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ABSTRACT
The purpose of the study was to investigate the potential of magnetic resonance imaging (MRI) to
assess transmural differences in myocardial perfusion. Contrast-enhanced MRI was performed at rest
and during hyperemia in a dog model and in 22 patients with single-vessel coronary artery disease.
From MR signal intensity-versus-time curves, three perfusion parameters were derived: maximum
myocardial contrast enhancement (MCE), slope, and inverse mean transit time (I/MlT)).In dogs,
MCE correlated well (r = 0.87, p < 0.00001) with microsphere-assessed myocardial bloodjow. In
the patients, the subendocardial MCE decreased during hyperemia (0.89 2 0.18 vs. 0.74 +- 0.15, p
< 0.003) and was lower in subendocardium than in subepicardium (0.74 +: 0.15 vs. 0.84 2 0.21, p <
0.02). Parameters slope and I/MlT paralleled MCE. Contrast-enhanced MRI reflects the transmural
redistribution of myocardial perjhsion during hyperemia. Perfusion abnormalities can be identiJ5ed
most distinctly in subendocardial myocardium.
KEY WORDS: Gadolinium-DTPA; Magnetic resonance imaging; Myocardial perfusion.

INTRODUCTION

of its functional consequences on myocardial perfusion
(1,2). Therefore, perfusion imaging techniques are often
used to obtain additional information on myocardial perfusion.
ZolThallium- and 99technetium-scintigraphy have
proven their clinical value but are limited by their spatial

Although coronary angiography (CAG) is the current
gold standard in the management of patients with coronary artery disease (CAD), the anatomic seventy of a coronary artery stenosis is not always an adequate indicator
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resolution and relatively low specificity (3,4). Positron
emission tomography has better spatial resolution and
allows quantification of myocardial perfusion (5). The
availability of this technique for routine clinical use,
however, is limited.
Magnetic resonance imaging (MRI) allows evaluation
of myocardial perfusion with relatively high spatial and
temporal resolution (6-8). Fast MRI techniques (9,lO)
allow imaging the first-pass of an MR contrast agent (1 1)
after bolus injection. These techniques have been shown
to visualize abnormalities in myocardial perfusion ( 1218) and enable derivation of perfusion-related parameters
such as maximum contrast enhancement and slope of the
wash-in curve of the contrast agent. Abnormalities in these
parameters have been reported in patients with myocardial
infarction and patients with a >90% coronary artery stenosis at rest and during dipyridamole stress (12- 18).
Kinetic modeling provides more quantitative estimates of myocardial perfusion (19-23). For example, indicator dilution theory (24) describes the relation between myocardial blood flow (F), volume (V), and the
mean transit time (MTT) of the contrast agent through
the myocardium, according to the equation l/MTT = F/
V. This relation between 1/MTT and myocardial blood
flow was previously confirmed in an experimental MRI
study (25). We previously showed methodologic requirements for the first-pass MRI approach in humans (26)
and demonstrated the agreement of first-pass MRI and
20'thalliumsingle photon emission computed tomography
in patients with single-vessel CAD and in patients with
myocardial infarction (17,18).
The first manifestations of myocardial hypoperfusion
caused by a coronary stenosis predominantly occur in the
subendocardial layer of the myocardium (27,28). Therefore, the detection of CAD might be enhanced if MRI
allowed imaging of differences in transmural myocardial
perfusion.
The aim of the present study was to investigate the
feasibility of quantification of myocardial perfusion parameters and to localize perfusion abnormalities in three
circumferential layers of the myocardium in a dog model
and in patients with single-vessel CAD.

METHODS
Dog Studies
Animal studies were carried out at the University of
Minnesota with protocols adhering to the guidelines established in Position of the American Heart Association
on Research Animal Use. Three dogs were surgically in-

