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Assessment of magnetic resonance velocity
mapping of global ventricular function during
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Abstract
Background-Magnetic resonance imag-
ing (MRI) is a versatile technique for
examination ofthe cardiovascular system
but only recently has assessment of
myocardial ischaemia in coronary artery
disease (CAD) become possible, for
example by demonstrating abnormalities
of regional ventricular contraction dur-
ing stress. Global ventricular function
during stress was assessed by MRI of aor-
tic flow, which has not been previously
attempted.
Design-Variables measured by MRI
reflecting the effect of ischaemia on
global ventricular function during
dobutamine stress were correlated with
thallium-201 myocardial perfusion tomo-
graphy.
Patients-10 normal controls and 25
patients with CAD.
Setting-Tertiary cardiac referral centre.
Methods-Novel MRI sequences and
analysis systems were used to measure
the following variables during staged
dobutamine infusion to 20 1uglkglmin:
stroke volume, cardiac output, cardiac
power output, peak flow, peak flow accel-
eration, aortic back flow, and flow wave
velocity. Heart rate, blood pressure, dou-
ble product, and maximum tolerated
dobutamine dose were also measured.
Multiple regression analysis was used to
compare changes during stress with "'"TI
tomography.
Results-All parameters except for stroke
volume and diastolic blood pressure
increased in the controls. In the patients
with CAD a significant relation was
shown between the extent of reversible
ischaemia and the change in peak flow
acceleration (P < 0.00001), peak flow (P =
0.002), cardiac power output (P = 0.036),
maximum dobutamine dose (P = 0.039),
and systolic blood pressure (P = 0.04).
Peak flow acceleration accounted for
58-4% of the variation in reversible
ischaemia, and after allowing for this,
only cardiac power output remained
independently predictive adding a fiw-
ther 4-2% to the model (adjusted r' =
0.626). A decrease in peak flow accelera-
tion with an increase in dobutamine infu-
sion indicated moderate or severe
ischaemia (2 = 10-2, P = 0-017).

Conclusion-MRI may be used to assess
variables of aortic flow during stress,
which includes acceleration with high
temporal resolution. Peak flow accelera-
tion was the most sensitive indicator of
the effect ofischaemia on global ventricu-
lar function.

(Br HeartJa 1995;74:163-170)
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The functional significance of coronary artery
disease (CAD) may be studied by the assess-
ment of myocardial perfusion, regional left
ventricular wall motion, or haemodynamic
variables reflecting global left ventricular ejec-
tion. The prognostic importance of functional
abnormality in CAD is well described,' and at
least equivalent to coronary arteriography."
Magnetic resonance imaging (MRI) is a new
technique for investigating the heart, but
studies in CAD are few, and to date have
involved the assessment of infarction,4
changes in regional ventricular contraction
during dipyridamole5 or dobutamine,6 and
preliminary coronary angiography7 8 and
myocardial perfusion studies.9 Very little work
on global ventricular function during stress
has been performed. The aim of this study
was to develop techniques for measurement of
global ventricular function by MRI and to
examine the effect of ischaemia.
MRI is capable of accurate measurements

of blood flow'0 and could therefore assess
global left ventricular function from variables
of flow in the ascending aorta. Doppler
echocardiography has been used in a similar
manner during dynamic exercise in normal
individuals,"-' and in patients with CAD
with either isometric'4 or dynamic exer-
cise. 1-18 Movement artefact at higher stress
levels has made interpretation difficult, how-
ever, and other attempts have used vasodilata-
tion with dipyridamole, but results have been
conflicting.'9-2' Dynamic exercise in the mag-
net is difficult at present because of move-
ment artefact and space restriction, therefore
for this study we used dobutamine infusion.
As part of this study, velocity mapping which is
capable of measuring aortic acceleration with
high temporal resolution was developed and
applied for the first time in CAD.
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Patients and methods
PATIENTS AND NORMAL PARTICIPANTS
Twenty three of 25 patients with a history of
chest pain who were selected prospectively
from the waiting list for coronary angiography
were men. Mean (range) age was 53-9
(39-65) years, and 10 had previous myocar-
dial infarction (seven inferior, two anterior,
and one apical). No patient had heart failure
and none was receiving diuretics or
angiotensin converting enzyme inhibitors.
Ten normal male volunteers without symp-
toms or signs of CAD were also studied
(mean (range) age 51-0 (33-68) years). There
was no significant difference between the age
and gender of the groups. All patients and
normal volunteers gave informed consent to
the study. The study was approved by the
local committee on ethical approval for
research.

DOBUTAMINE INFUSION
Dobutamine 2 mg/ml was infused into a
peripheral vein using a syringe pump.
Incremental doses of 5, 10, 15, and 20
,ug/kg/min were used for a minimum of 5 min
at each stage, the maximum dose being deter-
mined by chest pain or other intolerable
symptoms, significant arrhythmia, diastolic
blood pressure > 1 10 mm Hg, or systolic pres-
sure >240 mm Hg or <10 mm Hg from a
previous stage. The electrocardiogram (lead
CM5) was monitored continuously and the
blood pressure was measured each minute.

