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Feasibility and Reproducibility of Biventricular
Volumetric Assessment of Cardiac Function During
Exercise Using Real-Time Radial k-t SENSE
Magnetic Resonance Imaging

Philipp Lurz, MD,1,2 Vivek Muthurangu, MD,1,2 Silvia Schievano, PhD,1,2

Johannes Nordmeyer, MD,1,2 Philipp Bonhoeffer, MD,1,2 Andrew M. Taylor, MD,1,2* and
Michael S. Hansen, PhD1,2

Purpose: To assess the feasibility and reproducibility of
real-time radial k-t sensitivity encoding (SENSE) magnetic
resonance imaging (MRI) for biventricular volumetric as-
sessment during exercise.

Materials and Methods: In all, 12 healthy young adults
underwent MRI at rest and during supine exercise at three
different workload intensities. Biventricular volumes and
function were assessed with 1) a radial k-t SENSE real-time
sequence and 2) a scanner vendor supplied (standard) real-
time sequence. Global image quality, motion fidelity, and
agreement in right ventricular (RV) and left ventricular (LV)
stroke volume (SV) as a surrogate measure for accuracy
were assessed. Exercise MR was repeated within 1 month
for assessment of reproducibility.

Results: Imaging scores were superior for radial real-time k-t
SENSE images (P � 0.001). Agreement in RV and LV SV
during exercise was better with radial k-t real-time (SD of
difference �3.43 vs. �8.97 mL; P � 0.001). Agreement in
cardiac output (CO) in the same subject at two different im-
aging sessions was better for radial k-t SENSE. This was
significant for the CO calculated for the RV (SD of difference
�0.6 vs. �0.95 L/min; P � 0.01) and LV (�0.45 vs. �0.92
L/min; P � 0.001).

Conclusion: Radial k-t SENSE real-time imaging repre-
sents a feasible and reproducible imaging technique for
biventricular assessment during exercise.
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CARDIOVASCULAR MAGNETIC RESONANCE IMAG-
ING (MRI) is an accurate tool for noninvasive assess-
ment of biventricular cardiac function at rest (1). How-
ever, functional abnormalities at rest can be subtle and
may only be unmasked during pharmacological or ex-
ercise-induced cardiovascular stress. Consequently,
pharmacological stress cardiovascular MR is frequently
used, eg, in the evaluation of ischemic heart disease (2).
Although feasible and reproducible for detection of wall
motion abnormalities (3,4), it is not clear whether phar-
macological stress mimics physiological exercise stress
adequately. Biventricular response to pharmacological
stress and physical exercise stress can differ signifi-
cantly in some cardiac conditions (5,6). Therefore, es-
tablishment of an accurate and reliable cardiovascular
MRI technique for biventricular volumetric assessment
during physical exercise stress is desirable.

The current reference standard for biventricular vol-
ume assessment is ECG-gated, breath-hold cine imag-
ing. However, this is difficult to perform during exer-
cise. In previous studies, subjects have had to perform
multiple breath-holds during suspension of exercise
(7,8). This is difficult to perform and may represent a
departure from a physiological exercise scenario. Real-
time MR is less susceptible to motion (caused either by
exercising or breathing) and can be performed without
gating. This makes it well suited to imaging during
exercise stress. However, most real-time sequences
have low temporal resolution, which may affect accu-
racy at the high heart rates present during exercise.

Higher temporal resolution can be achieved through
various undersampling techniques, one of which is the
radial k-t sensitivity encoding (SENSE) technique (9).
This technique relies on parallel imaging principles (10)
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and the use of spatial-temporal correlations in the data
(11). In addition, it uses a radial k-space sampling pat-
tern to allow a more efficient sampling of imaging data
and prior information about spatial-temporal data cor-
relations. The accuracy of this technique for volumetric
assessment at rest in patients with congenital heart
disease has been reported previously (9).

The aim of this study was to assess the feasibility and
reproducibility of biventricular volumetric assessment
in healthy volunteers during exercise using the real-
time radial k-t SENSE technique. A product (supplied
by the scanner vendor) real-time sequence was also
evaluated for comparison. Although some studies have
used real-time MR for flow quantification during exer-
cise (12), there are, to our knowledge, no studies that
have demonstrated and evaluated MRI for real-time,
free-breathing, volumetric assessment of cardiac func-
tion during exercise.

