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Many cases of muscular ischemia do not manifest without
increased metabolic demand. Hence, diagnosis of intermittent
claudication often requires inducing physiologic challenge,
such as by exercise. Cine phase-contrast MRI can concurrently
acquire cross-sectional vascular anatomy and through-plane
blood velocities, enabling blood flow rate quantification. An
MR-compatible stationary cycle was designed, constructed,
and tested for flow quantification in large arteries during lower-
limb exercise in a General Electric Signa SP 0.5 T open magnet.
The cycle demonstrated smooth cycling during image acquisi-
tion, has freewheeling capability, is adjustable for subject size
and strength, and can quantify workload. A healthy 59-year-old
male was imaged at the supraceliac and infrarenal levels of the
abdominal aorta at rest and during exercise. An exercise work-
load of 47.9 W was achieved. His heart rate increased from 52 to
78 bpm, supraceliac flow increased from 1.7 to 3.7 L/min, and
infrarenal flow increased from 0.4 to 3.2 L/min from rest to exer-
cise. Magn Reson Med 49:581–585, 2003. © 2003 Wiley-Liss, Inc.
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Except for the most advanced states of disease, muscular
ischemia only becomes evident during conditions of in-
creased metabolic demand. For this reason, there are di-
agnostic and assessment techniques that involve approxi-
mating the physiologic challenges that patients may expe-
rience in daily life. These techniques include inducing
exercise stress by treadmill walking, reactive hyperemia,
and pharmacologic stress. While the patients are in these
stressed states, diagnoses are made based on Doppler ul-
trasound, nuclear imaging, segmental arterial pressures,
and muscle pain. While these indicators can be used to
infer blood flow rate, they do not measure volume flow and
are prone to inaccurate assessments.

In the field of vascular disease research, dynamic exer-
cise flow studies are also essential in order to understand
the physiologic effects that these stress conditions have on
the body. For instance, understanding the mechanisms by

which exercise contributes to the prevention and regres-
sion of cardiovascular disease may potentially improve
therapies. Exercise, in combination with smoking cessa-
tion, is the most consistent treatment for ischemia in the
lower extremities (1). It is hypothesized that these benefits
of exercise are related to biologic phenomena that result, at
least in part, from hemodynamic alterations in the major
vessels (2–6). Specifically, exercise has been shown to
increase low flow rate and low wall shear stress, and
decrease oscillations in flow in the infrarenal abdominal
aorta, which are observed at rest (7–9).

Phase contrast magnetic resonance imaging (PC-MRI)
can concurrently acquire high-resolution, coregistered,
through-plane velocity and anatomic maps. This allows
the segmentation of large vessel lumens, and quantifica-
tion of temporally-resolved volume flow rate through in-
tegration of blood velocities over the lumen (10). Spatially-
and temporally-resolved wall shear stress values can also
be quantified by computing velocity gradients in the vicin-
ity of the lumen wall (11).

Due to space and material compatibility constraints,
most prior nonbasal MRI analyses have been restricted to
motionless states, such as during postprandial (12), phar-
macologically-induced (13–15), and exercise-recovery (8)
conditions. While these studies have improved our under-
standing of many nonbasal states, dynamic exercise is an
important functional state to investigate for the reasons
explained above. With conventional MRI, measurements
have been restricted to rest and very mild exercise condi-
tions due to the movement-limiting space constraints in
conventional MRI bores (8,16). In addition, these exercise
states can only be performed in a supine position. How-
ever, with a 0.5T open magnet (General Electric Signa SP,
General Electric Medical Systems, Milwaukee, WI), a sub-
ject can sit upright in the bore and pedal an MR-compati-
ble stationary cycle to achieve higher levels of exercise in
a more natural exercise posture (9). We have built an
MR-compatible cycle for the General Electric open magnet
to measure blood flow velocity in the abdominal aorta of
upright subjects during rest and exercise conditions in
vivo. This novel design enables smooth actuation, durabil-
ity, and adjustability for patient size and strength, and
offers the ability to vary and quantify exercise workload,
ensuring repeatable exercise intensities for intra- and in-
tersubject studies.

METHODS

The functional requirements of our MR-compatible cycle
were: 1) limited abdomen motion during exercise to min-
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imize motion-induced blurring, 2) variable resistance to
accommodate for variations in subject strength, 3) free-
wheeling capability to avoid forced leg motion after the
onset of pain in claudication patients, 4) adjustability for
subject size, and 5) instrumentation for mechanical work
measurement for intra- and intersubject comparisons.

The cycle features seven major design elements: 1) MR
compatibility, 2) crank tower, 3) power transmission sys-
tem, 4) freewheel mechanism, 5) load generation and mea-
surement, 6) cycle supports and guide rails, and 7) work-
load acquisition system. Left and right views of the com-
pleted cycle are shown in Fig. 1. Each of these design
elements is described in more detail below.