MAGNETIC RESONANCE IMAGING
A Picker International MR2055 scanner oper-
ating at 0 5 T was used to acquire transaxial
spin echo images (echo time 40 ms) through
the superior mediastinum and an oblique
image containing as much as possible of the
aortic arch. Magnetic resonance velocity map-
ping was performed using a cine gradient echo

Figure 1 (A) Spin echo pilot image, (B) gradient echo
image, and corresponding phase maps ((C) velocity
compensated and (D) velocity encoded) in the transverse
plane. The spin echo pilot image was takenfrom a
multislice series used to locate bifurcation of the pulmonary
artery. Gradient echo imaging was performed in the same
plane with interleaving of velocity compensated and
encoded acquisitions. Subtraction ofpixel values in image
(C) from image (D) corrects for random phase variations
in the image andyields the velocity maps seen in fig 2.
(aa, ascending aorta; da, descending aorta; pa,
pulmonary artery; svc, superior vena cava).

Figure 2 Velocity maps calculatedfrom a cine acquired
in the same plane asfig 1. Velocity values are displayed in
a grey scale, with flow towards the head shown in
increasing shades of black, andflow towards the feet in
white. Zero velocity is shown in mid-grey, as seen in the
stationary tissues of the anterior chest wall. The first nine
imagesfrom the 16 in the cine are shown starting top left
and reading across. Note development of the back flow
channel in the medial (left) part of the aortic lumen
adjacent to the pulmonary artery (abbreviations as in
fig 1).

sequence in the transaxial plane perpendicular
to the ascending and descending aorta at the
level of the right pulmonary artery (fig 1).
Field of view was 40 cm, slice thickness 10
mm, flip angle 450, and there were two excita-
tions of 128 phase encoding steps. This tech-
nique has been previously validated in vitro'0
and in vivo22 23 and shown to provide flow
measurements in the aorta with an accuracy
of 5%.
Two acquisitions were performed at each

stage of stress. The first used 16 frames/cycle
and echo time of 6 ms to measure instanta-
neous aortic flow throughout the cycle and to
allow the calculation of stroke volume, cardiac
output, cardiac power output, aortic back
flow, and peak flow (fig 2). The second used
an echo time of 3'6 ms and 15 frames clus-
tered as tightly as possible around the ascend-
ing part of the aortic flow curve, to measure
peak flow acceleration (1/s2) in the ascending
and descending aorta, and the flow wave
velocity between these two points (fig 3). The

Figure 3 Velocity maps calculatedfrom a cine acquired
with 6 ms temporal resolution during systolic ejection. The
format of the images is the same as in fig 2. Nine images
are shown from the 15frame cine. Note occurrence offlow
in the ascending aorta before flow starts in the descending
aorta. Flow in the ascending aorta and pulmonary artery
are contemporaneous (abbreviations as in fig 1).
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Figure 4 Spin echo pilot image in an oblique plane showing the long axis of the thoracic
aorta. The transverse plane is shown as in fig 1. Distance around the aorta was measured
to allow calculation of the flow wave velocity (abbreviations as in fig 1).

distance between the two points was

measured from an oblique spin echo image of
the whole aortic arch (fig 4).

THALLIUM-201 EMISSION TOMOGRAPHY
Patients, but not volunteers, underwent thal-
lium-201 myocardial perfusion emission
tomography using dobutamine infusion24
within three weeks of MRI. Dobutamine was

infused as described and 80 MBq of 201TI was
injected at the maximum tolerated dose.
Emission tomograms were acquired within 5
min of the thallium injection using a large
field of view gammacamera with 32 projec-
tions over 180° and filtered back projection
with reorientation into vertical and horizontal
long axis and short axis planes. Redistribution
images were acquired 3 h later. The estimated
whole body dose from 80 MBq 201TI is 20
mSv.

IMAGE ANALYSIS
Instantaneous flow in the ascending aorta was
calculated at each point in the cardiac cycle
from mean velocity and area. Stroke volume
was calculated from the integral of the instan-
taneous net flow curve (fig 5). Aortic back
flow was calculated from similar curves gener-

Figure 6 Plot ofdata points cakulatedfrom the high
resolution velocity maps in systole with the fitted curve.
Peak flow acceleration was calculatedfrom the zenith of
the derivative curve.

ated only from pixels with retrograde flow (fig
5).23 Cardiac output was derived from the
product of stroke volume and heart rate and
cardiac power output was estimated from the
product of cardiac output and mean blood
pressure (BP), calculated as diastolic blood
pressure plus one third the pulse pressure,

with a correction for the estimated mean

right atrial pressure (RAP) according to the
equation21:

Cardiac power output (W) =

cardiac output (1/min) x
(mean BP - mean RAP) x 0-00222

Flow acceleration was calculated by fitting the
instantaneous flow measurements from the
higher temporal resolution acquisition with a

four harmonic Fourier function and differen-
tiating the fitted curve (fig 6). The time for
the foot of the flow wave to travel between the
ascending and descending aorta was also mea-
sured from these fitted curves and used to
compute flow wave velocity (fig 7).
The thallium tomograms were analysed

visually by dividing the myocardium into nine
segments (anterior, lateral, inferior, septal,
each with apical and basal portions, and the
apex). Activity in each segment was assessed
semiquantitatively using a five point scale
from 0 (absent) to 4 (normal). A change in
score of one or more between stress and redis-
tribution images was defined as redistribution.
Abnormal segments without change or with a

reduction in score were defined as fixed
defects.

