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Imaging Left Ventricular Tissue Mechanics and
Hemodynamics During Supine Bicycle Exercise
Using a Combined Tagging and Phase-Contrast
MRI Pulse Sequence
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Imaging the left ventricular mechanical and hemodynamic
response to the stress of exercise may offer early prognosis
in select patients with cardiac disease. Here, we demonstrate
the feasibility of obtaining simultaneous measurements of
longitudinal strain and transvalvular blood velocity during
supine bicycle exercise stress in a wide bore magnetic reso-
nance scanner. Combining information from the two datasets,
we observe that although the time to peak strain (33.28 6
1.86 versus 25.7 6 2.12 as % of R–R interval) and time to
peak mitral inflow velocity (44.37 6 5.21 versus 35.5 6 4.19 as
% of R–R interval) from R-wave of the QRS complex occurred
earlier during stress, the time from peak strain to peak mitral
inflow velocity was not statistically different (16.5 6 3.23 ver-
sus 13.4 6 3.06). Further, the percentage of longitudinal relax-
ation at peak mitral inflow velocity was higher during stress
(63.5 6 7.72 versus 84.32 6 6.24). These results suggest that
although diastole is shortened, early diastolic filling efficiency
is augmented during exercise stress in normal volunteers in
an effort to maintain stroke volume. Magn Reson Med
65:51–59, 2011. VC 2010 Wiley-Liss, Inc.
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Detecting abnormalities in left ventricular (LV) mechani-
cal and hemodynamic response to the stress of exercise
may provide early diagnostic indicators in patients suf-
fering from valvular disease, such as ischemic mitral re-
gurgitation, or in patients presenting with diastolic dys-
function (1,2). In some cases, pharmacological stress
tests are not ideal because of reduced loading conditions,
making exercise stress testing the preferred stress mecha-

nism (3,4). Nuclear single photon emission computed to-
mography (SPECT) myocardial perfusion imaging is the
most commonly used stress test in the clinic today, but
these tests rely on estimating perfusion defects in the
muscle and do not provide information on subsequent
impairment in myocardial or hemodynamic function.
Ultrasound-based imaging methods have been gaining
importance in providing such an evaluation in patients
with valvular disease. However, decreased signal to
noise ratio in the images (5) and increased motion-
related artifacts (6) during exercise stress echocardiogra-
phy have been reported. Although it is unlikely that
magnetic resonance (MR) imaging will replace echocardi-
ography as an initial imaging test in these patients, it
can potentially provide a versatile second-level detailed
diagnosis in selected patients. The availability of MR-
compatible exercise bikes and wide bore magnet configu-
rations has improved the feasibility of supine MR exer-
cise stress testing. Here, we present an MR imaging
study that examines the correlations between LV longitu-
dinal strain and chamber blood velocity during exercise
stress in normal volunteers.

It has been shown that precise quantitative measure-
ments of regional and global wall motion can be
obtained using MR imaging methods, such as MR tagging
(7–11), phase-contrast (12–14) imaging, or stimulated
echo imaging (15,16). Phase-contrast methods have also
demonstrated the capability to measure chamber blood
velocity and quantify transvalvular velocity or regurgi-
tant flows across defective valves (17,18). Typically,
these measurements are acquired separately using differ-
ent pulse sequences and imaging parameters. However,
during stress tests in patients, the ability to simultane-
ously image transient, nonstable physiological manifesta-
tions in myocardial motion and transvalvular blood ve-
locity under varying loading conditions may be crucial.

In this study, we employ a recently introduced MR
imaging technique called spatial modulation of magnet-
ization acquisitions with encoded gradients for gauging
speed (SPAMM n0 EGGS). This method combines tagging
and phase-contrast imaging principles to provide simul-
taneous measurements of LV longitudinal strain and
chamber blood velocity for any given LV long-axis slice
in a single, short, breath-held acquisition. To our knowl-
edge, no previous study has provided correlated meas-
urements of these two parameters under exercise stress.
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In this article, as a technical proof of concept of the
method, we present such measurements obtained from
six normal volunteers during rest, exercise-stress, and
post-stress recovery studies.

