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Abstract—Magnetic resonance~MR! imaging techniques and
custom MR-compatible exercise bicycle were used to meas
in vivo, the effects of exercise on hemodynamic conditions
the abdominal aorta of eleven young, healthy subjects. H
rate increased from 7366.2 beats/min at rest to 11
68.8 beats/min during exercise (p,0.0001). The total blood
flow through the abdominal aorta increased from 2
60.6 L/min at rest to 7.261.4 L/min during exercise (p
,0.0005) while blood flow to the digestive and renal circu
tions decreased from 2.160.5 L/min at rest to 1.660.7 L/min
during exercise (p,0.01). Infrarenal blood flow increase
from 0.960.4 L/min at rest to 5.661.1 L/min during exercise
(p,0.0005). Wall shear stress increased in the suprace
aorta from 3.560.8 dyn/cm2 at rest to 6.260.5 dyn/cm2 during
exercise (p,0.0005) and increased in the infrarenal aorta fro
1.360.8 dyn/cm2 at rest to 5.261.3 dyn/cm2 during exercise
(p,0.0005). © 2002 Biomedical Engineering Societ
@DOI: 10.1114/1.1476016#

Keywords—Magnetic resonance imaging, Blood flow distrib
tion, Lower limb exercise, Shear stress, Flow rate, Atheros
rosis, Hemodynamics.

INTRODUCTION

Hemodynamic factors including shear stress, cyc
strain, and pressure forces play an important role in
normal adaptive response of blood vessels to chro
changes in physiologic demands and in maladaptive
sponses leading to cardiovascular disease. In particula
is hypothesized that flow recirculation, high particle re
dence time, and low mean wall shear stress are res
sible for the localization of atherosclerotic plaques
regions of complex flow in the carotid bifurcation, cor
nary arteries and abdominal aorta.1,7,10,36These low shear
areas are hypothesized to be more susceptible to ch
terol accumulation due to low local diffusional efflu
from the arterial wall to blood and enhanced monoc
binding.1,4 In contrast to the effects of low shear stress
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has been shown that chronic increases in blood fl
stimulates the expression of nitric oxide synthase a
~Cu/Zn! superoxide dismutase that reduces the conc
tration of cellular superoxide anion (O2

2), as well as the
expression of monocyte chemotactic protein-1 and v
cular cell adhesion molecule-1.4,17 These effects are hy
pothesized to reduce the endothelial adhesiveness
monocytes and protect the vascular endothelium fr
atherosclerotic plaques. In addition, elevated shear st
induces direct cellular structural changes including c
elongation in the direction of maximum stress and resu
in inhibition of atherosclerosis.35

Exercise is one important mechanism that increa
blood flow and wall shear stress; however, all the vess
of the body do not experience these changes uniform
The regions of the vasculature that experience increa
blood flow and wall shear stress during exercise m
enjoy some of the protection from atherosclero
plaques observed with chronic increases in blood flo
Even short bouts of exercise can lead to biologi
changes in arteries exposed to increased blood flow
elevated shear stress and may influence cardiovasc
fitness even after the cessation of physical activity. Wa
et al. found that bouts of exercise enhanc
acetylcholine-induced dilation of the large coronary a
tery in dogs and hypothesized that this was due to
increased levels of endothelium relaxation factor/nit
oxide ~EDRF/NO!.32 Furthermore, the enhanced cor
nary vasodilation and increased release of EDRF/NO
hypothesized to be due to the upregulation of NO in
coronary vascular endothelial cells. Sessaet al. deter-
mined that chronic exercise in dogs increases endoth
cell nitric oxide synthase gene expression.27 Thus, in
addition to the widely known systemic benefits achiev
with exercise, e.g., enhanced cholesterol metabolism
lower blood pressure, increased blood flow and w
shear stress may provide localized benefits for cardiov
cular health.

For the aorta, although systemic risk factors for ar
rial disease, such as hypertension, diabetes, seden
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403Abdominal Aorta Blood Flow During Exercise
lifestyle, cigarette smoking, and genetic disposition aff
the thoracic and abdominal aorta equally, atheroscler
is observed with more frequency and greater severity
the abdominal aorta than in the thoracic aorta.8,25 Com-
putational,in vitro, and in vivo studies have shown tha
these lesion-prone locations of the human aorta coinc
with regions of flow recirculation, high particle residen
time, and low wall shear stress.11–15,20,30,31

Computational31 and in vitro studies11,13 have shown that
these adverse hemodynamic conditions are significa
reduced by increased blood flow into the distal abdo
nal aorta, a well-known effect of lower limb exercis
However, computational andin vitro investigations uti-
lize simplifying assumptions and rely on the specificati
of the blood flow distribution between the digestive, r
nal and lower extremity circulations.