25 r

20

Figure 5 Plot of
calculatedflow against
time showing separate
fonvard and retrograde
flows in the ascending
aorta and the netflow
(dotted line). The data
points are calculated by
separating pixels with
posttive and negative
values in the velocity
maps. The area under the
netflow curve represents
the stroke volume.
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Table 1 Mean (SD) haemodynamic values in normal controls duing dobutamine infusion

HR SBP DBP DP SV CO CPO PF PFA FW BF

Dobutamine
(ug/kg/min)

0 65-9 (7-4) 135 (14) 81-8 (11) 8-90 (1-8) 101 (15) 6-7 (1-3) 1-52 (0 43) 29-3 (3 5) 9-2 (1-4) 4-4 (1-1) -16-8 (9 8)
5 79-3 (16) 158 (12) 82-1 (9-1) 12-5 (2.7) 121 (26) 9 3 (2-0) 2 30 (0.55) 42-7 (4 5) 16-8 (3-3) 4 6 (0-86) -17-3 (8-1)
10 95-9 (22) 170 (12) 82-7 (7 5) 16 2 (3-4) 110 (22) 10-3 (1-8) 2-65 (0 54) 48-5 (6 0) 24-5 (4 4) 5 0 (1 1) -18-6 (9-1)
15 115 (22) 172 (15) 82-7 (10) 19-5 (3-4) 97-8 (16) 11-0 (1-3) 2-82 (0-41) 49-7 (4 3) 28-9 (4 3) 5-2 (1-4) -17-9 (5 7)
20 123 (22) 170 (18) 82-3 (13) 20-7 (2 7) 91-4 (14) 11-2 (0 6) 2-87 (0-61) 49-4 (5 8) 30 9 (3-9) 5-4 (1-4) -16-9 (6-1)
F 14-8 10-3 0.01 26-3 3 1 11 1 10-7 28-0 52-0 1-7 0-08
P <0 001 <0-001 0.99 <0-001 0-02 <0-001 <0-001 <0-001 <0-001 0-18 0.99

HR, heart rate (/min); SBP/DBP, systolic/diastolic blood pressures (mm Hg); DP, double product (mm Hg/min x 10-'); SV, stroke volume (ml); CO, cardiac
output (1/min); CPO, cardiac power output (W); PF, peak flow (1/min); PFA, peak flow acceleration (/s2); BF, backflow (ml/cycle); FWV, flow wave velocity (m/s).

Table 2 Mean (SD) haemodynamic values in patients with coronary artery disease during dobutamine infusion

HR SBP DBP DP SV CO CPO PF PFA FWV BF

Dobutamine
(pg/kg/min)

0 65-9 (9 2) 147 (16) 85-5 (7 6) 9 70 (1-7) 92-7 (19) 6-10 (1-5) 1-51 (0 35) 29-7 (5.7) 9-8 (1-4) 4-3 (1-4) -18-9 (11)
5 77-4 (14) 171 (20) 85-3 (12) 13-2 (2 6) 104 (25) 7-78 (2-0) 2-13 (0-51) 41-3 (8-5) 18-7 (3-3) 4-8 (2 0) -21-6 (12)
10 101 (19) 175 (21) 86-9 (12) 17-6 (3 3) 95-2 (20) 9 37 (1-6) 2-60 (0 57) 45-3 (6 6) 24-2 (4 3) 5-5 (2 0) -19 1 (6 2)
15 112 (18) 177 (24) 88-9 (13) 19-8 (3 8) 81-2 (19) 8-94 (1 9) 2-51 (0 66) 45-4 (7 7) 23-6 (4 3) 6-0 (2 9) -19-2 (9 2)
20 119 (19) 182 (21) 88-9 (8 7) 21-6 (4-1) 90 9 (22) 10-6 (2-7) 3 05 (0 93) 50-6 (6 0) 27-8 (3 9) 7 0 (2 8) -16-0 (6 0)
F 34-2 8-25 0 39 41-6 2-77 13-4 15-7 20-5 31-5 4-4 0 53
P <0-001 <0-001 0-82 <0-001 0-032 <0-001 <0-001 <0-001 0-001 0-006 0-72

Abbreviations as given in table 1.

Coronary angiograms were analysed visu-
ally without knowledge of magnetic resonance
or thallium findings. A significant stenosis was
defined as a diameter reduction of more than
50% compared with that of an adjacent nor-
mal segment.

STATISTICAL ANALYSIS
The differences in age between the normal
volunteers and the patients were analysed
using an unpaired t test, and differences of
gender using the x2 test. The distribution of
the number of reversibly ischaemic thallium
segments according to the number of diseased
coronary arteries was analysed using
Spearman's rank correlation coefficient. The
correlation between age and the change from
baseline to peak stress in the haemodynamic
variables was examined using linear regression
analysis. The changes in haemodynamic vari-
ables at each stage of dobutamine infusion
were analysed using analysis of variance with
repeated measures, which treated the dose
levels as unordered factors. The relation
between the change in haemodynamic vari-
ables from baseline to peak stress and the
extent of reversible ischaemia was first exam-
ined by univariate regression analysis and sub-
sequently by a forward stepwise multiple
regression analysis. Comparisons between
variables from baseline to peak stress were
made using the paired t test. Comparisons
between groups with or without a fall in peak
flow acceleration were made with the X2 test.

Table 3 Number ofpatients showing a change in peak flow acceleration between
penultimate andfinal stages ofdobutamine infusion according to the extent of reversible
myocardial ischaemia

Ischaemia None Mild Moderate Severe

Peak flow acceleration increase 10 7 1 2
Peak flow acceleration decrease 2 2 4 5

Number of segments of reversible ischaemia = 0, none; 1/2, mild; 3/4, moderate; >4, severe.
n = 33, X2 = 10-2, P = 0-017.