MATERIALS AND METHODS

Study Protocol

Between October 2007 and January 2008, 12 healthy
volunteers were recruited for this study. The median
age was 32.5 (range 29.2–41.8 years); seven were fe-
males. Inclusion criterion was: 1) absence of any car-
diac conditions as assessed by MRI and clinical history.
Exclusion criteria were: 1) contraindications for MR
such as MR-incompatible implants, 2) pregnancy.

Participants underwent cardiovascular MRI at rest
and during supine exercise at three different workload
intensities. Ventricular volumes and cardiac function
were assessed with two different free-breathing real-
time MR sequences. Exercise MRI was repeated within
1 month for assessment of reproducibility.

The local research ethics committee approved the
study and written consent was obtained from all par-
ticipants.

MRI Protocol

All examinations were performed using a 4-element
phased array coil setup on a 1.5T MR scanner (Avanto,
Siemens Medical Solutions, Erlangen, Germany). Ven-
tricular volumetric assessment was performed at rest
and during supine exercise with two different real-time
imaging techniques (parameters in Table 1), which have
previously been described (9). The characteristics of the
two sequences are summarized here for convenience.

Standard Real-Time Volumetric Assessment

The standard real-time sequence used in this study was
a 2D multislice steady-state free precession (SSFP) se-
quence. Real-time cine acquisitions of each slice were
obtained in two R-R intervals. The first R-R interval was
used to reach steady-state magnetization and the sec-
ond was used to consecutively fill k-space frames in a
rectilinear manner. Eleven to 13 contiguous slices were
acquired consecutively in the short axis. Total acquisi-
tion time was therefore between 22 and 26 heartbeats.
Imaging was accelerated using generalized autocali-
brating partially parallel acquisitions (GRAPPA) tech-

nique and partial Fourier acquisition, and the temporal
resolution was �80 msec. The GRAPPA implementation
used was the standard version supplied with v. VB13 of
the scanner vendor software. Image acquisition was
performed during free breathing. This technique will be
subsequently described as “standard real-time.”

Radial k-t SENSE Real-Time Volumetric Assessment

The radial k-t SENSE sequence followed a similar ac-
quisition scheme to the standard real-time sequence.
The total acquisition time was two heartbeats per slice,
with the first RR-interval being used to reach steady
state and the subsequent one being used for data ac-
quisition. In each timeframe, 16 radial k-space projec-
tions were acquired with equal angular spacing be-
tween each profile. For subsequent frames the
sampling pattern was rotated so that eight consecutive
frames comprised a fully sampled k-space with 128
profiles. A fully sampled k-space would actually com-
prise 201 profiles for a matrix size of 128, but it is
usually acceptable to use moderate undersampling in
radial imaging due to the relatively benign nature of the
resulting aliasing artifacts, and consequently 128 pro-
files is considered fully sampled in this work. The center
1/8 of each acquired frame was extracted and recon-
structed as a low-resolution, alias-free training dataset.
Following the discussion above, the training dataset
will, in fact, have some residual aliasing due to the true
undersampling factor and also due to trajectory inac-
curacies. The chosen settings were found to be a good
trade-off between residual aliasing, acceleration, and
spatial-temporal fidelity. The training dataset was then
used as regularization in an iterative radial k-t SENSE
reconstruction (9,13).

The temporal resolution was �35 msec. This tech-
nique will be subsequently described as “radial k-t real-
time.”

Supine Bicycle Exercise Protocol

Exercise was performed with an MR-compatible er-
gometer (MRI cardiac ergometer Up/Down, Lode, Gro-

Table 1
Imaging Parameters

Standard
real-time

Radial k-t
real-time

Field of view [mm] �380 �380
Rectangular field of view [%] �85 100
Matrix 128 � 82 128 � 128
Number of slices 10 to 12 10 to 12
Voxel size [mm] 3.1 � 3.9 � 10 3.0 � 3.0 � 10
Repetition time [msec] 2 2.3
Echo time [msec] 0.9 1.14
Flip angle (range) [degree] 41–47 43–65
Pixel bandwidth [Hz/px] 1500 1500
Temporal resolution [msec] �80 �35.5
GRAPPA (ACL) 2 (16) —
Half-Fourier factor 0.75 —
k-t SENSE — 8