MATERIALS AND METHODS

Experimental Setup

Experiments were performed in the wide bore 1.5T
Espree scanner (Siemens Medical Solutions, Erlangen,
Germany) equipped with gradient coils capable of imag-
ing at 33 mT/m and with maximum slew rates of 100 T/
m/sec. An MR-compatible bicycle ergometer (Lode Med-
ical Technology, Groningen, Netherlands) was mounted
at the furthest position on the foot-end of the patient ta-
ble (see Fig. 1a). The volunteer was oriented head-first
supine on the table and positioned with respect to the
bike to ensure clearance of the knees from the upper
shroud of the scanner bore during pedaling motion (see
Fig. 1b). Anterior and posterior two-channel, phased-
array, receive-only torso surface coils (Siemens Medical
Solutions, Erlangen, Germany) were employed for all
experiments. The volunteer’s electrocardiogram (ECG)

waveforms were recorded during the rest, stress, and
post-stress recovery scans, and noninvasive blood pres-
sure recordings were obtained immediately before and
after each scan using an MR-compatible monitoring sys-
tem (Invivo, Orlando, FL). We recognize that the ECG
waveforms obtained are not suitable for diagnosis
because of radio frequency (RF) interference. However,
the system provided the ability to continuously monitor
and record the heart rate and R–R interval during all
scans.

Pulse Sequence

For all studies in this article, we employed a recently
developed hybrid tagging–phase-contrast pulse sequence
called SPAMM n0 EGGS (19) to provide correlated as
well as spatially and temporally registered measurements
of one-dimensional tissue motion and one-dimensional
chamber blood velocity in any desired slice orientation
in a single breath-hold.

The pulse sequence timing diagram, with displace-
ment and velocity sensitivities along the readout direc-
tion, is shown in Fig. 2. The main features of this
sequence include: (1) a 1-1 SPAMM (20) tagging

FIG. 1. a: Photo depicting the Lode ergometer mounted on the far end of the patient table. The volunteer is lying in the supine head first
position. Signal reception is obtained using anterior and posterior two-channel cardiac phased arrays. b: Photo depicts clearance of the
knee from the upper shroud of the magnet when the patient is moved to the landmark position for scanning.

FIG. 2. Pulse sequence timing diagram for the hybrid tagging–phase-contrast imaging pulse sequence (SPAMM n0 EGGS). The rectan-

gular boxes in Frame 2 indicate the bipolar gradient pulses played out before the readout gradient to obtain velocity encoding of cham-
ber blood in addition to the tagged myocardium.

52 Sampath et al.



preparation triggered by the R-wave to quantify one-
dimensional tissue motion, (2) bipolar gradient pulses
played out every even cardiac phase before the readout
gradient (see rectangular boxes in Fig. 2) to achieve sen-
sitivity to chamber blood velocity, and (3) a gated, se-
quential, multiphase two-dimensional gradient echo
imaging readout. Data were acquired for 90% of the R–R
interval. The images corresponding to the odd-numbered
cardiac phases are standard 1-1 SPAMM tagged images.
The even cardiac phase images bear a velocity-encoded
phase term in addition to the motion-related tagging
modulation. Blood velocity is reconstructed by perform-
ing a sliding window phase-sensitive reconstruction
operation with the odd images serving as phase reference
images. We currently ignore phase error contributions
from concomitant gradients and eddy currents. The typi-
cal imaging parameters that were used are: imaging ma-
trix: 192 � 160, receiver bandwidth: 648 KHz, resolu-
tion: 1.6 mm � 1.6 mm, slice thickness: 8–10 mm, echo
time: 4.5 msec, repetition time: 7.6 msec, views per car-
diac phase: 5, tag separation: 8 mm, and Venc: 90 cm/sec.
With these imaging parameters, a temporal resolution of
around 38 msec was achieved (the temporal resolution
for the blood velocity data is 76 msec, but the data is
view-shared to produce an image every 38 msec), result-
ing in scan durations of 20–25 sec under nonstress con-
ditions and 10–15 sec under stress.