strumented as described elsewhere (25) by inserting catheters in the left ventricle and ascending aorta (for pressure
monitoring), the left atrium (for injection of microspheres
and MR contrast agent), and the femoral vein (for administration of dipyridamole). Partial occlusions were induced by a hydraulic occluder placed around the left antenor descending (LAD) coronary artery proximal to a
Doppler flowmeter used for verification of the intervention. Microspheres for blood flow measurements were injected to validate retrospectively the severity of the occlusions. Microsphere injection protocol and blood flow
calculations were performed as previously described
(25).
Dipyridamole was administered intravenously (0.8
mg/kg) for a period of 2 min to create maximum coronary dilatation. Two to 4 min later, a bolus of gadolinium-DTPA (Gd-DTPA, Schering AG Germany, 0.05
mmol/kg) was injected into the left atrium, during the
maximum vasodilatory state. Nine first-pass MRI acquisitions were performed in three dogs at basal, midventricular, and apical short-axis planes. Imaging was performed under various conditions. In dog 1, imaging was
done during dipyridamole, without stenosis. In dog 2, imaging was also done during dipyridamole. The occluder
was inflated until a moderate stenosis was induced at an
intracoronary pressure of 65 mm Hg. In dog 3, imaging
was done at rest after introduction of a severe stenosis
(intracoronary pressure, 35 mm Hg). After completion of
the microsphere and MRI protocol, dogs were killed and
their hearts excised for subsequent microsphere flow
analysis.

Patients
The study population consisted of 22 patients (17 men
and 5 women, aged 56 ? 11 yr, range 32-76 yr) with
chest pain. All patients gave their informed consent for
participation in the study, according to the ethical standards of the committee on human research of the Free
University Hospital. Patients were referred for diagnostic
cardiac catheterization after either a previous positive exercise test or an episode of unstable angina with subsequent hospital admission. At CAG, all patients had significant single-vessel CAD (>70% luminal diameter
stenosis). The stenosis location was the LAD in 13 patients, the left circumflex (LCx) in 2, and the right coronary artery (RCA) in 7 patients. All had normal left ventricular volumes and systolic function as assessed by left
ventriculography or routine echocardiography. Patients
were all in sinus rhythm and had no valvular heart disease, diabetes mellitus, left ventricular hypertrophy or
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pathologic Q waves on electrocardiogram (ECG), or
other clinical evidence of previous myocardial infarction.
The clinical characteristics of the patient group are listed
in Table 1. Nitrates and calcium antagonists were discontinued 24 hr before the MR study. Patients were requested to refrain from consuming xanthine-containing
foods and beverages in the 24 hr before the MR study.
Eleven patients underwent additional quantitative CAG
2 hr after the MRI protocol.

MRI Protocol
In the patients, a 6-French intravenous catheter (Cordis, Roden, The Netherlands) was introduced toward the
right atrium. In patients 1 to 11, this was achieved
through an antecubital vein, and right atrial position was
checked by intracardiac ECG electrode or estimated from
remaining catheter length. In patients 12 to 22, the catheter was introduced via the right femoral vein and right
atrial position was verified by fluoroscopy. Breathholding
was practiced before the MR study. MR acquisition was

done on either a 1.5-T system (dogs and patients 1 to 11,
Siemens AG, Erlangen, Germany) with a Helmholtz coil
or a 1.0-T system (patients 12 to 22, Siemens) with quadruple phased array coil, within 4 weeks of cardiac catheterization. A double-oblique short-axis plane (slice thickness, 10 mm) was imaged at the midpapillary muscle
level because it represents all perfusion territories of the
three major coronary arteries. The inversion time (TI)
was adjusted to null the signal from the myocardium (TI,
75-175 msec). A turbo-fast low-angle single-shot sequence (8) with a 180-degree inversion pulse was applied
(TR 4.8 msec, TE 2 msec, excitation angle 10 degrees,
field of view 2502 or 3002 mm2,matrix size 90 X 128).
resulting in an in-plane resolution of approximately 3 X
2 mm2. Forty-five ECG-triggered images were obtained
in supine position (one every heartbeat) during breathholding. A bolus of 0.03 mmol/kg of Gd-DTPA was
injected with a hand injector at the fifth heartbeat after
the start of imaging to allow imaging of a steady-state
baseline situation. First-pass images were acquired before and after intravenous dipyridamole (0.56 mg/kg, ad-

Table 1
Clinical Characteristics

Patient
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

17
18
19

20
21
22

Age
(yr)/Sex
45 M
63 M
69 M
67 F
32 M

44M
76 F
51 F
59 M
36 M
59 M
51 M
50 M
51 M
69 M
56 M
61 F
55 M
51 M
59 M
73 F
51 M

Affected Vessel
(visual % diameter
stenosis of CAG)
RCA 90-99
RCA 90-99
LAD 70-90
LCX 70-90
LAD 90-99
LAD 90-99
LAD 90-99
LAD 90-99
LAD 70-90
RCA 90-99
LAD 90-99
LAD 99
LAD 90-99
LAD 90-99
RCA 99
LCX 99
LAD 90-99
RCA 90-99
RCA 70-90
LcX 90-99
RCA 70-90
LAD 70-90

-I+. negative/positive test result; n.a., not available.