1) MR compatibility. We avoided ferrous materials and
limited the use of nonferrous metals to very small
components that are located far away from the bore of
the magnet. Most of the cycle is made from Delrin®

plastic and birch plywood.
2) Crank tower. The crank tower pivots about the fly-

wheel center through a range of angles and can be
locked in place with quick-release clamps, enabling
height adjustment. The pedal shafts attach to the
cranks, and the cranks to the crank shaft, with mating
hexagonal tapers secured by a bolt, all made from
Delrin®. This provides secure mechanical engage-
ment specifically designed for transmitting pedaling
loads.

3) Power transmission system. A crank sprocket
roughly 33 cm in diameter drives a smaller flywheel
sprocket with a 2:1 gear ratio. A Kevlar-reinforced
cogged timing belt connects the two sprockets.

4) Freewheel mechanism. The flywheel is driven by a
roller-clutch silent freewheeling mechanism built
into the flywheel sprocket. Small brass rollers in spi-
ral grooves engage a drive ring on the flywheel when
driven forward, transmitting pedaling torques to the
flywheel. The rollers disengage when the cycle is
driven backward or the subject stops pedaling,
thereby allowing freewheeling.

5) Load generation and measurement. Pedaling torque
is resisted by the frictional torque generated by a

cotton strap wrapped around a flat groove on the
flywheel, similar to a prony brake mechanism. A
tensioning pulley with an elastic cord controls the
strap friction on the flywheel, while the strap is con-
nected to a shaft that drives a free-hanging pendu-
lum. The friction force that causes deflection in the
pendulum is exactly the force that drives the fly-
wheel, similar to the design of the Monark pendulum
balance ergometer (Monark Exercise AB, Vansbro,
Sweden). The full-scale pendulum torque may be
adjusted incrementally for higher work loads by at-
taching calibrated weights to the pendulum.

6) Supports and guide rails. Supports provide stability
for the cycle during exercise and horizontal adjust-
ability for subject size. Height adjustment is achieved
by pivoting the crank tower up and down, while the
distance from the seat is adjusted by changing where
the cycle is attached along two guide rails, which are
bolted to the MR open magnet.

7) Workload acquisition. The product of the angular
velocity of the wheel (�) and the sum of the system
friction torque (FT) plus flywheel torque (�) is equal
to the mechanical workload, as described in the equa-
tion: workload � � � (FT � �). The angular velocity
is calculated by counting passing reflective markers
placed around the circumference of the spinning fly-
wheel with a stationary photosensor (MiniBEAM
SM312LV; Banner Engineering Corp., Minneapolis,
MN). This information is transmitted outside of the
MR room through a penetration panel and acquired
using an A/D acquisition board (DAQPad-6020E; Na-
tional Instruments, Austin, TX) and LabVIEW (Na-
tional Instruments, Austin, TX). The flywheel torque
is computed from the deflection of the pendulum.

In order to demonstrate the effectiveness of the MR-
compatible stationary cycle described above, a single male
subject was imaged at rest and during steady-state lower-
limb exercise at the supraceliac and infrarenal levels of the
aorta using cine PC-MRI in a General Electric open magnet
(main field � 0.5 T, gradient strength � 1.2 Gauss/cm,
slew rate � 12 Gauss/cm/ms) with a General Electric trans-

FIG. 1. Photographs of the MR-compatible
cycle as it is bolted into the GE 0.5T open
magnet. a: Right view of the cycle shows
the pedal sprocket that actuates the fly-
wheel by a Kevlar-reinforced timing belt.
The white strap provides friction on the fly-
wheel, which acts as the load against ped-
aling. b: Left view shows the pendulum
whose deflection corresponds to the fly-
wheel friction force. The product of the
torque required to drive the flywheel, and
the angular speed of the flywheel, measured
by the light sensor (bottom left of image a)
counting the passing reflective markers on
the flywheel, is equal to the instantaneous
workload.
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mit/receive body surface coil. The subject breathed nor-
mally during the acquisitions, and respiratory bellows
were used to perform respiratory compensation (17). The
scan parameters included: TR � 25 ms, TE � 9 ms, flip
angle � 30°, slice thickness � 10 mm, square field of view
(FOV) � 26 � 26 cm, matrix � 256 � 128, and velocity-
encoding gradient � 150 cm/s. The cine acquisitions were
gated to the cardiac cycle using a plethysmograph placed
on the right thumb, and data collected over 256 heartbeats
were retrospectively reconstructed to 16 time points
within the cardiac cycle. From the imaging data, blood
flow rate was computed by segmentation of the aortic
lumen by level-set segmentation of the magnitude data
(18), adjustment of the phase data with a second-order
baseline correction (19), and integration of blood flow
velocities within the cross section of the lumen to calcu-
late volume flow rate (10). The imaging protocol was ap-
proved by the Stanford University Panel on Human Sub-
jects in Medical Research.