There is a compromise between good tag contrast and
imaging signal amplitude for blood velocity encoding. If
90� tagging pulses are used, the mixing of the saturated
blood will yield a very low signal in the velocity-
encoded image; on the other hand, if low tagging tip
angles are used, the tag contrast is poor. We performed a
set of numerical simulations to find a good working
point for the tagging tip angle and the sequence of imag-
ing flip angles used. A tailored train of imaging flip
angles ai that bear the following relationship with each
other was implemented:

ai ¼ a tan sinðaiþ1Þe�TR=T1

� �
þ ðy � ðn� iÞÞ=ðn� 1Þ: ½1�

The number of imaging RF pulses is denoted by n, and g
is the slope factor for the additive ramp-down function.
The family of curves for the tag contrast and blood veloc-
ity signal was simulated for a range of (1) tagging tip angle
b, (2) imaging final flip angles an, and (3) slope factor g to
identify optimal parameter values that maximize the tag
contrast persistence and blood pool signal strength during

the cardiac cycle. From these simulations, a b of 55�, an
an of 10�15�, and a g of 5 were found to provide a good
compromise between tag signal fading and blood pool sig-
nal relaxation for our typical acquisitions. The strain and
velocity curves between a typical SPAMM n0 EGGS acqui-
sition using optimized imaging parameters and standard
tagging and phase-contrast acquisitions were compared in
our previous study (19) and the results demonstrate close
correspondence in measurements.

Data Acquisition

All in-vivo studies were approved by the Institutional
Review Board of the National Health, Lung and Blood
Institute and informed consent was obtained from all
subjects. For each volunteer, long-axis slices in the four-
chamber and two-chamber orientations were prescribed.
For each slice, a breath-held rest dataset was first
acquired. The tags were oriented perpendicular to the
long axis, and the blood velocity sensitivity was along
the long axis. The exercise bike was programmed to
demand a fixed power level so that the volunteer was
required to maintain a fixed work rate. The volunteer
was first instructed to cycle for about 2 min until a
steady-state heart rate (typically twice the resting heart
rate) for that workload was attained. The volunteer was
then instructed to stop cycling, immediately following
which a breath-held stress dataset for one long-axis slice
was acquired. The volunteer was finally instructed to re-
sume cycling, and the procedure described earlier was
repeated to acquire the second long-axis slice when the
same steady-state heart rate was achieved. A decrease in
around 5–10% of the steady-state heart rate was
observed during the course of the imaging for both long-
axis slices. The volunteer was made to rest for 10 min
before post-stress recovery datasets for the two slices
were acquired. The heart rates at post-stress recovery
were higher than the resting heart rates. The absolute
heart rate and the heart rate relative to the maximum age
predicted heart rate (220-age) during rest, stress (mean
heart rate during the image acquisition period), and post-
stress recovery for each volunteer is tabulated in Table 1.

Data Analysis

Quantitative measurements of LV regional tissue
mechanics, LV regional hemodynamics, and LV geome-
try were obtained from the acquired SPAMM n0 EGGS
datasets.

Table 1
Absolute Heart Rate and Heart Rate Relative to Maximum Age Predicted Heart Rate During Rest, Stress, and Post-Stress Recovery For

Each Volunteer

Volunteer

Absolute heart rate (beats/min)

Heart rate relative to maximum age predicted heart rate

(220-age) (%)

Rest Stress Post-stress recovery Rest (%) Stress (%) Post-stress recovery (%)

Vol 1 60 110 73 33.33 61.11 40.55
Vol 2 60 95 62 30 47.5 31
Vol 3 70 110 95 35.35 55.55 47.97

Vol 4 75 110 80 40.54 59.45 43.24
Vol 5 66 107 74 35.29 57.21 39.57

Vol 6 65 100 71 34.75 53.47 37.96
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LV Mechanics