X-ECG
n.a.

+
n.a.
+
+
+
n.a.
+
+
+
n.a.
+
+
+
+
+
-

+
+

Minimal Luminal
Stenosis Area (QCA)
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
ma.
n.a.
79
98
95
99
89
89
99
95
65
87
89
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ministered intravenously for a period of 4 min). Before
stress imaging, the myocardium was nulled again.

Flow Data Analysis
Microsphere flow values were obtained in six radial
segments of the myocardium. Each segment yielded separate values for subendocardial, mesocardial, and subepicardial myocardium.

MRI Data Analysis
First-pass MR images of canine and patient studies
were analyzed off-line on a workstation (SUN Microsystems, Mountain View, CA) (18). Myocardial contours
were drawn on the short-axis image with maximum myocardial contrast enhancement (MCE). The contours were
propagated to the other images while adjusting for occasional shifts in heart position. Using custom software, the
myocardium was divided in 30 radii (of 12 degrees each)
that were subdivided in three circumferential (subendocardial, mesocardial, and subepicardial) layers of equal
thickness. For every Gd-DTPA injection, myocardial signal intensity (S1)-time curves were obtained.
If any extra systole was present during imaging, this
was noted. During analysis, images with sudden change
in SI that could not possibly be due to contrast agent were
rejected from analysis. Such a beat-to-beat change could
also easily be identified in the SI-time curve.
To obtain information about the input function, an
additional region was drawn in the left ventricular cavity,
yielding a left ventricular SI-time curve. A nonlinear,
least-squares, gamma variate curve fit (29) was applied
to the first circulation data points of the SI-time curves.
From each curve fit, perfusion parameters MCE,
slope, and l/MTT were derived. To account for differences in input function, left ventricular MTT was subtracted from the measured MTT, yielding input-corrected
myocardial MTT (30). A 10-point filter was applied to
smooth the effect of occasional outliers, and the perfusion
parameters were displayed in a circumferential profile
plot.
To match with the microsphere data (obtained from
six radial segments subtending three myocardial layers
each), circumferential profiles (containing 30 radii) of the
canine perfusion parameters were condensed into six corresponding radial segments. This was achieved by averaging five radii. In this way, each myocardial layer could
be compared separately.
In the patients, the coronary artery distribution was
projected on to the short-axis myocardium according to
the following classification, where 0 degrees represents

the three o’clock position and degrees are counted clockwise: LAD, 150-315 degrees; LCx, 315-360 degrees
and 0-45 degrees; and RCA, 45-150 degrees. The shortaxis myocardium was thus divided in normal and abnormal perfusion beds. The three contiguous regions in
the center of the perfusion bed that was perfused by a
stenosed vessel were defined as abnormal myocardium.
Normal myocardium was defined as the three contiguous
myocardial regions in the center of the normal perfusion
bed.
Microsphere flow values were expressed in two ways:
1. As the flow in the abnormal perfusion bed relative
to normal myocardium, the abnormahormal (A/
N) ratio. (This was also done for the acquisitions
where no LAD stenosis was induced to obtain
control values);
2. As the flow in the subendocardium relative to the
subepicardium, the subendocardial/subepicardial
(endo/epi) ratio.
MR perfusion parameters were presented accordingly.

Quantitative Coronary Angiography
CAG was performed approximately 2 hr after the
completion of the MRI protocol. No prernedication was
given. Using hand injections of 5 to 10 ml of ionic contrast material (Hexabrix, Guerbet, The Netherlands), the
stenosis in the coronary artery was visualized in at least
two projections. In 11 patients, maximum stenosis severity was measured and compared with the reference diameter of the stenotic vessel (i.e., a computer-derived reconstruction of the original arterial dimensions at the site of
the obstruction).