GRAPPA, generalized autocalibrating partially parallel acquisitions;
ACL, autocalibration lines.
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ningen, Netherlands). Prior to the scan, participants
were placed supine in the MR scanner with their feet
strapped in the pedals of the ergometer. Exercise was
performed with an up- and downward movement of the
pedals. This had the advantage of less movement re-
striction caused by the MR tunnel in comparison to a
rotary motion. Exercise intensity was increased every
90 seconds by 2.5 W. Images were acquired at 7.5, 15,
and 22.5 W. A stepwise increase in workload every 90
seconds was chosen to allow 30 seconds to reach a
steady state, 30 seconds for image acquisition with 1)
standard real-time and 30 seconds for image acquisi-
tion with 2) radial k-t real-time. Care was taken to en-
sure that the revolutions per minute (RPM) ranged from
50–70 in order to assure that workload was indepen-
dent of RPM (hyperbolic ergometry). All exercise data
were acquired during free breathing and under contin-
uation of exercise.

Ventricular Volumetric Assessment

The end-diastolic and end-systolic phase for each ven-
tricle were identified by visual inspection of the largest
(end-diastolic) and smallest (end-systolic) blood pool
area for each slice and manually segmented. The endo-
cardial border was traced using the Open Source OsiriX
software. The papillary muscles and, if present, coarse
trabeculae were excluded from the blood pool. Right
ventricular (RV) and left ventricular (LV) end-diastolic
volume (EDV) and end-systolic volume (ESV) were cal-
culated using the slice summation method. Stroke vol-
ume (SV) was the difference between EDV and ESV, and
ejection fraction was stroke volume divided by EDV
expressed as a percentage. Ventricular volumetric as-
sessment was performed in a random order. Complete
blinding was not possible due to the obvious differences
in image quality between the two techniques.

Assessment of Accuracy

Since the two applied real-time sequences could not be
compared to a gold-standard (eg, gated sequences),
agreement in RV and LV stroke volume was assessed as
a surrogate measure for accuracy. In the absence of any
intra- or extracardiac shunt, or valvular regurgitation,
RV SV should equal LV SV. Agreement in SV was as-
sessed for all exercise datasets (including rest) and a
comparison between the two applied imaging tech-
niques was performed. In order to assess the impact of
heart rate on agreement in RV and LV SV, datasets were
divided into two groups: heart rate �130 bpm and heart
rate �130 bpm.

Assessment of Reproducibility

The described imaging and exercise protocol was re-
peated within 1 month of the first scan. In the second
imaging session, datasets were analyzed for rest, 7.5
and 15 W only. Reproducibility of the exercise protocol
and the two imaging sequences was assessed by com-
parison of the calculated cardiac output (RV and LV) for
each imaging technique. This relied on the assumption
that cardiac output at the same workload intensities
should be approximately equal during the first and the

second exercise imaging session. Ventricular volumes
acquired at the first and the second MR scan were
analyzed in a random order.

Qualitative Image Scoring

Image scoring was performed by two independent ob-
servers. For all exercise intensities (including rest), the
mid-ventricular short axis cine loops acquired using
the two described imaging techniques were viewed in a
random order. Each cine loop was scored in two cate-
gories: global image quality (image sharpness, contrast,
and delineation of anatomic features) and motion fidel-
ity (observers’ confidence that motion is accurately de-
picted). For the global image quality category, the fol-
lowing scoring system was used: 1 � images very
blurry, low contrast, accurate delineation of anatomic
features not possible; 2 � images blurred, low contrast,
accurate delineation of anatomic features very difficult;
3 � images slightly blurry, adequate contrast, adequate
accurate delineation of anatomic features possible; 4 �
good image sharpness, high contrast, accurate delinea-
tion of anatomic features possible; and 5 � very good
image sharpness, high contrast, accurate delineation of
anatomic features very easy. For the motion fidelity
category, the scoring system used was as follows: 1 �
very poor motion fidelity, motion cannot be depicted
accurately at all; 2 � insufficient motion depiction; 3 �
adequate motion depiction; 4 � good motion depiction;
and 5 � very good motion depiction.

The observers were blinded to each other’s results
and participant’s data. The acquisition technique was
not revealed to the observers during scoring; however,
because of obvious differences in image appearance
they could not be completely blinded to the acquisition
technique. The results from the two reviewers were
combined to produce mean image quality scores for the
two categories.