Results
MEAN HAEMODYNAMIC VARIABLES IN NORMAL
VOLUNTEERS
There were significant rises in heart rate and
double product at each stage of dobutamine
infusion compared with those at baseline
(table 1). There was an increase in systolic
blood pressure but no significant change after
dobutamine 10 ,ug/kg/min. There was no sig-
nificant change in diastolic blood pressure.
Stroke volume increased at dobutamine
5 ,ug/kg/min but thereafter decreased. Cardiac
output and power output increased progres-
sively. Peak flow increased significantly to
10 ,ug/kg/min and there was a substantial and
progressive increase in peak flow acceleration.
There was no significant change in back
flow/cycle but because of the increase in heart
rate there was a significant increase in back
flow/min. In neither case was there a change
in back flow expressed as a proportion of for-
ward flow. There was a small increase in flow
wave velocity, although the change failed to
reach statistical significance.

MEAN HAEMODYNAMIC VARIABLES IN PATIENTS
WITH CORONARY ARTERY DISEASE
The mean haemodynamic response at each
level was complicated by the mixture of
patients for whom each level was either inter-
mediate or maximal (table 2). Of the 23
patients with reversible ischaemia, 23, 21, 16,
and eight patients tolerated 5, 10, 15, and 20
,ug/kg/min of dobutamine respectively. There
were significant changes in all variables except
for diastolic blood pressure. Aortic back
flow/beat did not change but back flow/min
increased with heart rate.

Because of the different responses at each
stage, the mean responses did not differ sig-
nificantly from those of the volunteers for any
variable at any stage of stress, except for flow
wave velocity which was significantly greater
than normal at dobutamine 20 ,ug/kg/min. A
reduction in some of the variables between
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Table 4 Univariate regression analysis of the change in haemodynamic variables against the extent of reversible myocardial ischaemia

HR SBP DBP DP SV CO CPO PF PFA FWV BF Dnax

r -0-19 -0-41 -0-11 -0-32 0-20 -031 -042 -058 -076 -0 03 -0 30 -0-42
t 0-92 2-18 0 55 1-6 0.99 1-58 2-22 3-43 5-69 0-18 1-49 2-19
P 0 37 0 04 0 59 0-12 0 33 0-12 0-036 0-002 <0-00001 0-86 0-15 0 039

Abbreviations as given in table 1, D,,,. maximum tolerated dobutamine dose.

the penultimate and final stages of stress was
however predictive of ischaemia, most signifi-
cantly peak flow acceleration. A decrease in
peak flow acceleration at peak stress was more
common with severe (more than four seg-
ments) or moderate (three to four segments)
ischaemia than with mild ischaemia (one to
two segments) or in normal controls (table 3).
The two patients who tolerated only 5
,ug/kg/min of dobutamine were excluded from
this analysis.

CHANGES IN HAEMODYNAMIC VARIABLES FROM
BASELINE TO PEAK STRESS
Table 4 gives the results of univariate regres-
sion analysis between extent of myocardial
ischaemia and change in each haemodynamic
variable from baseline and peak stress in
patients with CAD. There were significant
correlations for peak flow acceleration, peak
flow, cardiac power output, maximum dose
tolerated, and systolic blood pressure.
Forward stepwise linear regression analysis
showed that the most significant variable was
the change in peak flow acceleration (F =
32-3, r =-0-764, P < 0-00001) which
accounted for 58-4% of the variation in the
extent of reversible ischaemia (table 5). After
allowing for this the only other variable with
independent significance was cardiac power
output (F = 4 7, P = 0 042), but its addi-
tional contribution to the model was only
4-2% (combined adjusted partial r2 = 0 626).
Figure 8 shows the change in peak flow accel-
eration plotted against the extent of reversible
ischaemia. Although there was a good correla-
tion with the extent of reversible ischaemia, it
was not possible in most cases to distinguish
patients with mild reversible ischaemia from
those without ischaemia.

y = 7.3-0-27x
r= -0-76, P < 0-00001

8 _
7 -
6 0

5

4 -
3 -@
2
1

0 4 8 1216202428
Change in peak
flow acceleration

(I/s/s)

Figure 8 Relation
between change in peak
flow acceleration and the
extent of reversible
myocardial ischaemia with
linear regression line.

SIDE EFFECTS OF DOBUTAMINE INFUSION
All volunteers tolerated dobutamine 20
,ug/kg/min but with a variety of minor symp-
toms. Only one volunteer had no side effects.
Skin tingling, particularly of the scalp, was
reported by five participants and thumping in
the chest by three. Palpitation was most pro-
found at low doses in keeping with the pre-
dominantly inotropic effect of dobutamine at
low doses. Premature ventricular contractions
occurred in two individuals and premature
atrial contractions in one. One reported chest
tightness. Other effects included headache
(one), nausea (one), and flushing (one).
Twenty one of the 25 patients with CAD

developed chest pain. Arrhythmia occurred in
11 patients, mainly premature ventricular
contractions (eight patients). Premature atrial
contractions occurred in two patients, ventric-
ular bigeminy in two, and ventricular couplets

in one. Other side effects included tingling in
14 patients, and nausea, dyspnoea, flushing,
and headache in one patient each.

THALLIUM-201 EMISSION TOMOGRAPHY
Reversible ischaemia was demonstrated by
thallium tomography in 23 of 25 patients with
CAD during dobutamine infusion: 22 of
whom had significant CAD. One woman with
angina on effort and an abnormal exercise
electrocardiogram had unequivocal reversible
ischaemia despite normal coronary arteries
and syndrome X was subsequently diagnosed.
There was a correlation between the extent of
the thallium perfusion defect and the number
of diseased coronary arteries (rs = 0 40, P =
0-05) with the mean (range) number of seg-
ments with reversible ischaemia in zero, one,
two, and three vessel disease being 1-7 (0-5),
2-3 (1-5), 3-6 (1-7), and 6-3 (5-7) respec-
tively.