We previously reported changes in blood flow in t
abdominal aorta during very light exercise conditions
a conventional magnetic resonance imager using a
tom leg flexion and extension device.26 Niezen et al.16

previously measured blood flow during exercise in t
ascending aorta and pulmonary artery under very li
exercise conditions using magnetic resonance imag
Pedersenet al.21 measured changes in blood flow ra
immediately after light and moderate exercise using
breath-held magnetic resonance imaging~MRI! tech-
nique. In all cases, including our own measuremen
exercise was performed in a supine position and sh
stress or oscillatory shear stress was not reported.
thermore, the effect of exercise conditions on flow d
tribution between the lower extremities and the digest
and renal circulations has not been previously report

We have utilized a custom MR-compatible bicycle
a 0.5 T open magnet~GE Signa SP, GE Medical Sys
tems, Milwaukee, WI! ~Fig. 1! and cine phase contras
MRI ~cine PC–MRI! techniques23 to measure,in vivo,
the spatial distribution of blood flow velocities in th
abdominal aorta of human subjects during upright r
and light exercise conditions. By integrating the throug
plane velocity over the vessel cross section, flow ra
can be calculated. Furthermore, shear stresses are q
tified by differentiating the blood flow velocity field, an
assuming a constant blood viscosity. We report the ef
of exercise conditions on volume flow rate, flow dist
bution between the lower extremities and the digest
~foregut and midgut! and renal circulations, flow tempo
ral oscillations, mean wall shear stress, and shear s
temporal oscillations in the human abdominal aorta.

METHODS

Eleven healthy, normal subjects@six males, median
age 22.5 years~20–24 years! and five females, median
age 24 years~23–28 years!# were imaged during rest an
exercise. Stronget al. found that less than 4% of a rep
-

.

r
-

n-

s

resentative population with the same age profile exp
ence hemodynamically significant atherosclero
lesions.29 Each subject was securely strapped to a sea
the open magnet such that they had the full range of
motion while being positioned to obtain the highest s
nal to noise ratio and contrast in the abdominal regi
The bicycle was then positioned and the pedal resista
was set to minimize abdomen movement. Figure 1
picts a subject cycling in the magnet.

Scans were performed at rest and during steady-s
exercise conditions~150% of resting heart rate! within
the range of light exercise~35%–59% of maxHR!.24 In
order to maintain this level of exercise, the subje
monitored their own heart rate~heart rate was displaye
in real-time on the pulse monitor! and adjusted pedaling
speed as necessary to maintain a constant heart rate

Cine PC–MRI techniques were used to meas
through-plane blood flow velocity as a function of pos
tion at the supraceliac, suprarenal, and infrarenal lev
at rest and during exercise as shown in Fig. 2.23 The
image acquisitions were gated to the cardiac cycle us
a plethysmograph, and data was retrospectively rec
structed at 16 discrete time points within the card
cycle irrespective ofRR interval. Patients breathed no
mally during the acquisitions and respiratory compen
tion algorithms were utilized.6 Scan parameters include
a 25 msTR, a 9 msTE, a 30° flip angle, a 5 or 10 mm

FIGURE 1. Subject pedaling on MR-compatible bicycle in 0.5
T open magnet.



404 TAYLOR et al.
FIGURE 2. Schematic of human aorta, measured flow rate and velocity data for representative subject at rest „left … and during
dynamic exercise „right …. The celiac, superior mesenteric and renal arteries are depicted between the supraceliac „SC… and
infrarenal „IR… image planes. The suprarenal image plane „not shown … was located between the superior mesenteric and renal
arteries. Volume flow rate curves demonstrate reversal of flow in the infrarenal aorta under resting conditions and significant
increase in flow rate with exercise. Contours of measured velocity data are depicted in the supraceliac „top … and infrarenal aorta
„bottom … at rest „left … and exercise „right … at three times during the cardiac cycle. Also shown are the inner boundaries of the
aorta identified by segmenting the MR magnitude data. The supraceliac contour plots demonstrate the significant increase in
blood flow entering the abdominal aorta with lower limb exercise. The infrarenal contour plots demonstrate flow reversal and
stasis „negative or low velocity … during diastole at rest „times B and C … and positive forward flow throughout the cardiac cycle
under exercise conditions.
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slice thickness~to maximize signal depending on th
anatomy of the subject!, a 28 cm square field of view,
256 by 128 matrix, and a 150 cm/s through-plane vel
ity encoding gradient. For the three levels of the ao
we obtained sets of spatial maps of magnitude and
locity that describe the anatomy and blood flow at th
location. These sets of 16 images, which represent
‘‘average’’ cardiac cycle, were acquired over a period
256 real-time heartbeats. With the cross section of
aorta of a particular slice isolated by image segmenta
of the intensity data, blood flow velocity values~cor-
rected for background signal! were assigned to eac
pixel within that cross section, multiplied by the area
a pixel, and summed to calculate total volume flo
rate.22
-