Statistical Analysis

Image scores are expressed as means, medians, and
range, and comparisons were performed using a Wil-
coxon signed-rank test. All other results are expressed
as mean � standard deviation (SD). Measurements of
agreement in RV and LV SV and cardiac output of the
first and second exercise scan were performed using
Bland–Altman analysis. Accuracy and reproducibility
of each technique were compared by the F-test for vari-
ances and the variance ratio (F) was calculated. The
bias between the two imaging sequences was analyzed
for statistical significance using a two-tailed paired Stu-
dent’s t-test. Biventricular function at rest and during
exercise was compared using a repeated measures
analysis of variance (ANOVA) with post-hoc testing be-
tween the rest and the three exercise states.

A P-value of less than 0.05 was considered statisti-
cally significant. Statistical analyses were performed on
SPSS v. 15.0 (Chicago, IL).

RESULTS
Qualitative Image Scoring

Results of image scoring are demonstrated in Fig. 1. At
rest, global image quality of the radial k-t real-time
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images was 4.20 (range 3.0–5.0) compared to 3.3 (2.0–
4.0) for standard real-time images (P � 0.001). Global
image quality of standard real-time images worsened
with increasing exercise (2.54 at 22.5 W, range 1.0–3.0;
P � 0.001 compared to the score at rest).

Global image quality of the radial k-t real-time images
worsened slightly at 22.5 W (3.83, range 3.0–5.0; P �
0.04 compared to score at rest). Global image quality of
radial k-t real-time images was higher at all exercise
steps (Fig. 1).

The motion fidelity of radial k-t real-time images at
rest was 4.20 (range 3.0–5.0) compared to 3.04 (2.0–
5.0) of standard real-time images (P � 0.001). Similar to
global imaging scores, motion fidelity of images ac-
quired with the two techniques worsened during exer-
cise (standard real-time at 22.5 W: 1.83, range 1.0–3.0;
P � 0.001 compared to motion fidelity at rest; radial k-t
real-time at 22.5 W: 3.46, range 1.0–5.0; P � 0.001
compared to motion fidelity at rest). Motion fidelity of
radial k-t images was higher at all exercise steps com-
pared to standard real-time images (Fig. 1). A represen-
tative example of a radial k-t and standard real-time
short axis cine is shown in Fig. 2.

Biventricular Volume Assessment

Results of biventricular volume assessment are shown
in Table 2. Significant differences were found between
standard and radial k-t real-time acquisitions. For stan-

dard real-time imaging, both right and left ventricular
end-diastolic volumes were significantly lower than
with radial k-t real-time imaging. In addition, RV and LV
end-systolic volumes were higher with standard real-
time imaging. Thus, SV and EF of the right and left
ventricle were significantly lower with standard real-
time imaging. The differences in the means were re-
flected in the biases from the Bland–Altman analysis as
demonstrated in Table 2. The bias between the two
imaging techniques was more pronounced for the RV
than for the LV (bias RV SV �12.3 vs. bias LV SV �5.1
mL for standard real-time).

Assessment of Accuracy

Agreement in RV and LV SV during exercise as a sur-
rogate measure for accuracy was higher for radial k-t
real-time (SD of difference �3.43 vs. �8.97 mL; F �
6.85, P � 0.001 compared to standard real-time; Fig. 3).
With standard real-time imaging, RV SV was underes-
timated compared to LV SV (bias �6.1 mL, P � 0.001).
No significant bias was seen for RV and LV SV acquired
with radial k-t real-time imaging (�0.9 mL).

The heart rate dependence analysis showed that
there was no compromise in agreement with radial k-t
real-time at heart rates �130 bpm (mean heart rate
117.0 � 10.7 bpm) compared to images acquired at rest
(SD of difference �1.72 vs. �2.1 mL; P � 0.21). Acqui-
sitions with radial k-t real-time at heart rates �130 bpm

Figure 1. Scores (mean �
SEM) for global image quality
(left graph) and motion fidelity
(right graph) at rest and three
exercise intensities (7.5, 15,
22.5 W). The solid line repre-
sents scoring for standard (Std)
real-time images, the dashed
line represents scoring for k-t
real-time images (*P � 0.001
vs. score for standard real-time
images at the corresponding
exercise states, #P � 0.05 vs.
score at rest).