The reconstructed tagged magnitude images were post-
processed automatically using a recently published
method (21) to obtain average longitudinal strain for the
four walls—anterior, posterior (from the two-chamber
slice), lateral, and septal (from the four-chamber slice)—
in regions of interest (ROIs) selected in the midventricu-
lar wall. The postprocessing technique employed uses
nonrigid registration between temporally adjacent tagged
images to compute the dense myocardial displacement
field [see (21) for more details]. Figure 4a-row 1 shows
these ROIs for an end-diastolic time frame, while Fig. 4a-
row 2 shows these tracked ROIs for an end-systolic time
frame. For each volunteer, the average longitudinal strain
from the four walls was computed and plotted (see
markers in Fig. 4b). A spline interpolated smooth strain
curve was also computed and overlaid (see solid line in
Fig. 4b). Strain-rate curves were then obtained by com-
puting sliding two-point time derivatives of normalized
smooth strain curves (see dashed line in Fig. 4b). The av-
erage slope of the strain-rate curve was computed, and
the time to peak longitudinal strain was measured as the
time of zero-crossing of the strain-rate curve.

LV Hemodynamics

For each volunteer, ROIs were manually defined to best
capture LV outflow velocity (see rectangular boxes
marked 1 and 2 in Fig. 5a) and the mitral inflow velocity
(see rectangular boxes 3 and 4 in Fig. 5b) on the recon-
structed blood velocity images. For all time points dur-
ing systole, aortic outflow velocity was computed by
averaging the blood velocity in all the pixels that lie
within boxes 1 and 2. For all time points during diastole,
mitral inflow velocity was computed by averaging the
blood velocity in all the pixels that lie within boxes 3
and 4. A composite smooth velocity–time curve was
then generated by spline interpolating these points.
Acceleration curves were then obtained by computing
sliding two-point time derivatives of the velocity curves.
Time to peak mitral inflow velocity was measured as the
time of second zero-crossing of the acceleration curve
(see Fig. 5c).

Strain–Velocity Inter-Relationships

The time interval between peak longitudinal strain (zero-
crossing of the strain-rate curve) and peak mitral inflow
velocity (zero-crossing of the acceleration curve) was
then computed (Tps–pf), and the percentage of longitudi-
nal relaxation (Sps–pf) that occurs during this time inter-
val was computed for each volunteer.

LV Geometry

An estimate of ventricular volume was computed for
each volunteer from the two long-axis slices using the
biplane area length method (22). The inner walls were
manually contoured, and the areas of the LV chamber
were computed for the two-chamber (A1) and the four-
chamber (A2) slice orientations. The long-axis distance
from the mitral valve plane to the apex was also meas-

ured (l1 and l2). From these measurements, the ventricu-
lar volume (V) was then computed using the formula: V
¼ [0.85 � A1 � A2]/[0.5 � (l1 þ l2)] for all time frames.
From measurements of end-diastolic volume and end-
systolic volume, global measures such as ejection frac-
tion and cardiac output were also computed for all six
volunteers.

Statistics

For the data pool obtained from the six volunteers, two-
tailed paired t-test statistical analysis was performed to
determine difference in means of measured parameters
between rest and stress at the significance level of P <
0.05. For the time-related terms, to account for intersub-
ject variability in R–R intervals, results were computed
as % of R–R interval for all volunteers. The parameters
analyzed were: (1) peak systolic longitudinal strain, (2)
slope of the strain-rate curve, (3) time to peak strain, (4)
peak mitral inflow velocity, (5) time to peak mitral
inflow velocity, (6) time from peak strain to peak mitral
inflow velocity (Tps–pf), (7) percentage longitudinal relax-
ation at peak mitral inflow velocity (Sps–pf), (8) ejection
fraction, and (9) cardiac output.

RESULTS

The combined tag-blood velocity maps obtained during
rest, stress, and post-stress recovery in a two-chamber
long-axis slice from a representative volunteer are
depicted in Fig. 3 for every alternate time frame begin-
ning with the second one. In total, sixteen time frames
during rest and post-stress recovery and ten time frames
during stress were acquired covering 90% of the R–R
interval. From the figures, it is evident that during stress,
there is an early initiation of rapid aortic outflow veloc-
ity (see arrows in yellow), early occurrence of peak end-
systolic longitudinal strain (see rectangular boxes), and
higher peak mitral inflow velocities (see arrows in or-
ange). We also note that the post-stress recovery images
resemble the rest images quite closely.