The volume flow at the supraceliac level represe
the total blood flow into the abdominal aorta, while th
majority of infrarenal flow supplies the lower extremitie
and pelvic region. By subtracting the flow through th
infrarenal slice from the flow at the supraceliac slic
combined blood flow to the foregut, midgut and ren
circulations was determined. In order to quantify temp
ral oscillations in flow rate, we defined an oscillato
flow index ~OFI! as

OFI5
1

2S 12

E
0

T

Qdt

E
0

T

uQudt
D ,



an
ve
cle
o a

pre
d
in

th

ity

e,
he

the
his
on
le-

icu-
of
the

for
he
city
the
s o
his
e-
the
hea
ing
the
ver
nd
oft
n
at

we

73

in-
ing
in

and
ty
di-

the
rly

ow
is
he
w

nd-
te
ifi-

cle.
s
nal

.1

m

,
w
di-
to

illa-
at

rom

rta

and

he
in
i-

cil-

405Abdominal Aorta Blood Flow During Exercise
whereT is the period of the cardiac cycle. Note that
oscillatory flow index of zero corresponds to a positi
flow rate through the vessel throughout the cardiac cy
whereas an oscillatory flow index of 0.5 corresponds t
net mean flow rate of zero over the cardiac cycle.

In order to compute shear stress, an accurate re
sentation of the vessel boundary is needed. We use
level set method to segment the magnetic resonance
tensity data and identify the curveC defining the inter-
section between the inner surface of the vessel and
imaging plane.28,33 Shear stresst was computed along
this curve using the gradient of the measured veloc
data and the equation

t5mS ]n

]x
nx1

]n

]y
nyD ,

wheren is the blood velocity normal to the image plan
(nx ,ny) are the components of a vector normal to t
curve C, andm is the dynamic viscosity of the blood.2,3

To compute the velocity gradient along the curve,C, we
construct a band of two-dimensional elements along
inside of this curve. Velocities are approximated on t
band using cubic Lagrange polynomial interpolati
functions. The nodes on the Lagrange polynomial e
ments are assigned velocity values computed from b
bic interpolation of the phase-contrast velocity values
the surrounding image pixels. For each element node,
16 adjacent pixels of the MR velocity image are used
interpolation. The velocities of the pixels outside of t
segmentation are set to zero. Once the nodal velo
values are assigned, the velocity at any point on
element can be computed as the sum of the product
the Lagrange interpolation functions evaluated at t
point and the corresponding nodal velocity values. V
locity gradients are calculated and evaluated along
luminal curve and shear stress computed. Average s
stress along the luminal curve is calculated by integrat
the shear stress along this curve and dividing by
circumference of the vessel. A mean shear stress a
aged over this luminal curve and time is computed a
presented. We have validated this approach using s
ware phantoms andin vitro data and shown that we ca
reliably compute mean shear stress for pulsatile flow
the resolutions utilized in the present investigation.2,3 Fi-
nally, to quantify temporal oscillations in shear stress,
defined the OSI9 as

OSI5
1

2S 12

E
0

T

tdt

E
0

T

utudt
D .
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Note the similarities with the oscillatory flow index.

