LVEF = left ventricular
ejection fraction; LVESV = left ventricular end-systolic volume;
LVMM = left ventricular myocardial mass; LVSV = left ventricular
stroke volume; RVEDV = right ventricular end-diastolic volume;
RVEF = right ventricular ejection fraction; RVESV = right
ventricular end-systolic volume; RVSV = right ventricular stroke
volume

Data are expressed as mean + SD for continuous variables and
as mean + SD and range for discrete variables.

lem is known to markedly influence LV volumetric
values.” Our results are concordant with those of other
reported single-BH techniques.”””' Previous investiga-
tors had different statistical approaches: they tested for
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Fig. 2 Bland-Altman plots show good agreement of A) left
ventricular ejection fraction (LVEF) and B) right ventricular
ejection fraction (RVEF) as determined by means of the standard
multiple-breath-hold and the temporal generalized autocalibrating
partially parallel acquisition (T-GRraPPA) single-breath-hold meth-
ods. The mean difference is represented by the continuous bold
lines close to 0, indicating good agreement of both methods.
The dotted lines represent the limits of agreement at + 1.96 SD.
The dots indicate intraindividual measurement for both methods.
The closer to 0 all dots and the bold mean-difference line, the
better the agreement of the methods. Systematic over- or
underestimation would be indicated by a mean-difference line
far from 0.

statistically significant differences and assumed equal-
ity if none was found. If a study was underpowered,
the level of significant difference might not be achieved
only for lack of sample size.

Planning of slice acquisition should be done carefully,
to ensure that basal slices in end-diastole are included.
In any compromise regarding the possible number of
slices, the most basal slice should never be excluded,
because the longitudinal ventricular contraction con-
tributes largely to the ejection fraction.”? In contrast,
the apex shows only minimal longitudinal contraction,
and the minor volume ejected by the apical cone can be
omitted without relevant bias to the LVSV and LVEF.

The low intraindividual mean interventricular differ-
ence of the LVSVs and RVSVs (approximately 1 mL)
that occurred in both sequences still enabled consistent

Aug. 2017, Vol. 44, No. 4
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evaluation. Higher variation for RV functional values
within individuals was to be expected in the single-BH
approach, which was designed for and dedicated to LV
evaluation. The bias for RV end-diastolic values might
be relevant for exact RV evaluations in ARVC and in
congenital heart disease.””” Cardiac magnetic reso-
nance is the reference method for RV evaluation, but it
is dependent on the acquisition of basal RV slices, which
can easily be missed if the focus is only on the mitral
valve plane, as is the case with most basal slices.” The
tricuspid valve and pulmonary valve planes are below
the mitral valve plane, and those 2 planes are rotated.
The large area of the basal slices in the RV—including
the RV outflow tract—makes it difficult to determine
the most basal slice of the RV.”

For LV evaluation, we set the short-axis orientation
parallel to the mitral valve and perpendicular to the
ventricular septum. Even though this LV short axis
does not represent the true RV short axis, RV evalua-
tion is generally possible in the dedicated LV short-axis
view. In contrast, Alfakih and colleagues® have recom-
mended the quantification of RV function from strictly
axial slices. Because of a need for reproducible follow-up
functional evaluation of the RV, this short-axis, single-
BH approach is not recommended for RV evaluation in
ARVC or congenital heart disease.”

Our interobserver variabilitcy—good in both meth-
ods—was slightly higher in the single-BH approach.
Fewer but thicker slices with a greater gap obviously
complicate determining the basal slice, potentially re-
ducing the reproducibility of volumetry."”

Signal and contrast were quantified relatively, be-
cause signal-to-noise ratio measurements in k-space—
undersampling accelerated methods are not possible
by means of a measurement in the tissue of inter-
est and in the image background.”** In myocardial
and blood-pool contrast, the CV was close to the ideal
value of 0 for both methods. The image contrast was
similar for both methods and was acceptable at 0.6 +
0.01. Experimental and quantitative approaches have
revealed that T-GRAPPA has only minor effects on tem-
poral resolution and noise behavior and can even com-
pensate for breathing artifacts.” In addition, T-GRAPPA
has yielded acceptable results in new free-breathing
techniques.”’ Hence, T-GRAPPA—accelerated SSFP cine
imaging sequences might also reduce recording time for
other approaches that involve single-slice or multislice
cardiac sequences, with little or no visible reduction in
image quality.

Our proposed single-BH method shortens examina-
tion time. The entire short-axis stack is acquired within
20 s, in comparison with repetitive BHs of 10 to 15 s
each, plus resting time, for up to 5 min total. Some
authors have characterized CMR as a non-real-time
method that acquires functional values within min-
utes rather than seconds," leading to artifacts caused

Texas Heart Institute Journal

by changing cardiac physiology and different depths of
breath, during which the disk shapes can shift. Inac-
curacies caused by shifting slices are certainly higher in
axial than in short-axis volumetry. An optimized axial
single-BH method might avoid errors in RV functional
evaluation caused by different depths of breath. The
single-BH protocol acquires all data in 15 to 30 con-
secutive cardiac cycles, enabling cardiac function to
be evaluated under consistent physiologic conditions.
Lower temporal resolution in the single-BH method,
however, can make evaluating wall motion more dif-
ficult. In patients whose BH ability is poor, our method
enables stitching 2 or more BH concatenations, which
still allows for shorter BH times with higher temporal
and spatial resolution. This capability might prove more
useful than fitting acquisition into one BH, especially
during acquisition of axial views in pediatric cardiology
for RV evaluation. If no BH is possible, T-GRAPPA—ac-
celerated free-breathing real-time images are an op-
tion.”

Limitations of the Study

A limitation of this study is that only healthy volun-
teers who were capable of long BHs were examined. Se-
verely ill patients probably cannot hold their breath for
20 to 30 s for the single-BH whole-ventricle sequence.
Because of adaption to athleticism, many of our study
participants had larger L'Vs than those in typical seden-
tary patients.”>* However, in comparison with our
study population, many patients have much larger
hearts that are distorted for a variety of reasons, includ-
ing prior myocardial infarction, valvular heart disease,
pulmonary hypertension, and congenital heart disease.
In heart failure, CMR is generally limited in compari-
son with echocardiography, because of flat bedding,
Finally, the prospective triggering of both methods in
this study might cut out end-diastolic phases; however,
this effect is reportedly only of minor influence.”

Conclusion

As a temporal k-space—based parallel imaging method,
T-GRAPPA enables the acquisition of all LV short-axis
slices for cardiac functional evaluation during a single
BH, and it shortens examination time. We conclude
that the results of single-BH, T-GRAPPA—accelerated,
whole-ventricle evaluation of LVEF and RVEF are
equivalent to those of the established multiple-BH ac-
quisition method.
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