Figures 4–6 provide a more detailed quantitative
description of the temporal behavior of the midventricu-
lar longitudinal strain and strain rate, transvalvular ve-
locity, and ventricular volume. Figure 4b shows the aver-
age longitudinal strain evolution curves computed from
four midventricular ROIs as defined on the four walls in
Fig. 4a. Row 1 in Fig. 4a depicts the ROIs during end-di-
astole, while row 2 in Fig. 4a depicts the position of
these tracked ROIs during end-systole. The shape of the
curve in Fig. 4b is typical with longitudinal shortening
during systole, followed by longitudinal relaxation dur-
ing diastole. The computed strain rate curves are over-
laid for reference, and a vertical line was plotted to mark
the time intercept of the strain-rate curve or the time to
peak longitudinal strain (around 266 msec). Figure 5c
depicts the quantitative composite blood velocity curves.
The portion of these curves before zero-crossing is the
average aortic outflow velocity from ROIs marked 1 and
2 in Fig. 5a, while the portion of the curves post zero-
crossing is the average mitral inflow velocity from ROIs
marked 3 and 4 in Fig. 5b. The computed acceleration
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curves are overlaid for reference, and a vertical line was
plotted to mark the second time intercept of the accelera-
tion curve or the time to peak mitral inflow velocity
(around 442 msec).

Figure 6 displays combined strain, blood velocity, and
volume curves for (a) rest, (b) stress, and (c) post-stress
recovery. Vertical lines, obtained from zero-crossings of
strain-rate and acceleration curves, respectively, are over-
laid on each plot to mark peak longitudinal strain and
peak mitral inflow velocity. Comparing the three curves,
the time interval from peak longitudinal strain to peak
mitral inflow velocity (Tps–pf) was found to be maintained

during stress, while the percentage of longitudinal relaxa-
tion during this period (Sps–pf) increased with stress
because of increased rates of longitudinal relaxation. In
this volunteer, the peak longitudinal strain was also
higher during stress, but this was not found to be statisti-
cally true across all volunteers. The mitral inflow veloc-
ity was statistically higher during stress than rest. The
volume curves indicate a decrease in ventricular volume
during systole and an increase in ventricular volume dur-
ing diastolic rapid filling as expected. The volume curves
achieve their minimum value shortly after peak longitu-
dinal strain and begin to increase around the zero-

FIG. 4. a: Figures showing the position of the four midventricular regions of interest at end-diastole (row 1) and at end-systole (row 2)
on the two-chamber (column 1) and the four-chamber (column 2) slice orientations. b: Average midventricular longitudinal strain and cor-

responding strain-rate curves. Note the time of peak longitudinal strain indicated by the superimposed vertical line at the zero-crossing
of the strain-rate curve. Curves are generated using datasets from a representative volunteer obtained during rest.

FIG. 3. Combined tagged myocardium and blood velocity maps during (a) rest, (b) stress, and (c) post-stress recovery in one normal

volunteer using SPAMM n0 EGGS. The velocity is color-coded in accordance with the color-bar. The blood velocity maps reveal early ini-
tiation of aortic flow during stress (yellow arrows) and increased mitral inflow velocities during stress (orange arrows). The tagged myo-
cardium reveals earlier occurrence of end-systolic peak longitudinal shortening during stress (yellow boxes).
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crossing of the blood velocity curve. The isovolumic
relaxation time (time interval between the vertical dashed
lines in Fig. 6) is found to be shorter during stress as
compared with rest, indicating increased rate of pressure
decay within the LV during exercise. The start of isovolu-
mic relaxation is also shifted in time relative to peak lon-
gitudinal strain during stress. The volume curves on their
own provide limited information in comparing rest ver-
sus stress curves, highlighting the importance of func-
tional data over geometric data in this scenario.