Statistical Analysis
All data are expressed as means t SD. A least-squares
correlation technique was used in the analysis of myocardial blood flow and MR parameters in dogs. Linear regression analysis was performed in the comparison of
microsphere values with MR parameters and in the comparison between quantitative angiography and MRI perfusion parameters. Differences in ratios of MR perfusion
parameters were analyzed by paired Student’s t-test.

RESULTS
Dog Studies
One hundred sixty-two segmental values of myocardial blood flow were obtained and compared with corre-
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sponding MR perfusion parameters. A/N ratios of myocardial blood flow and A/N ratio of MCE correlated well
(overall correlation r = 0.87, p < 0.00001; Fig. lA), and
this relation was similar in all three layers of the myocardium (Fig. 1, B-D). The overall correlations with A/N
ratios of slope and l/MTT were 0.74 ( p < 0.0001) and
0.85 ( p < 0.0001), respectively.

A/N ratio MCE

The ratios of subendocardial and subepicardial flow
(the endo/epi ratios) were calculated and compared with
the MRI parameters. Figure 2 shows the overall relation
between these ratios (overall correlation r = 0.73, p <
0.001; Fig. 2A) and the separate correlations in normal
myocardium ( r = 0.65, p = 0.056; Fig. 2B) and in abnormal myocardium ( r = 0.93, p < 0.001; Fig. 2C).
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Figure 1. Relation between relative myocardial blood flow (microsphere blood flow [MSF], assessed by radiolabeled microspheres)
and relative maximum MCE (assessed by MFU) in nine dog studies. The A/N ratio represents the ratio of values obtained from
abnormal and normal perfusion beds, respectively. (A) Overall, (B) subendocardium (endo), (C) mesocardium (mid), and (D) subepicardium (epi). A/N ratios in controls were calculated analogous to A/N ratios in dogs with a coronary artery stenosis. Solid lines
represent the correlation, and the dotted lines represent the 95% confidence intervals.
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Figure 3. Example of midventricular short-axis images in a
patient with a 99% RCA stenosis during maximum contrast enhancement, before (A) and after (B) dipyridamole. After dipyridamole, a perfusion defect is visible in the inferior wall.
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Figure 2. Relation between relative myocardial blood flow
(microsphere blood flow [MSF], assessed by radiolabeled microspheres) and relative maximum MCE (assessed by MRI) in
the normal and abnormal canine myocardium. The endolepi ratio represents the ratio of values obtained from endocardium
and epicardium, respectively. (A) Overall, (B) normal myocardium, and (C) abnormal myocardium. Note that four data points
are within normal limits, three of which result from control acquisitions where no stenosis was induced and one of which results from an acquisition in a basal slice of a dog with severe
stenosis at rest. In this case, the perfusion abnormality may have
been situated at a more distal level.
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The overall correlation with endo/epi ratios of slope and
l/MTT was 0.67 ( p < 0.003) and 0.79 ( p < 0.0002),
respectively.

A/N ratio MCE

p c 0.003
I

1

pco.02

T T T

1.o

T

0.8

Patient Studies

0 END0
S MID

0.6
0.4

During dipyridamole, heart rate increased from
58.5 2 10.4 to 72.4 2 13.6 ( p < 0.001). Mean arterial
pressure was 95.4 2 13.9 and 95.3 2 15.3 mm Hg, respectively. Ten patients had anginal complaints during
dipyridamole, which spontaneously disappeared without
the need for aminophylline. Figure 3 shows an example
of a perfusion defect during dipyridamole in a patient
with a 90-99% diameter stenosis in the right coronary
artery. The circumferential profiles of MR perfusion parameters in this patient (Fig. 4) show a dipyridamoleinduced decrease in regional values of the respective MR
perfusion parameters in the perfusion bed of the RCA.

EPI

0.2
0.0

REST

DIPY

Figure 5. The A/N of MRI perfusion parameter MCE at the
three transmural levels in the patient group. MCE in subendocardial myocardium decreased during dipyridamole (DIPY)
and was lower than in subepicardial myocardium, indicating
dipyridamole-induced subendocardial hypoperfusion.