RESULTS

The MR-compatible cycle actuates smoothly and the sys-
tem friction remains constant for extended periods of cy-
cling. The dynamic torque required to drive the flywheel
without any strap friction load is 0.682 Nm. Installation
and operation was smooth in the open magnet and image
quality was not affected. Figure 2 shows the MR-compat-
ible cycle as it connects to the 0.5 T open magnet with a
subject pedaling during image acquisition. The subject
(male, age 59) increased his resting heart rate of 52 bpm to
a steady-state exercise heart rate of 78 bpm. The steady-
state workload was calculated to be 47.9 W by the equa-
tion:

Angular velocity: � � 15.71rad/s

System Friction torque: FT � 0.682Nm

Flywheel torque: � � 2.36 Nm

Workload � � � �FT � �� � 47.9Watts . [1]

Flow rates and blood velocities for the supraceliac and
infrarenal levels of the aorta at rest and during lower limb
exercise are shown in Fig. 3. At the supraceliac level, the
mean flow rate increased from 1.7 L/min at rest to
3.7 L/min during exercise, and at the infrarenal level in-
creased from 0.4 L/min at rest to 3.2 L/min during exer-
cise. At the infrarenal location, reversal of flow was ob-
served during diastole at rest, but the flow increased and
became unidirectional for the cardiac cycle during exer-
cise.

DISCUSSION

As stated in Methods, ferrous metals were avoided and
nonferrous metals were kept to a minimum. At the rotating
joints, including the two pedal shafts, crank shaft, fly-
wheel shaft, and workload pendulum shaft, stainless steel
full-complement needle or ball bearings are used to reduce
friction and extend joint lifespan. Plastic bearings were
replaced with these bearings due to excessive heat gener-
ation and eventual joint seizure. Brass dowel pins were
used for the roller-clutch freewheeling mechanism be-
cause plastic pins deformed over time and caused the
freewheel to slip on the flywheel sprocket. These compo-
nents are very small and are at least 4 feet away from the
center of the magnet bore during operation. There are also
two stationary nonferrous metal components, including a
small stainless steel spring in the cam cleat that grips the
tensioning cord (for adjusting flywheel friction), and the
bolts that fasten the rails to the base of the open magnet.
These components were not magnetically attracted toward
the magnet, nor did they create any perceptible imaging
artifacts.

This study shows that the MR-compatible cycle de-
scribed herein is capable of producing smooth, repeatable
lower-limb exercise while cine PC-MRI is performed in the
abdominal aorta. A 50% increase in resting heart rate was
easily achieved, and the mechanical workload was quan-
tifiable. The blood flow results we quantified in this study
compare favorably with previous functional flow imaging
studies in the human abdominal aorta (7–9,16). From rest
to exercise, mean flow rates in the aorta increased, volume
flow waveforms transitioned from triphasic to biphasic,
infrarenal flow reversal was eliminated, and digestive and
renal flow decreased (1.3 L/min at rest to 0.5 L/min during
exercise).

Combined with PC-MRI techniques, imaging during
states of exercise challenge can be a valuable tool for
diagnosing lower-extremity occlusive disease, planning
treatments preoperatively, assessing treatments, and pre-
dicting intervention patency. For example, a subnormal
increase in blood flow due to exercise could indicate he-
modynamically significant stenoses in the vasculature,

FIG. 2. Image acquired while the MR-compatible stationary cycle
was pedaled in the GE Signa SP 0.5T open magnet.

Dynamic Exercise Imaging in GE Open Magnet 583



while an increase in graft flow due to exercise could indi-
cate a longer period of graft patency with postoperative
physical activity. Also, the diameter of a bypass graft could
be chosen to ensure adequate blood flow corresponding to
a certain level of exercise intensity. While the current
system is unable to target specific limbs or muscle groups
because of leg motion and long imaging times (�2 min
during exercise), the application of fast cine methods
would allow localized imaging immediately postexercise
(8) in an upright position. Furthermore, with the develop-
ment of methods capable of image acquisition gated to
both heart rate and cyclic leg motion, flow imaging could
be targeted to the moving limbs.

These techniques will also aid in experimental investi-
gations into the mechanisms by which exercise improves
cardiovascular health. Comparison of the abdominal aortic
hemodynamic environments of young and older normal
subjects could reveal differences in the alterations of flow
due to lower-limb exercise between the two age groups.
This could help determine whether there are more adverse

hemodynamic conditions in the abdominal aortas of the
older population, which more prevalently experience ath-
erosclerosis. The current conventional methods of hemo-
dynamic assessment can not quantify changes in flow due
to exercise; therefore, functional vascular imaging could
play an important role in the management of arterial in-
sufficiency.
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FIG. 3. Drawing of the human aorta with imaging planes at the supraceliac and infrarenal levels. Blood flow rate waveforms (top of figure)
show significant increases in flow at both the supraceliac and infrarenal levels from rest (left) to exercise (right) throughout the cardiac cycle.
Also note that reversal of flow at the infrarenal level at rest is eliminated during exercise. Velocity surface plots are shown for the supraceliac
(middle) and infrarenal (bottom) levels of the aorta at rest (left) and during exercise (right) at (A) peak systole, (B) end systole, and (C) end
diastole. Blood velocities increase from rest to exercise for all cardiac phases, and in the infrarenal aorta, negative velocities near the wall
at (b) end systole at rest (left) become positive during exercise (right).
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