Discussion
MAGNETIC RESONANCE IMAGING IN CORONARY
ARTERY DISEASE
MRI has found useful clinical application in
the heart for congenital heart disease, abnor-
malities of the aorta, and a variety of less com-
mon conditions,26 however, other than the
assessment of resting ventricular function, its
present clinical application to CAD is limited.
Coronary artery imaging is progressing and
the first clinical results are now being
reported,78 while development of MRI of
myocardial perfusion is moving into the clinical
phase.9 More work has been performed in the
assessment of abnormalities of regional ven-
tricular contraction during stress and good
correlation with 201TI imaging has been
shown,56 but there has been little study of the
variables of global ventricular function during
stress with MRI. This is the first study to
apply high temporal resolution velocity map-
ping for measurement of aortic acceleration.

In this study, MRI of normal individuals
established that the technique was feasible
and yielded data on the normal responses to
dobutamine infusion (table 1). Most of the
measured variables increased incrementally
with increasing doses of dobutamine, with the

Table S Forward stepwise multiple regression analysis of
the changes in haemodynamic variables from baseline to
peak stress against the extent of reversible myocardial
ischaemia

Regression Standard
coefficient error p value

Peak flow acceleration -0-25 0-04 <0 00001
Cardiac power output -0-86 0 40 0-042

.-
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main exceptions of diastolic blood pressure
which was unchanged, systolic blood pressure
which rose to a plateau, and stroke volume
which rose and then declined. The group
response of patients with CAD did not show
significant differences from these results
because of the variable dobutamine dose tol-
erated. Therefore, analysis of the change from
baseline to peak stress for each variable was
more useful, and correlation was performed
with the extent of ischaemia, because greater
changes in global ventricular function would
be expected in those with greatest ischaemia.
This analysis showed that peak flow accelera-
tion was the variable most closely correlated
with the extent of reversible myocardial
ischaemia. In addition, when peak flow accel-
eration decreased despite an increasing dose
of dobutamine, moderate or severe ischaemia
was likely to be present. While other variables
were predictive of ischaemia by themselves
(peak flow, cardiac power output, maximum
dobutamine dose, and systolic blood pres-
sure), their significance was low or none in the
multiple regression model after acceleration
was introduced. There was an inverse relation
between the increase in peak flow acceleration
during stress and the extent of ischaemia (fig
8), which suggested that severity of the abnor-
mality may be graded, but there was signifi-
cant scatter and overlap between the normal
response and that of mild ischaemia. This
suggests that acceleration may be insensitive
to low level ischaemia.

ANIMAL STUDIES OF AORTIC ACCELERATION
Acceleration of aortic flow is generated by
ventricular contraction and is related to the
velocity of myocardial shortening,27 which is a
variable reflecting myocardial contractility.
Canine aortic flow studies show that while
inotropic stimulation increases peak flow,
acceleration, and the rate of rise of left ven-
tricular pressure, the largest rise occurs in
acceleration,28 and that larger decreases in
maximum acceleration occur with an earlier
onset than in other variables demonstrating
abnormalities when regional ischaemia is
induced.28 Similar results have been obtained
using other interventions to alter contractil-
ity.29 Doppler echocardiography has been
used to show that peak aortic acceleration is
more closely related to the extent of myocar-
dial ischaemia in dogs than ejection fraction,
peak velocity, and stroke volume.30 The
results of our study are in accord with these
animal data.

PREVIOUS STUDIES OF AORTIC FLOW
ACCELERATION DURING STRESS IN HUMANS
Doppler echocardiography in normal con-
trols"-"3 shows that velocity and acceleration
increase with exercise, although acceleration
is less dependent on postural changes." Peak
acceleration during dynamic exercise in
patients with CAD is more closely correlated
than peak velocity or systolic velocity integral
with the presence of reversible ischaemia
demonstrated either from the electrocardio-
gram'7 or thallium images.'6 Changes in peak

velocity and mean acceleration during isomet-
ric stress have also been shown to correlate
with the severity of angiographic CAD. 14
Other exercise studies have not measured
acceleration.I' 18 There are practical difficul-
ties in measuring aortic flow during dynamic
exercise, however,'6 and pharmacological
intervention has been attempted. During
dipyridamole infusion, differentiation of
patients with CAD from normal individuals
using peak acceleration has been reported,'9
but the results have not been reproduced.202'
The fact that dipyridamole vasodilatation
does not always induce myocardial ischaemia
in patients with CAD suggests that it may not
be as reliable as dobutamine for provoking
functional abnormalities.5 6 There are very few
studies of Doppler echocardiography during
dobutamine infusion for the assessment of
aortic flow. Studies of normal participants"
and patients after myocardial infarction32 have
documented increases in velocity and maxi-
mum acceleration during dobutamine infu-
sion, but the relation of these changes to the
extent of reversible ischaemia has not previ-
ously been studied.