0.74 2 0.15 ( p < 0.003; Fig. 5). There were no significant transmural differences in A/N ratios at rest. During
dipyridamole, the A/N ratio of MCE in subendocardial
myocardium was lower than in subepicardial myocardium (0.74 2 0.15 vs. 0.84 ? 0.21, p < 0.02; Fig. 5).
A/N ratios of MCE, slope, and l/MTT are listed in

Relative Values of Flow Parameters
The A/N ratio of MCE in endocardial regions at rest
was 0.89 ? 0.18 and decreased during hyperemia to
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Figure 4. Example of the circumferential profiles of MCE, slope, and l/MTT in the same as in patient Fig. 3 in the three myocardial
layers, at rest and after dipyridamole. The perfusion bed of the RCA is situated between 45 and 150 degrees.
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Table 2
Ratios of Perfusion Parameters in Abnormal and Normal Myocardium
Rest

AIN Ratios
MCE
Slope
1/MTT

Stress

ENDO

MID

EPI

ENDO

MID

EPI

0.89 t 0.18
0.84 t 0.22
0.94 t 0.15

0.90 ? 0.19
0.86 2 0.20
0.95 t 0.16

0.93 t 0.25
0.89 t 0.31
0.96 +- 0.20

0.74 t 0.15*t
0.64 ? 0.18$$
0.80 2 0.211"1[

0.79 +- 0,15
0.72 t 0.16
0.85 t 0.13

0.84 +- 0.21
0.79 t 0.21
0.88 ? 0.21

* p < 0.003 pre vs. post; t p < 0.02 endo vs. epi; $ p < 0.002 pre vs. post; 5 p <: 0.008; 11 p < 0.002 pre vs. post; s [ p = 0.12 endo vs. epi.
ENDO, endocardium; MID, mesocardium; EPI, epicardium.
Table 2. Results were not different between the groups
imaged at 1.O and 1.5 T.

Transmural Distribution of
Flow Parameters
Under resting conditions, the endolepi ratio of MCE
in normal myocardium was 1.25 2 0.29 and in the abnormal myocardium, 1.18 & 0.18 (NS). During stress, these
ratios decreased to 1.08 2 0.23 (NS, pre- vs. postdipyridamole) and 0.96 2 0.21, respectively ( p < 0.0002 prevs. postdipyridamole, p < 0.002 normal vs. abnormal
myocardium) (Fig. 6, Table 3).

Effect of Coronary Artery Stenosis Severity
on MRI Perfusion Parameters
There was a trend between severity of coronary artery
stenosis and subendocardial A/N ratio (Fig. 7A) and with
endolepi ratio in abnormal myocardium (Fig. 7B).
p < o.wo2
I

I

p < o.m2

T

0 Normal
W Abnormal

0.0

REST

DIPY

Endo/epi ratio MCE
Figure 6. The transmural distribution of perfusion parameter
MCE in the patient group. The decrease in endo/epi ratios of
MCE reflects the redistribution of myocardial blood flow during
hyperemia. The lower endo/epi ratio in abnormal myocardium
reflects the impediment of blood flow in predominantly the subendocardial myocardium.

DISCUSSION
Its high spatial resolution makes MRI well suited for
the study of transmural variations in myocardial perfusion. The possibility to assess transmural variations in
myocardial blood flow with first-pass MRI has previously
been indicated by Wilke et al. in dogs (25) and in patients
(31,32). Lima et al. (33) recently described different
transmural patterns in myocardial SI in patients with reperfused and nonreperfused myocardial infarction, illustrating the potential of MRI to visualize transmural differences in myocardial perfusion.
In the present study, optimal first-pass conditions (at
least for a venous approach) were achieved by central
injection of Gd-DTPA. This promotes compactness of the
bolus, which enhances spatial differences in Gd-DTPA
concentration during first-pass and limits recirculation effects, thus allowing more distinct imaging of separate
first and second pass (26).
Analysis of the first-pass studies was performed on a
contour-based approach, thus minimizing subjective positioning of regions of interest and enabling automated
(blinded) subdivision of the myocardium in three transmural layers.