RESULTS

In this experiment, heart rate increased from
66.2 beats/min at rest to 11068.8 beats/min during ex-
ercise (p,0.0001). The change in heart rate and
creased metabolic demand in the lower limbs dur
exercise resulted in significant changes in blood flow
the abdominal aorta. Figure 2 depicts the supraceliac
infrarenal volumetric flow and through-plane veloci
data for a representative subject. Under resting con
tions, the supraceliac flow rate is positive throughout
cardiac cycle although it does approach zero in ea
diastole. In the infrarenal aorta, a period of reverse fl
is observed in early diastole and the volumetric flow
nearly zero throughout the remainder of diastole. T
velocity data reveals that, consistent with pulsatile flo
theory, the reversal of flow occurs near the lumen bou
ary. Under exercise conditions, the volumetric flow ra
at both the supraceliac and infrarenal levels are sign
cantly elevated and positive throughout the cardiac cy
The contour plots reveal positive blood flow velocitie
throughout diastole at both the supraceliac and infrare
levels under exercise conditions.

The total blood flow through the abdominal aorta~as
measured in the supraceliac aorta! increased from 2.9
60.6 L/min at rest to 7.261.4 L/min during exercise
(p,0.0005), the blood flow to the digestive~foregut and
midgut! and renal circulations decreased from 2
60.5 L/min at rest to 1.660.7 L/min during exercise
(p,0.01), and the infrarenal blood flow increased fro
0.960.4 L/min at rest to 5.661.1 L/min during exercise
(p,0.0005) @Fig. 3~a!#. It is of note that, on average
less than 30% of the total abdominal aorta blood flo
continues into the infrarenal aorta under resting con
tions, while under exercise conditions this increases
nearly 80%. Flow reversal, as measured by the osc
tory flow index, was observed in the infrarenal aorta
rest and was eliminated with exercise@Fig. 3~b!#. Mean
wall shear stress increased in the supraceliac aorta f
3.560.8 dyn/cm2 at rest to 6.260.5 dyn/cm2 during ex-
ercise (p,0.0005) and increased in the infrarenal ao
from 1.360.6 dyn/cm2 at rest to 5.261.3 dyn/cm2 dur-
ing exercise (p,0.0005) @Fig. 3~c!#. The OSI was zero
in the supraceliac aorta at rest and during exercise
decreased in the infrarenal aorta from 0.160.1 at rest to
zero during exercise (p,0.0001) @Fig. 3~d!#.

DISCUSSION

Data from all subjects revealed that, in addition to t
obvious fact that lower limb exercise conditions result
an increase in the total blood flow entering the abdom
nal aorta, flow oscillations, mean shear stress and os
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406 TAYLOR et al.
lations in shear stress were significantly altered. As blo
flow increased due to exercise, flow oscillations obser
at rest in the infrarenal aorta disappeared, suprace
and infrarenal shear stress was significantly elevated
temporal oscillations in shear stress vanished.

Prior computational andin vitro studies using ideal-
ized models obtained comparable qualitative and qua
tative results.12,13,31 Under resting conditions, the mea
shear stress was measured to be 3.560.8 dyn/cm2 at the
supraceliac level and 1.360.6 dyn/cm2 at the infrarenal
level in the present study. Mooreet al.15 measured the
shear stress at the supraceliac level to be
60.6 dyn/cm2 in an in vitro study with approximately
the same abdominal aorta flow as measured in this st
We previously published computational simulations
blood flow in the abdominal aorta and reported me
shear stress at the supraceliac level on the orde
1 – 2 dyn/cm2 and less than 1 dyn/cm2 in the infrarenal
aorta under resting conditions.30,31

Prior in vivo investigations under resting condition
have reported abdominal aorta shear stress values h
than those we report in the present investigation. Osh
ski et al. used cine PC–MRI to measure flow velocity
the abdominal aorta under resting conditions and co
puted shear stress using a linear fit to the near w
velocity data.18 They reported shear stress values of 8
63.2 dyn/cm2 along the anterior wall and 10.
62.9 dyn/cm2 along the posterior wall at the supraren
level.18 At the infrarenal level they measured shear str
values of 6.162.6 dyn/cm2 along the anterior wall and

FIGURE 3. Comparision of hemodynamic conditions in su-
praceliac and infrarenal aorta under resting and exercise
conditions showing „a… volumetric flow rate, „b… OFI, „c…
mean shear stress, and „d… oscillatory shear index. The dif-
ferences between rest and exercise were all highly statisti-
cally significant „pË0.0005…. Note that, as shown in „b…, the
oscillatory flow index was identically zero in the supraceliac
and infrarenal aorta under exercise conditions.
d

.