The quantitative results for nine parameters that char-
acterize the behavior of these curves for all six volun-
teers are presented in Table 2. The values are displayed
as mean 6 standard deviation. Of these parameters, we
find that the slope of the strain-rate curve, the time to
peak longitudinal strain, peak mitral inflow velocity, the
time to peak mitral inflow velocity, and cardiac output
are significantly different during stress as compared with
the rest studies at the 0.05 level for a two-tailed paired
student’s t-test. These results validate previous studies
in the Echocardiography literature. In addition, as a
result of simultaneous strain and blood velocity measure-
ments, two additional parameters Tps–pf and Sps–pf were
investigated. Although Tps–pf was shorter during stress as
compared with rest, this was not found to be statistically
significant at the 0.05 level. However, Sps–pf was found
to be significantly higher during stress as compared with
rest at the 0.05 level. The statistical tests were carried
out after the parameters were normalized across subjects
for differential resting heart rates.

DISCUSSION

We have successfully demonstrated the feasibility of per-
forming a comprehensive examination of cardiac

mechanics and hemodynamics during supine bicycle
exercise tests in a wide bore MR scanner using a hybrid
tagging–phase-contrast imaging pulse sequence, SPAMM
n0 EGGS. The MR-compatible bicycle ergometer permits
data acquisition in the MR scanner soon after peak exer-
cise stress with minimum delay. The results are very
encouraging and depict significant alterations in ampli-
tude and temporal behavior of certain physiological pa-
rameters during exercise-stress in normal volunteers. We
believe that such studies may prove to be beneficial in
the clinical diagnostic examination of patients with car-
diac disease.

By combining the measurements using our hybrid
method, a two-fold reduction in acquisition time is
obtained. Further, the blood velocity and myocardial
strain data obtained for any given slice is spatially and
temporally registered, thus accounting for changes in
patient position from one postexercise breath-hold to
another. Here, we acquire two long-axis slices in two
separate breath-holds. In the future, we hope to use par-
allel imaging schemes to enable both these acquisitions
in a single breath-hold. Since the blood velocity and
myocardial strain data are acquired simultaneously, any
transient physiological events, such as induced stress,
are manifested in a correlated fashion on both datasets.

Doppler tissue imaging has been used to study re-
gional patterns of myocardial strain and strain rates dur-
ing rest and exercise stress (23,24). These studies have
reported limitations of reproducibility in regional strain
measurements because of the inherent angle dependency
of the ultrasound beam. Studies have also reported diffi-
cult apical windows, poor data quality in the lateral and
anterior wall potentially due to shadowing by the lung.
MR tagging allows the regional quantification of myocar-
dial strain in any slice orientation and any region with

FIG. 5. a: Figures showing the position of the aortic outflow region of interest on a two-chamber and a four-chamber slice. b: Figures
showing the position of the mitral inflow region of interest on a two-chamber and a four-chamber slice. c: Composite blood velocity

curves depicting the evolution of aortic outflow velocity (average velocity in ROIs depicted in a) and mitral in-flow velocity (average ve-
locity in ROIs depicted in b) in a normal volunteer and corresponding acceleration curves. Note the time of peak mitral inflow velocity
indicated by the superimposed vertical line at the second zero-crossing of the acceleration curve. Curves are generated using datasets

from a representative volunteer obtained during rest.
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excellent reproducibility. In this study, we have reported
longitudinal strain and strain rates in the midventricle.
Our results demonstrate no increase in peak strain but

an increase in strain-rate values during stress—compara-
ble to the results presented in previous Doppler tissue
imaging studies (23). More recently, diastolic function
during exercise has been studied using a combination of
color Doppler flow to quantify mitral inflow velocity and
Doppler tissue imaging to quantify mitral annular longi-
tudinal velocities (25). The mitral annular velocity is
chosen over regional myocardial strain evaluation
because the location of the mitral annulus can be easily
identified. As a result, the ultrasound beam can be
aligned perpendicular to the annulus during the scan
resulting in high reproducibility of the mitral annular
longitudinal velocities. These studies have focused on
investigating changes in the ratios of the peak mitral
inflow velocity to the peak mitral annular velocity. This
represents a more global estimate of diastolic function.
Using the SPAMM n0 EGGS method, we can obtain a
region-by-region estimate of diastolic function with high
reproducibility. In this article, we focus on quantifying
strain in the midventricular region, but the method can
be used to investigate strain–velocity relationships in
any ROI. In addition, since the datasets are acquired
simultaneously, the SPAMM n0 EGGS method enables
the study of the relative timings between the regional
strain curves and mitral inflow velocity curves, which
provides new information regarding changes in diastolic
filling periods. We also measure the percentage of longi-
tudinal relaxation that occurs at peak mitral inflow ve-
locity. This parameter sheds insight on regional myocar-
dial material properties during passive diastolic filling.