COMPARISON WITH OTHER MEASURES OF
VENTRICULAR FUNCTION
The left ventricular ejection fraction mea-
sured by radionuclide ventriculography is
commonly used to separate ischaemic and
normal responses to exercise," and extensive
ischaemia leads to larger decreases in ejection
fraction.'4 Velocity mapping is unable to
determine the ejection fraction, but peak flow
acceleration and ejection fraction are corre-
lated30 and both show an increase with stress
and a decline with the onset of ischaemia.
Like ejection fraction, depression of resting
peak aortic acceleration after myocardial
infarction is associated with a poor progno-
sis.3' In an invasive haemodynamic study dur-
ing dobutamine infusion in CAD, stroke
volume was the best variable for detecting
ischaemia, but acceleration was not mea-
sured.'6 The stroke volume rose in patients
without ischaemia, but rose and then
decreased in those with ischaemia. In our
study, stroke volume rose significantly at
dobutamine 5 ,ug/kg/min in normal controls
and patients with CAD, but thereafter it
decreased in each group such that it was
below the baseline level at 15 and 20
,ug/kg/min. It is difficult to explain this differ-
ence and both studies were conducted with
the patient supine. Others, however, have also
shown that stroke volume is an insensitive
measure of ischaemia.30

AORTIC BACK FLOW AND FLOW WAVE
VELOCITY DURING STRESS
These two variables have been little studied
during stress for a possible role in the assess-
ment of CAD. Aortic back flow is normally
directed towards the left and right coronary
sinuses with approximately 70% towards the
left and may be important for coronary flow.23
Back flow is reduced and often directed
towards the non-coronary sinus in CAD.'7

168
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://heart.bm
j.com

/
B

r H
eart J: first published as 10.1136/hrt.74.2.163 on 1 A

ugust 1995. D
ow

nloaded from
 

http://heart.bmj.com/


Assessment of magnetic resonance velocity mapping ofglobal ventricularfiunction during dobutamine infusion in coronary artery disease

Back flow is much greater than coronary flow
and the majority recirculates in the ascending
aorta. Coronary flow increases during stress
but our finding that back flow does not
increase during stress suggests that changes in
back flow are unlikely to be directly related to
coronary flow, because of the large back flow
recirculation. Aortic flow wave velocity is a
measure of the speed of propagation of the
flow and pressure waves. It is influenced by
compliance of the wall and hence it is
increased in a stiff vessel such as those found
with increasing age and in patients with
CAD.'5 Our results indicate that flow wave
velocity is not helpful in the assessment of
myocardial ischaemia, although there was a
small difference between normal volunteers
and patients with CAD at dobutamine 20
,ug/kg/min. This difference may be related to
either higher systolic blood pressure in
patients with CAD or differences in ,6 receptor
density after previous ,B blockade.

COMPARISON OF MRI WITH OTHER
MEASUREMENT TECHNIQUES
MRI and Doppler echocardiography do not
measure exactly the same variables. MRI
measures flow directly with simultaneous area
and mean flow measurements of the vessel,
while Doppler yields a velocity distribution
from which flow may be estimated.
Differences in the results between the tech-
niques are therefore to be expected. One
advantage ofMRI is no limitation by acoustic
windows. The temporal resolution of these
two techniques is comparable (MRI 6 ms v
echocardiography 4 Ms'7). MRI may be
directly sensitised to acceleration rather than
velocity, but this considerably lowers tempo-
ral resolution. MRI has much higher resolu-
tion and lack of ionising radiation than
radionuclide ventriculography. The present
disadvantages of MRI include lack of accessi-
bility, expense, and duration of the study,
though fast imaging sequences will lead to
improvement.

LIMITATIONS OF THIS STUDY
This feasibility study of MRI for the assess-
ment of global ventricular function during
stress shows potential, but any clinical appli-
cation would require further research. There
is controversy over the dependence of acceler-
ation on preload, afterload, and other haemo-
dynamic variables which might confound its
use clinically. Early studies suggested that
peak acceleration was relatively insensitive to
preload and afterload17 31 but this has not been
confirmed.39 Other markers of global ven-
tricular function, however, such as ejection
fraction, are also dependent on loading condi-
tions and this has nevertheless found wide-
spread clinical use.
The effect of age on peak acceleration may

also interfere with interpretation. Resting
peak acceleration in the ascending aorta
decreases with age, probably as the aorta
dilates,42 although most change occurs early in
life and there are wide confidence intervals for
the mean values.43 Peak acceleration during

exercise also declines with age, however,44 and
thus reasonably stable values of the change
between rest and stress might be expected.
Although this study is not sufficiently large to
confirm this, no relation could be demon-
strated between age and change in peak flow
acceleration in normal controls.
The control group used in this study was

less than ideal because of the relatively limited
investigations regarding the absence of coro-
nary artery disease other than history and
examination. Any covert ischaemia would be
expected to dilute the differences observed
between patients and normal controls.
Comparison between controls and patients
was associated with low statistical power
because of the small number of normal volun-
teers. In addition, segmental analysis of
ischaemia used in multiple regression analysis
hindered interpretation of the predictive value
of the haemodynamic variables, and there was
considerable variation in the change in peak
flow acceleration compared with that in the
extent of ischaemia. It is important to note,
however, that this study was primarily
designed to investigate the feasibility of aortic
flow imaging during dobutamine stress as a
new technique, and while the promising
results do not suggest that such a test could be
used clinically at present, they are sufficiently
encouraging to indicate that further more
refined studies might be rewarding.

Victor Aber, statistician at the Medical Research Council, and
Roger A'Hem at the Royal Marsden Hospital advised on the
statistical methods used. We thank Marjorie Watson,
Elizabeth Burman, and Permi Jhooti for general support. This
study was conducted with the aid of grants from The Medical
Research Council, London, UK, The Coronary Artery
Disease Research Association, London, UK, and Amersham
International plc, Buckinghamshire, UK.

1 Brown KA. Prognostic value of thallium-201 myocardial
perfusion imaging. A diagnostic tool comes of age.
Circulation 1991;83:363-81.