Abnormal/Normal Ratios
This study shows that in dogs, relative MCE correlates
well with relative myocardial blood flow regardless of
its transmural position within the myocardial wall and
regardless of flow state. The presentation of relative perfusion has the advantage that it is independent of the
myocardial input function. Furthermore, it largely excludes the effect of changes in vascular volume that occur
due to autoregulation or pharmacologic stress (34,35). As
suggested by the slope of the relation between relative
myocardial blood flow and relative MCE (Fig. l), relative
MCE is proportional to changes in relative myocardial
blood flow, but the relation is blunted and displays a 0.4
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Table 3

Ratios of Perfusion Parameters in Subendocardium and Subepicardium

Rest

EndoIEpi Ratios
MCE
Slope
1lMTT

Stress

Abnormal

Normal

Abnormal

Normal

1.18 2 0.18
1.28 2 0.34
1.16 2 0.18

1.25 5 0.29
1.41 2 0.60
1.19 2 0.35

0.96 2 0.21*t
0.98 2 0.29$§
0.95 2 0.2711'fi

1.08 2 0.23
1.14 2 0.31
1.04 2 0.19

* p < 0,002 pre vs. post; t p < 0.002 abnormal vs. normal; $ p < 0.005 pre vs. post; 5 p < 0.06 abnormal
vs. normal; IIp < 0.02 pre vs. post; s [ p < 0.008 pre vs. post.
to 1 relation. This implies that a given decrease in myocardial blood flow will be represented by a much smaller
decrease in MCE. This may be due to the leveling effect
of diffusion of Gd-DTPA into the interstitium (36). As
the extraction fraction of Gd-DTPA is higher when regional myocardial blood flow is low (37), the difference
in Gd-DTPA concentration between hypoperfused and
normal myocardium will decrease. Furthermore, despite
the use of relative perfusion ratios, regional differences in
myocardial vascular volume may still be expected when
autoregulation is not ruled out completely. In this case,
due to the higher blood volumes, hypoperfused myocardium may thus contain more Gd-DTPA per voxel than
normal myocardium, and differences between both areas
will be attenuated. Finally, cardiac motion during image
acquisition leads to volume averaging of myocardium,
which may also decrease the differences in SI between
epicardium and endocardium.
Occasional volume averaging of left ventricular cavity
and subendocardium may lead to incorrectly high SI in
the subendocardium, thus leveling the differences in SI.
In addition, in some cases, dark endocardia1 rims can be
observed during the passage of Gd-DTPA through the
left ventricular, especially near the septum, which may
mimic hypoperfusion. However, these artifacts can be
recognized as low signal intensity in the myocardial SItime curve at the time of high signal intensity in the left
ventricular SI-time curve, and in general, artifact-related
data points can be rejected for analysis without compromising the curve fit (because there are so many [30-401
data points). Because they are related to high left ventricular signal intensity, artifacts last shorter than true perfusion defects and can thus be discriminated from true perfusion defects by visual analysis as well.
In the presence of a coronary stenosis, the first manifestation of impairment in myocardial perfusion occurs
in the subendocardial myocardium (27,28). Initially, perfusion is maintained by the vasodilatory reserve. This regional maldistribution of myocardial perfusion can be

intensified when myocardial autoregulation is ruled out
by application of physical or pharmacologic stress. The
stress-induced decrease in predominantly subendocardial
relative MCE in the patients is likely to reflect this pathophysiology of myocardial hypoperfusion. The differences
in A/N ratios of MCE were quite small. Apart from the
aforementioned technique-related factors, this may also
be caused because these were patients with chronic ischemia who may have developed some degree of collateral
circulation. Furthermore, for safety reasons, the dosage
of dipyridamole in the patients was lower than in dogs,
which may have limited the extent of hypoperfusion.
Nevertheless, the presence of the described transmural
variations in MCE illustrates the opportunities of MRI to
assess relative myocardial perfusion (and abnormalities
therein) in sublayers of the myocardium.