Rest Versus Stress

LV response to the stress of exercise typically involves a
complicated interaction between heart rate, contractility,
and loading conditions. From our results, we observe a
significant increase in (1) cardiac output, (2) slope of the
strain-rate curve, and (3) peak mitral inflow velocity dur-
ing exercise stress. In addition, the time interval from
peak longitudinal strain to peak mitral inflow velocity
(Tps–pf) remained statistically constant under stress; how-
ever, the percentage of longitudinal relaxation during
this period (Sps–pf) increased with stress. The conse-
quence of this was that peak mitral inflow velocity dur-
ing stress occurred when the LV had fully relaxed,
whereas during rest, the peak velocity occurred during
the final phase of LV relaxation. No significant changes
in stroke volume or ejection fraction were observed.
These results demonstrate a link between exercise stress
and diastolic performance. During exercise, there is a
marked increase in heart rate, resulting in a shorter dias-
tole. However, the stroke volume and ejection fraction
are maintained through an augmentation in contractility
and filling efficiency. This is achieved through increased
relaxation strain rates leading to increased suction,
increased peak mitral inflow velocities, and maintenance
of early diastolic filling timings. A combination of these
effects during early diastole contributes toward early
relaxation and near restoration of end-diastolic volume
despite a shorter diastole. Albeit, an increase in stroke
volume was not observed in this study. This was because
the augmentation in filling efficiency and increased

FIG. 6. Longitudinal strain, composite transvalvular flow velocity,
and volume curves for (a) rest, (b) stress, and (c) post-stress re-

covery. Note vertical lines superimposed at time of peak strain
and time of peak mitral inflow velocity. The time interval between
peak strain to peak mitral inflow velocity (Tps–pf) is maintained,

while the percentage relaxation of strain (Sps–pf) during Tps–pf is
increased during stress. Curves are generated using datasets

from a representative volunteer.

Imaging LV Function During Bicycle Exercise 57



preload was not sufficient to increase end-diastolic vol-
ume compared with resting values at the operating work-
load and increased heart rates. Parameters that shed
insight into abnormalities in such inter-relationships
between diastolic relaxation and filling patterns during
exercise stress may provide a more sensitive and com-
prehensive diagnosis in patients presenting with dia-
stolic dysfunction.

Post-Stress Recovery

Our post-stress recovery measurements illustrate com-
pensatory adjustments to normalize cardiac function to
resting values. For all six volunteers, we observed that
the heart rate during recovery was lower than during
stress but were still higher than resting conditions. We
observed an increase in stroke volume and ejection frac-
tion during recovery compared with resting values. This
was due to decreased end-systolic volumes during recov-
ery compared with resting conditions. We also observed
an increase in stroke volume and ejection fraction com-
pared with stress values. This was due to the decrease in
the heart rate during recovery as compared with stress
resulting in higher end-diastolic volumes during recov-
ery. The cardiac output, however, was lower during re-
covery compared with stress conditions indicating that
the increase in stroke volume during recovery did not
compensate for the increase in heart rate during stress.
We also observed that the rate of change in strain and
strain rate during recovery is lower than stress but were
higher than during resting conditions. This decrease in
strain rate is likely because of the reduction in the sym-
pathetic tone during recovery. From the strain-rate pat-
terns, we would expect that end-systolic LV suction is
lower during recovery compared with stress but higher
compared with resting states. However, the mitral inflow
velocities during recovery were lower than those at rest.
This could potentially be the result of a decreased
preload because of the shorter isovolumic relaxation
times during recovery compared with resting conditions.
The time from peak strain to peak mitral inflow velocity
Tps–pf was longer during recovery, indicating longer fill-

ing times required to achieve increased stroke volume.
Patterns of heart rate recovery post-stress have been
shown to provide an independent prediction of outcome
(26). Studying the relationships between strain, volume,
and blood velocity during cardiac recovery post-stress
may provide crucial prognosis in select patients.