Figure 2. Representative ex-
amples of radial k-t real-time
images (top row) and standard
real-time images (bottom row)
showing four reconstructed
phases including EDV (far left)
and ESV (far right) at an exer-
cise level of 15 W (heart rate of
140 bpm).
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(151.2 � 12.5 bpm) revealed a slight decrease in agree-
ment between RV and LV SV (SD � 4.5 mL; P � 0.001
compared to images at rest). Agreement in LV and RV
stroke volume calculated from standard real-time im-
ages was significantly worse compared with radial k-t
real-time at rest (F � 2.3, P � 0.03), at heart rates �130
bpm (116.2.0 � 11.4 bpm; F � 22.3, P � 0.001) and at
a heart rate of �130 bpm (150.9.2 � 10.8 bpm; F � 4.5,
P � 0.023). Results of Bland–Altman analyses are
shown in Fig. 4.

Reproducibility

Agreement in cardiac output in the same subject during
two different imaging sessions as a measure of repro-
ducibility was better for radial k-t SENSE. This was
significant for the cardiac output calculated for the RV
(F � 2.61, P � 0.01) and LV (F � 4.19, P � 0.001).
Agreement in LV cardiac output was slightly better for
both sequences (Fig. 5).

Physiological Response to Exercise

Cardiac responses to exercise at 7.5, 15, and 22.5 W are
summarized in Table 3 (radial k-t SENSE data only).
Whereas the heart rate increased constantly with

higher exercise intensity, SV and EF increased initially,
but reached a threshold at 15 W (Fig. 6). Cardiac output
(RV and LV) increased with all exercise intensities. End-
diastolic volumes for both ventricles decreased slightly
at 22.5 W; this change was not significant (Table 3).

The time to systole and diastole shortened with in-
creasing exercise intensity and heart rate; shortening of
diastole was more prominent than shortening of systole
(Fig. 7).

DISCUSSION

We have shown that high spatial-temporal resolution
radial k-t SENSE real-time MRI is superior to standard
real-time imaging for cardiac assessment during supine
exercise. More important, radial k-t SENSE provides a
feasible and reproducible, real-time, free-breathing car-
diovascular MRI technique for biventricular assess-
ment during exercise stress.

Cardiovascular MRI during exercise stress requires a
real-time imaging technique with high spatial and in
particular high temporal resolution. Temporal resolu-
tion can be improved by undersampling k-space, but
this undersampling will introduce aliasing artifacts in
the images. In this study a k-t SENSE algorithm was

Table 2
Comparison of Standard Vs. Radial k-t Real-Time Measures of Biventricular Volumes and Function

Standard
real-time

Radial k-t
real-time

Bias P-value of bias
SD of

difference
Limits of

agreement

RV EDV [mL] 105.5 � 20.0 115.2�20.8 �9.67 �0.001 �10.54 �30.3 to 11.0
RV ESV [mL] 34.4 � 9.7 32.4 � 10.1 1.95 0.044 �7.61 �13.0 to 16.8
RV SV [mL] 71.1 � 16.0 82.5 � 14.4 �11.63 �0.001 �13.7 �38.5 to 15.22
RV EF [%] 67.3 � 7.6 72.2 � 6.1 �4.91 �0.001 �8.45 �21.47 to 11.65
LV EDV [mL] 106.8 � 20.1 110.2 � 17.1 �3.38 0.043 �9.67 �22.3 to 15.6
LV ESV [mL] 28.1 � 8.0 27.0 � 7.6 1.08 0.041 �4.98 �8.7 to 10.8
LV SV [mL] 78.7 � 15.5 83.2 � 13.6 �4.46 0.005 �9.71 �23.5 to 14.6
LV EF [%] 73.8 � 5.4 75.6 � 5.3 �1.83 0.003 �4.44 �10.53 to 6.87

RV, right ventricle; LV, left ventricle; EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; EF, ejection fraction; SD,
standard deviation.

Figure 3. Agreement in RV to LV stroke volume (SV): Bland–Altman plots comparing standard real-time (left) and radial k-t
real-time (right) measures of agreement in RV and LV stroke volume. Stroke volumes of all three exercise intensities acquired at
the first imaging session were compared. The solid line represents the bias, which equals the mean difference between RV and
LV stroke volume. The dashed lines represent the 95% limits of agreement.

1066 Lurz et al.



used to remove aliasing. In contrast to other recon-
struction algorithms (ie, SENSE (10), GRAPPA (14), or
k-t BLAST (13)), the k-t SENSE algorithm uses both
spatial-temporal correlations and coil sensitivities to
constrain reconstruction (11). This allows high acceler-
ation factors with consequently high spatial-temporal
resolution. In addition, when such a technique is com-
bined with radial filling of k-space, the fully sampled
center of k-space can be used as training data (regular-
ization term in the reconstruction) (13).