2 Gibson RS, Watson DD, Craddock GB, Crampton RS,
Kaiser DL, Denny MJ, et al. Prediction of cardiac events
after uncomplicated myocardial infarction: a prospective
study comparing predischarge exercise thallium-201
scintigraphy and coronary angiography. Circulation
1983;68:321-36.

3 Kaul S, Finkelstein DM, Homma S, Leavitt M, Okada
RD, Boucher CA. Superiority of quantitative exercise
thallium-201 variables in determining long term progno-
sis in ambulatory patients with chest pain: a comparison
with cardiac catheterisation. JAm Coll Cardiol 1988;12:
25-34.

4 van der Wall EE, van Dijkman PRM, de Roos A,
Doornhos J, van der Laarse A, Cats VM, et al.
Diagnostic significance of gadolinium-DTPA (diethylen-
etriamine penta-acetic acid) enhanced magnetic reso-
nance imaging in thrombolytic treatment for acute
myocardial infarction: its potential in assessing reperfu-
sion. Br Heart _F 1990;63:12-7.

5 Pennell DJ, Underwood SR, Ell PJ, Swanton RH, Walker
JM, Longmore DB. Dipyridamole magnetic resonance
imaging: a comparison with thallium-201 emission
tomography. Br HeartJ_ 1990;64:362-9.

6 Pennell DJ, Underwood SR, Manzara CC, Ell PJ,
Swanton RH, Walker JM, et al. Magnetic resonance
imaging during dobutamine stress in coronary artery dis-
ease. Am _J Cardiol 1992;70:34-40.

7 Manning WJ, Li W, Edelman RR. A preliminary report
comparing magnetic resonance coronary angiography
with conventional angiography. N Engl J Med 1993;
328:828-32.

8 Pennell DJ, Keegan J, Firmin DN, Gatehouse PD,
Underwood SR, Longmore DB. Magnetic resonance
imaging of coronary arteries: technique and preliminary
results. BrHeartJ1 1993;70:315-26.

9 Schaefer S, van Tyen R, Saloner D. Evaluation of myocar-
dial perfusion abnormalities with gadolinium enhanced
snapshot MR imaging in humans. Radiology 1992;185:
795-801.

10 Kilner PJ, Firmin DN, Rees RSO, Martinez JE, Pennell
DJ, Mohiaddin RH, et al. Valve and great vessel stenosis:
assessment with magnetic resonance jet velocity map-
ping. Radiology 1991;178:229-35.

169
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://heart.bm
j.com

/
B

r H
eart J: first published as 10.1136/hrt.74.2.163 on 1 A

ugust 1995. D
ow

nloaded from
 

http://heart.bmj.com/


Pennell, Firmin, Burger, Yang, Manzara, Ell, et al

11 Daley PJ, Sagar KB, Wann LS. Doppler echocardio-
graphic measurement of flow velocity in the ascending
aorta during supine and upright exercise. Br Heart Jf
1985;54:562-7.

12 Gardin JM, Kozlowski J, Dabestani A, Murphy M,
Kusnick C, Allfie A, et al. Studies of Doppler aortic flow
velocity during supine bicycle exercise. Am J7 Cardiol
1986;57:327-32.

13 Marx GR, Hicks RW, Allen HD. Measurement of cardiac
output and exercise factor by pulsed Doppler echocar-
diography during supine bicycle ergometry in normal
young adolescent boys. J7 Am Coll Cardiol 1987;10:
430-4.

14 Fisman EZ, Ben-Ari E, Pines A, Drory Y, Shiner RJ,
Motro M, et al. Pronounced reduction of aortic flow
velocity and acceleration during heavy isometric exercise
in coronary artery disease. Am J Cardiol 1991;68:
485-91.

15 Bryg RJ, Labovitz AJ, Mehdirad AA, Williams GA,
Chaitman BR. Effect of coronary artery disease on
Doppler derived parameters of aortic flow during
upright exercise. Am J Cardiol 1986;58:14-9.

16 Harrison MR, Smith MD, Friedman BJ, DeMaria AN.
Uses and limitations of exercise Doppler echocardiogra-
phy in the diagnosis of ischaemic heart disease. Jf Am
Coll Cardiol 1987;10:809-17.

17 Mehta N, Bennett D, Mannering D, Dawkins K, Ward
DE. Usefulness of noninvasive Doppler measurement of
ascending aortic blood velocity and acceleration in
detecting impairment of the left ventricular functional
response to exercise three weeks after acute myocardial
infarction. Am J Cardiol 1986;58:879-84.

18 Mehdirad AA, Williams GA, Labowitz AJ, Bryg RJ,
Chaitman BR. Evaluation of left ventricular function
during upright exercise: correlation of exercise Doppler
with postexercise 2-dimensional echocardiographic
results. Circulation 1987;75:413-9.

19 Labowitz AJ, Pearson AC, Chaitman BR. Doppler and
two-dimensional echocardiographic assessment of left
ventricular function before and after intravenous dipyri-
damole stress testing for detection of coronary artery dis-
ease. AmJf Cardiol 1988;62:1180-5.

20 Grayburn PA, Popma JJ, Pryor SL, Walker BS, Simon TR,
Smitherman TC. Comparison of dipyridamole-Doppler
echocardiography to thallium-201 imaging and quantita-
tive coronary arteriography in the assessment of coro-
nary artery disease. AmJ Cardiol 1989;63:1315-20.

21 Mazeika P, Nihoyannopoulos P, Joshi J, Oakley CM.
Evaluation of dipyridamole-Doppler echocardiography
for detection of myocardial ischemia and coronary artery
disease. Am JX Cardiol 1991;68:478-84.