Limitations

In this study, we focus on the diastolic inter-relation-
ships between midventricular average longitudinal strain
and mitral inflow velocity as a first step. In the future,
these methods could be extended to study the systolic
and diastolic inter-relationships between strain patterns
across multiple regions (basal, apical and mid; and ante-
rior, posterior, lateral, and septal) and multidirectional
sensitivity (longitudinal, circumferential, and radial) and
their interactions with both velocity peaks (aortic out-
flow and mitral inflow).

We recognize that while our velocity sensitive direc-
tion is along the direction of the maximum mitral inflow
velocity vectors, it is not along the direction of the maxi-
mum outflow velocity vectors. As a result, our aortic out-
flow velocity measurements are a projection of the peak
outflow velocity vectors along the long axis of the
imaged slice. In the future, with faster acquisition or
free-breathing strategies, we may be able to acquire both
in-plane velocity measurements, which will enable us to
compute the outflow velocity vectors oriented along the
direction of the outflow tract.

Our study is also limited by the temporal resolution of
the method—which may result in underestimation of
strain, especially during stress. In the future, scaling the
temporal resolutions during stress acquisitions propor-
tionately with the increase in heart rates would be ideal.

We ignore phase error contributions from concomitant
gradients in this study. In the future, applying opposite
polarity bipolar gradients every alternate frame will ena-
ble reduction of these artifacts by canceling effects from
square gradient terms.

The SPAMM n0 EGGS imaging sequence has diagnostic
potential in exercise stress testing of patients with

Table 2
Mean and Standard Deviation of Left Ventricular Mechanical and Hemodynamic Parameters Computed During Rest, Stress, and

Post-Stress Recovery in a Pool of Six Volunteers

Rest (mean
6 standard
deviation)

Peak stress
(mean 6 standard

deviation)

Post-stress
recovery (mean 6
standard deviation)

Peak systolic strain (%) �15.36 6 1.71 �15.23 6 1.83 �15.39 6 1.46
Slope of strain rate curve 0.025 6 0.002 0.049 6 0.010a 0.031 6 0.006

Time to peak strain (% R–R interval) 33.28 6 1.86 25.70 6 2.12a 30.92 6 2.36
Peak inflow velocity (cm/sec) �71.45 6 21.90 �107.20 6 36.25a �60.62 6 15.54

Time to peak mitral inflow velocity (% R–R interval) 44.37 6 5.21 35.50 6 4.19a 44.37 6 5.21
Time interval from peak strain to peak mitral inflow

velocity, Tps–pf (% R–R interval)
16.55 6 3.23 13.40 6 3.06 20.12 6 4.72b

Percent longitudinal relaxation from peak strain to
peak mitral inflow velocity, Sps–pf

63.46 6 7.72 84.32 6 6.24a 64.16 6 8.99

Ejection fraction (%) 71.70 6 9.10 72.86 6 6.03 79.30 6 4.36b

Cardiac output (L/min) 5.31 6 0.94 6.71 6 1.22a 5.72 6 1.05
aRest versus stress statistically different at P < 0.05 level for a two-tailed t-test.
bRest versus post-stress recovery statistically different at P < 0.05 level for a two-tailed t-test.

58 Sampath et al.



cardiac disease. The data acquired may be able to detect
regions of altered myocardial contractility and quantify
flow abnormalities in response to exercise stress. Re-
gional dyssynchrony between myocardial segments, or
dyssynchrony in the relative timings of the mechanical
and hemodynamic curves, e.g., changes in filling peri-
ods, can be measured and may provide additional diag-
nostic information in select patient groups.

CONCLUSIONS

We have been able to conclusively demonstrate that sen-
sitive measures of regional cardiac mechanics and hemo-
dynamics during exercise stress can be obtained in an
MR scanner using a combined tagging–phase-contrast
imaging pulse sequence.
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