We found that radial k-t real-time images were sub-
jectively superior to standard real-time images as mea-
sured by image scoring. Motion fidelity was also supe-
rior with radial k-t SENSE. The explanation for this is
2-fold. The radial k-t SENSE offers higher temporal res-
olution and the radial streaking artifacts in the k-t
SENSE acquisition are visually less disturbing com-
pared to the artifacts in the Cartesian sequence (ghost-
ing artifacts).

The importance of temporal resolution was particu-
larly noticeable on comparison of end-diastolic and
end-systolic volumes derived from the two imaging mo-
dalities. There was a systemic bias with a smaller EDV
and higher ESV on images acquired with standard real-
time, resulting in lower calculated ejection fraction and
SV of both ventricles. With increased heart rate, as seen
during exercise, a lower temporal resolution certainly
impairs the likelihood of capturing the true end-dia-
stolic and end-systolic phase, and this explains the
observed bias. As a consequence of better image qual-
ity, improved motion fidelity, and higher spatial and, in

particular, temporal resolution, both agreements in RV
and LV SV as a surrogate measure for accuracy and
reproducibility were superior with radial k-t SENSE.

Agreement in RV to LV stroke volumes was dependent
on the heart rate at the time of image acquisition. On
radial k-t images, there was no impairment in agree-
ment at heart rates �130 bpm in comparison to rest.
Agreement decreased when images where acquired at
heart rates �130 bpm, but was superior to standard
real-time at rest and in particular at high heart rates.
This once again emphasizes the importance of high
temporal resolution for exercise MRI.

To the best of our knowledge, this is the first study
assessing the feasibility and reproducibility of real-
time, free-breathing imaging techniques during contin-
uous supine exercise cardiovascular MRI. Biventricular
volumetric assessment during exercise stress MRI has
been studied previously (7,8,15). However, images were
acquired during breath-holds and under discontinua-
tion of exercise (7,8). This might be problematic since
breath-holds during exercise are difficult to perform
and represent an unphysiological exercise scenario.
Also, since the applied imaging technique does not rely
on discontinuation of exercise, image acquisition is
possible at different workload intensities.

When images are acquired with real-time protocols,
reconstruction latency is an important consideration.
Whereas there was almost no delay for the standard
real-time technique, the reconstruction time of k-t
SENSE images was around 150 seconds. This is due to
the complex, iterative nature of the reconstruction. To

Figure 4. Heart rate dependence of agreement in RV and LV stroke volume (SV): Bland–Altman plots comparing standard
real-time (top graphs) and radial k-t real-time (bottom graphs) measures of agreement in RV and LV stroke volume at rest (first
column), at a heart rate of �130 bpm (middle column), and at a heart rate of �130 bpm (third column). At rest, stroke volumes
acquired at the first and the second imaging sessions were used for analysis. During exercise, stroke volumes of the first imaging
session at all three exercise intensities were used for analyses and grouped according to the heart rate. The solid line represents
the bias, which equals the mean difference between RV and LV stroke volume. The dashed lines represent the 95% limits of
agreement.
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allow for image reconstruction during the exercise test,
images could not be acquired at all intensity levels.
Using commodity graphics hardware, it has been
shown that key elements of the reconstruction can be
accelerated significantly (16). This could potentially be
used to accelerate the reconstruction of non-Cartesian
k-t SENSE acquisitions significantly and should im-
prove the flexibility and feasibility of such real-time
imaging techniques in the future.

Physiological Response to Exercise

Stroke volume of the left and right ventricle is expected
to increase with exercise. Fundamentally, this can be
achieved by an increase in EDV or a decrease in ESV or
both. The analysis of biventricular response to exercise
in our study shows a significant decrease in biventricu-
lar ESV. LV and RV EDV did not increase during exer-
cise; RV EDV actually decreased slightly at the highest

Figure 5. Comparison of reproducibility of the two imaging techniques: Bland–Altman plots comparing cardiac output mea-
sured at 7.5 and 15 W during the first and during the second imaging session with standard real-time (top graphs) and radial
k-t real-time (bottom graphs). Cardiac output was calculated for the right and left ventricles. The solid line represents the bias,
which equals the mean difference between the first and second exercise scan. The dashed lines represent the 95% limits of
agreement.