Subendocardial/SubepicardialRatios
Under physiologic circumstances, the ratio of endocardial to epicardial flow in dogs, averaged throughout
the cardiac cycle, is approximately 1.25 : 1, due to preferential vasodilatation in the subendocardium (27). During
stress, this ratio decreases due to the relatively lower perfusion reserve in the subendocardium. In the presence of
a subcritical coronary stenosis, however, this ratio may
decrease even further due to the dependence of perfusion
pressure, which is the lowest in the subendocardial myocardium. Relative MCE as presented in the patients displayed a trend in endo/epi ratios that is in accordance
with this pathophysiologic sequence (Fig. 6).
The values of the endo/epi ratios were similar to those
in the study of Wilke et al. (31). These data suggest that
the transmural redistribution of myocardial perfusion
during pharmacologic stress can be evaluated with MRI,
including the assessment of abnormalities in this distribution due to the presence of a coronary artery stenosis.
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ers is contrast echocardiography (38-40). In the catheterization laboratory, this technique has been shown to
delineate differences in transmural perfusion. Present
limitations include limited field of view and the necessity
of left-sided bolus injection of contrast bubbles that keeps
it confined to the catheterization laboratory.
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Figure 7. Relation between luminal area of the coronary artery stenosis and (A) the subendocardial A/N ratio in abnormal
myocardium and (B) the endo/epi ratio in the abnormal myo-

cardium.

Relation with Coronary Angiography
The trend in decrease of subendocardial MCE with
increasing coronary stenosis severity suggests that
contrast-enhanced MFU may give an indication of the
functional severity of a coronary artery stenosis. However, MCE only reflects relative perfusion and may thus
not be as useful in patients with multivessel CAD.
The only other noninvasive imaging modality capable
of visualizing myocardial perfusion in transmural sublay-

In the patient studies, a single short-axis slice was imaged. This saves temporal and spatial resolution but does
not allow comprehensive imaging of the whole heart.
However, this may be overcome using faster MR sequences. Also, the increase in heart rate may have some
effect on the slice position and may thus introduce a small
error when comparing the basal and stress state (the rest
and stress images were imaged on exactly the same coordinates on the long axis and were anatomically very comparable).
In the patients and in the dogs, all bolus injections of
Gd-DTPA were performed by the same investigator to
decrease the variability in the rate of injection. Central
bolus injection prevents dispersion of the bolus in the
peripheral venous system. Nevertheless, the myocardial
input function may show variation as considerable dispersion occurs due to anatomic, rheologic, and hemodynamic factors (26,41), including the dimensions and
structure of the pulmonary (micro-) circulation, hematocnt, cardiac architecture, ejection fraction, blood pressure, and heart rate. Furthermore, MR signal intensity is
subject to variations in heart rate and magnetic field
strength. Therefore, when using perfusion parameters
MCE and slope (that are dependent on signal intensity),
it seems important to focus on A/N and endo/epi ratios
resulting from the same injection. However, in our curve
fit analysis, 30-40 data points were used and may therefore be not so much dependent on occasional differences
in SI due to rhythm or trigger changes.
A more absolute indication of myocardial perfusion
may theoretically be expected from perfusion parameter
l/MTT (24.26). Derivation of 1/MTT requires that the
downsloping part of the SI-time curve can be clearly discerned from the recirculation (24). This in turn requires
a very compact bolus, for which left-sided bolus injection
may be warranted. Previous imaging studies that showed
1/MTT to (semi-) quantify myocardial perfusion (38-44)
all used left-sided bolus injection, whereas studies that
showed a relation with MCE or slope (12-16) used peripheral injection. This may be circumvented by the use
of models that incorporate the left ventricular input function (20-22) but is less practical. Recent clinical studies
using peripheral injection showed good results using the

MRI of Transmural Perfusion
pcak or maximum contrast enhancement (45,46). This is
probably the best approach for clinical practice.
In summary, the results of this study indicate that MRI
is capable of at least approximation of the transmural redistribution of myocardial perfusion during pharmacologic stress. Furthermore, perfusion abnormalities due to
coronary stenosis were found to be more pronounced in
the subendocardium than in the subepicardium. This capability to image differences in myocardial perfusion
may contribute to the evaluation of patients with CAD.
Improvement in image quality and artifact reduction may
enhance the differences between normal and hypoperfused myocardium. With the ongoing developments of
fast multislice MR techniques and the forthcoming introduction of new contrast agents, MR perfusion imaging
should evolve into a practical clinical tool.
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