22 Firmin DN, Nayler GL, Klipstein RH, Underwood SR,
Rees RSO, Longmore DB. In vivo validation of MR
velocity imaging. J ComputAssist Tomogr 1987;11:751-6.

23 Bogren HG, Klipstein RH, Firmin DN, Mohiaddin RH,
Underwood SR, Rees RSO, et al. Quantitation of ante-
grade and retrograde blood flow in the human aorta by
magnetic resonance velocity mapping. Am Heart J 1989;
117:1214-22.

24 Pennell DJ, Underwood SR, Swanton RH, Walker JM, Ell
PJ. Dobutamine thallium myocardial perfusion tomogra-
phy.jAm Coil Cardiol 1991;18: 1471-9.

25 Tan LB, Littler WA. Measurement of cardiac reserve in
cardiogenic shock: implications for prognosis and man-
agement. Br HeartjY 1990;64: 121-8.

26 Mohiaddin RH, Longmore DB. Functional aspects of car-
diovascular magnetic resonance imaging. Techniques
and application. Circulation 1993;88:264-81.

27 Sonnenblick EH, Ross J, Covell JW, Kaiser GA,
Braunwald E. Velocity of contraction as a determinant

of myocardial oxygen consumption. Am J Physiol 1965;
209:919-27.

28 Noble MI, Trenchard D, Guz A. Left ventricular ejection in
conscious dogs: 1. Measurement and significance of the
maximum acceleration of blood from the left ventricle.
Circ Res 1966;19:139-47.

29 Nutter DO, Noble RJ, Hurst VW. Peak aortic flow and
acceleration as indices of ventricular performance in the
dog. J7 Lab Clin Med 1971;77:307-18.

30 Sabbah HN, Przybylski J, Albert DE, Stein PD. Peak aortic
acceleration reflects the extent of left ventricular
ischemic mass at risk. Am HeartJ 1987;113:885-90.

31 Bennett ED, Barclay SA, Davis AL, Mannering D, Mehta
N. Ascending aortic blood velocity and acceleration
using Doppler ultrasound in the assessment of left ven-
tricular function. Cardiovasc Res 1984;18:632-8.

32 Mannering D, Cripps T, Leech G, Mehta N, Valantine H,
Gilmour S, et al. The dobutamine stress test as an alter-
native to exercise testing after acute myocardial infarc-
tion. BrHeartJ 1988;59:521-6.

33 Borer JS, Bacharach SL, Green MV, Kent KM, Epstein
SE, Johnston GS. Real-time radionuclide cineangiogra-
phy in the noninvasive evaluation of global and regional
ventricular function at rest and during exercise in
patients with coronary artery disease. N Engl j7 Med
1977;296:839-44.

34 DePace NL, Iskandrian AS, Hakki A, Kane SA, Segal BL.
Value of the left ventricular ejection fraction during exer-
cise in predicting the extent of coronary artery disease. I
Am Coil Cardiol 1983;1: 1002-10.

35 Jewitt D, Gabe I, Mills C, Maurer B, Thomas M,
Shillingford J. Aortic velocity and acceleration measure-
ments in the assessment of coronary heart disease. Eurj
Cardiol 1974;1:209-305.

36 Pierard LA, Berthe C, Albert A, Carlier J, Kulbertus HE.
Haemodynamic alterations during ischaemia induced by
dobutamine stress testing. Eur Heartj 1989;10:783-90.

37 Bogren HG, Mohiaddin RH, Klipstein RK, Firmin DN,
Underwood SR, Rees RSO, et al. The function of the
aorta in ischemic heart disease: a magnetic resonance
and angiographic study of aortic compliance and blood
flow patterns. Am HeartJ 1989;118:234-47.

38 Mohiaddin RH, Firmin DN, Longmore DB. Age related
changes of human aortic flow wave velocity measured
non-invasively by magnetic resonance imaging. J7 Appl
Physiol 1993;47:492-7.

39 Harrison MR, Clifton D, Berk MR, DeMaria AN. Effect
of blood pressure and afterload on Doppler echocardio-
graphic measurements of left ventricular systolic func-
tion in normal subjects. Am Jf Cardiol 1989;64:905-8.

40 Harrison MR, Clifton D, Sublett KL, DeMaria AN. Effect
of heart rate on Doppler indexes of systolic function in
humans. JAm Coll Cardiol 1989;14:929-35.

41 Bedotto JB, Eichhorn EJ, Grayburn PA. Effects of left ven-
tricular preload and afterload on ascending aortic blood
velocity and acceleration in coronary artery disease. Am Jf
Cardiol 1989;64:856-9.

42 Gerstenblith G, Frederiksen J, Yin FC, Fortuin NJ,
Lakatta EG, Weisfeldt ML. Echocardiographic assess-
ment of a normal aging population. Circulation 1977;56:
273-8.

43 Van Dam I, Heringa A, de Boo T, Alsters J, van Oort A,
Hopman J, et al. Reference values for pulsed Doppler
signals from the blood flow on both sides of the aortic
valve. EurHeartJ 1987;8:1221-8.

44 Lazarus M, Dang T, Gardin JM, Henry WL. Evaluation of
age, gender, heart rate and blood pressure changes and
exercise conditioning on Doppler measured aortic blood
flow acceleration and velocity during upright treadmill
testing. Am 7 Cardiol 1988;62:439-43.

170
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://heart.bm
j.com

/
B

r H
eart J: first published as 10.1136/hrt.74.2.163 on 1 A

ugust 1995. D
ow

nloaded from
 

http://heart.bmj.com/