Table 3
Biventricular Response to Exercise

REST 7.5 W 15 W 22.5 W

RV EDV [mL] 117.3 � 15.5 115.7 � 21.3 116.6 � 20.8 113.3 � 22.1
RV ESV [mL] 47.0 � 10.6 37.7 � 10.7* 32.2 � 8.7 † 29.0 � 8.9
RV SV [mL] 70.3 � 6.8 78.1 � 13.2* 84.4 � 13.6 84.3 � 15.9
RV EF [%] 60.4 � 4.6 67.7 � 5.9* 72.7 � 4.0 † 74.7 � 5.5
LV EDV [mL] 110.7 � 12.6 110.1 � 15.8 111.6 � 17.6 108.8 � 19.2
LV ESV [mL] 40.9 � 7.9 30.5 � 6.7* 26.2 � 6.9 † 24.3 � 8.2
LV SV [mL] 69.8 � 7.1 79.7 � 11.9* 85.4 � 13.1 84.5 � 15.8
LVEF [%] 63.2 � 4.0 71.7 � 5.0* 76.6 � 4.2 † 77.9 � 5.5
HR [bpm] 74.1 � 3.4 118.7 � 16.6* 132.2 � 14.8† 154.3 � 13.4‡
RV CO [L/min] 5.2 � 0.8 9.2 � 1.4* 11.1 � 1.5 † 13.0 � 2.6‡
LV CO [L/min] 5.2 � 0.9 9.4 � 1.5* 11.2 � 1.5 † 13.0 � 2.3‡

RV, right ventricle; LV, left ventricle; EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; EF, ejection fraction; HR,
heart rate; CO, cardiac output.
*P � 0.05 vs. rest; †P � 0.05 vs. 7.5 W; ‡P � 0.05 vs. 15 W.
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exercise intensity, although this change was not signif-
icant.

Hence, in the absence of an increase in EDV, the
improvement in SV is most likely a reflection of in-
creased contractility rather than a result of the Frank–
Starling mechanism and more favorable muscle fiber
stretch. These results are in keeping with previous re-
ports of studies using radionuclide (17–19) and MRI (7)
techniques and describe the physiological response to

exercise seen in young adults (20). Therefore, we believe
that the described exercise protocol represents effective
and physiological modality for cardiac stress testing.

Potential Applications

The methodologies described in this study could be
used to understand more precisely the biventricular
response to exercise in patients with congenital heart
disease. In our own practice, there are often discrepan-
cies between MR parameters acquired at rest and exer-
cise performance in these patients (21,22). Exercise
stress cardiovascular MR with the described method
might help to refine management of a variety of congen-
ital cardiac conditions.

Limitations of the Study

Accuracy of the two imaging techniques could not be
measured directly since volumetric assessment during
exercise could not be compared to a gold standard.
However, since RV and LV stroke volumes are approx-
imately equal in subjects without any intra- or extra-
cardiac shunts or valvular regurgitation, agreement in
RV and LV SV should present a reliable surrogate mea-
sure. Although all analyses were performed in a ran-
dom order, observers could not be blinded to the acqui-
sition techniques, because of obvious differences in
spatial-temporal resolution of the two techniques and
the different appearance of certain imaging artifacts.

Different breathing states during and between slice
acquisitions could have an impact on the accuracy of
the biventricular volumetric assessment. This is a lim-
itation of free-breathing cardiac imaging and this study
does not provide sufficient data to study the potential
impact of this source of error.

In conclusion, we have shown that real-time cardio-
vascular MRI during exercise stress with high spatial-
temporal resolution radial k-t SENSE real-time imaging
is a feasible and reproducible imaging technique for
biventricular assessment during exercise, and per-

Figure 7. This graph summarizes the time to ESV and EDV
within the RR interval at rest, exercise steps 1, 2, and 3 (7.5,
15, and 22.5 W, respectively). Times were calculated from k-t
real-time images only.

Figure 6. Biventricular response to exercise: boxplots for LV
stroke volume (top graph), heart rate (middle graph), and LV
cardiac output (bottom graph) at rest, exercise steps 1, 2, and
3 (7.5, 15, and 22.5 W, respectively). LV stroke volumes and
cardiac output were calculated from k-t real-time images only.
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forms significantly better than imaging at low temporal
resolution (80 msec), which is inaccurate and not re-
producible. The presented technique might represent a
powerful tool for the assessment of exercise physiology
in healthy subjects and patients with cardiac disease.
Furthermore, this technique should also allow for ac-
curate cardiac assessment in patients with high heart
rates who are unable to hold their breath (ie, pediatric
patients).
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