f

r

4.762.6 dyn/cm2 along the posterior wall.18 Oyre et al.19

also reported shear stress values in the abdominal a
computed from cine PC–MRI velocity data obtained u
der resting conditions. They report average suprare
shear stress values of 6.360.2 dyn/cm2 and average in-
frarenal shear stress values of 2.860.1 dyn/cm2. We note
that our shear stress values, while higher than those
tained by Mooreet al.15 in vitro and Tayloret al.31 using
computational methods, are lower than the values
ported by Oshinskiet al.18 and Oyreet al.19 using MRI
techniquesin vivo. There are a few possible explanatio
for these differences. First of all, in the present inves
gation, we used a 0.5 T open magnet as opposed to
1.5 T conventional magnets used in previously repor
measurements. Consequently, we had a lower im
resolution in our studies compared to prior investig
tions. Second, we utilized different methods to comp
shear stress in the abdominal aorta from the veloc
data. Our method is based on fitting bicubic Lagran
polynomial functions to the data whereas both Oshin
et al.18 and Oyreet al.19 utilized methods based on linea
curve fits.

Pedersenet al.21 reported flow rates in the infrarena
abdominal aorta immediately following supine low
limb exercise at varying intensity levels. At an exerci
level of 98 W, they reported that mean heart rate
creased from 6567 beats/min at rest to 115
616 beats/min during exercise~conditions roughly com-
parable to the increase in heart rate in the present stu!
and observed an increase in infrarenal abdominal a
flow from 1.460.3 L/min at rest to 6.460.8 L/min dur-
ing exercise. These are similar to our values of 0
60.4 L/min at rest and 5.661.1 L/min during exercise in
the infrarenal aorta.

Note that the ratio of average blood flow rate betwe
exercise and rest is larger than that of average wall sh
stress. From pulsatile flow theory, the average wall sh
stress in a rigid, circular tube is affected only by th
steady component of the flow waveform and therefo
average wall shear stress is linearly proportional to
erage blood flow rate.34 The ratio discrepancy in ourin
vivo data could therefore be due to exercise-rela
changes in lumen size, imaging artifacts, and/or noni
alized flow conditions. We did not observe an increase
the average lumen size of the abdominal aorta from
to exercise. Imaging artifacts, including partial volum
and temporal image blurring effects are more p
nounced during exercise. In the pixels at the edge of
lumen, blood, arterial wall tissue, and external tissue c
all contribute to MR signal. However, since signal fro
the blood is significantly higher than that from oth
tissue for these particular scans, the edge pixels exh
erroneously high magnitude and phase signals. Dur
the exercise acquisitions, greater movement during
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407Abdominal Aorta Blood Flow During Exercise
scan may have caused significant image blurring, furt
exacerbating partial volume effects resulting in less
curate lumen segmentation for the exercise images
compared to the rest acquisitions. While inaccurate
men boundaries do not affect flow quantification sign
cantly due to low velocity values near the lumen ed
they yield artificially low wall shear stresses. This is d
to the fact that on average, the velocity gradient is larg
at the vessel wall, and errors in estimating the position
the wall results in lower wall shear stress. The anti
pated underestimation of wall shear stress at exer
may explain the fact that the ratio of average blood fl
rate between exercise and rest is larger than tha
average wall shear stress. Nonidealized velocity profi
could also explain the flow and wall shear stress ra
discrepancies. In contrast to assumptions required in
satile flow theory, the human abdominal aorta is dist
sible, has branch vessels, and curves and tapers alon
length.

It is also of interest to note that blood flow to th
digestive and renal circulations decreased during e
cise. This is consistent with observations in the exerc
physiology literature, but our results are the first to qua
tify this reduction in flow in vivo during dynamic exer-
cise.

A limitation of this experimental investigation is tha
hemodynamic conditions were characterized at only t
discrete locations in the abdominal aorta. Combin
computer modeling33 and magnetic resonance imagin
studies as well as new cine 3DPC~i.e., four-dimensional!
MRI sequences5 have the potential to provide a mor
complete description of abdominal aortic hemodynam
conditions.

The measured effect of exercise on reducing fl
oscillations, increasing wall shear stress and reduc
shear stress oscillations in the lesion-prone infrare
aorta supports the postulate that exercise provides l
benefit in portions of the vasculature by eliminating h
modynamic conditions known to correlate with the loc
tion of atherosclerotic plaques. It remains to be de
mined whether these acute changes in hemodyna
conditions have an observed long-term effect on vasc
biologic processes hypothesized to be important in inh
iting atherogenesis. Further insights in the effects of
ercise on vascular hemodynamics and resultant biolo
changes could aid in the development of preventive m
sures to combat atherosclerosis.
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