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Abstract

Cardiac echo-planar imaging suffers invariably from regions of severe distortion and 5 decay in the

myocardium. The purpose of this work was to perform local measurements of T and field
inhomogeneities in the myocardium and to identify the sources of focal signal loss and distortion.

Field inhomogeneity maps and T were measured in five normal volunteers in short-axis slices

spanning from base to apex. It was found that T3 ranged from 26 ms (SD =7 ms, n=5) to 41 ms (SD
=11 ms, n = 5) over most of the heart, and peak-to-peak field inhomogeneity differences were 71
Hz (SD = 14 Hz, n = 5). In all hearts, regions of severe signal loss were consistently adjacent to the
posterior vein of the left ventricle; T3 in these regions was 12 ms (SD =2 ms, n=5), and the difference
in resonance frequency with the surrounding myocardium was 70-100 Hz. These effects may be

caused by increased magnetic susceptibility from deoxygenated blood in these veins.
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INTRODUCTION

The rapid imaging times of echo-planar imaging (EPI) are ideally suited for cardiac imaging
(1,2). EPI has excellent SNR behavior and has been applied to applications such as bolus
tracking of contrast agents for evaluation of cardiac perfusion studies (3-6) as well as
myocardial blood oxygenation level dependent imaging (7-14). Furthermore, EPI provides
superior tag-tissue contrast over standard gradient-echo imaging for motion studies involving
cardiac tagging (15).

EPIl is inherently T3 weighted and sensitive to field inhomogeneities, suffering from significant
signal loss and distortion in focal regions of the myocardium. Four short-axis cardiac gradient
echo-planar images are shown in Fig. 1. As the duration of the echo train increases, a signal
void in the posterior-lateral region of the heart becomes more prominent (arrows), caused by
very rapid T, decay. Increasing the echo train length further degrades image quality because
of increased distortion, caused by severe field inhomogeneities commonly experienced in the
vicinity of the heart.

Cardiac spiral imaging will also be affected by rapid T, decay, since spiral readouts are
approximately 15-20 ms in duration (16). Regions of high field inhomogeneities may also
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experience blurring since the point spread function of spiral imaging broadens in the presence
of off-resonance spins.

Although in vivo measurements of T, in the myocardium have been reported (17,18), relatively
few reports of myocardial T, are available. This may be due, in part, to the fact that Ty s highly
dependent on field homogeneity and the orientation of the heart in the magnet, as well as
imaging parameters such as slice thickness. Jaffer ef al. recently reported T3 to be 20 ms in the
anterior wall of the heart, at 4.0 T (19).

Measurements of field maps are largely restricted to automated B, shimming applications in
the brain (20-22), although Jaffer et al. have reported measurements of field inhomogeneities
in the vicinity of the heart, at 4.0 T, using chemical shift imaging time averaged over the cardiac
cycle (19).

In this work, we measured T3 in normal volunteers (n=5)at 1.5 T, characterizing T3 in different

regions of the heart, as well as identifying the sources of focal T, decay. In the same volunteers,
field maps were measured at different phases through the cardiac cycle.

Field Perturbations from Large Epicardial Veins

A short-axis view of the heart and the three major epicardial veins of the left ventricle are
schematically diagrammed in Fig. 2. The coronary sinus is not shown because it lies in the
coronary sulcus basal to short-axis views of the left ventricle. As will be shown, the location

of these vessels correlates closely with regions of severe signal loss in T;-weighted images. In
this section, estimates of 72 in the vicinity of large veins are made in an attempt to explain the
decreased 12 seen in these regions.

Consider the z component of the magnetic field perturbation (cgs units) surrounding the
cylindrical vessel shown in Fig. 3 (23-26),

2
3JT("—TF) BoAx,cos 2¢sin‘a r = R,

AB,(r,¢) =1 5
4 FBoAxy (3 cos @ — I) FERs

[1]

where Ay, is the susceptibility difference between deoxygenated blood inside the vessel and
the surrounding tissue, R, is the radius of the vessel, B, is the main magnetic field, and « is the
angle between the axis of the vessel and the main magnetic field. This equation describes the
magnetic field perturbation in the (u, v, w) coordinate system, where the axis of the vessel is
coincident with the v axis. In this frame, the standard cylindrical coordinates are (r, ¢, v), where
¢ =0 along the w axis. This modified coordinate system has been chosen so that B, lies in the
z direction.

Enhanced 72 Decay

T, decay is enhanced by through-slice dephasing of spins caused by the component of the field
perturbation gradient oriented in the through-slice direction. The gradient (G/cm) of the z
component of the field perturbation outside the vessel is,

G(r.g) =V(AB-(r.¢))

A ByAy,R? sin’ @ si
= ‘M (rcos 2¢ + ¢ sin 2¢) 21
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where V is the gradient operator, and 7 and ¢ are unit vectors that define the cylindrical
coordinate system of the vessel. The gradient of the field perturbation inside the vessel is zero.
In Cartesian coordinates, Eq. [2] becomes,

drByAy, R% sina __ . —
L‘m (w0 sin 3¢ + W cos 3¢p)

G(u,v,w) =- e 37
(u® + w2y [3]

-1 . . . L
where ¢ = tan”" (“/\). Rotation of the coordinate system to obtain the gradient in (x, y, 2)
coordinates is ascertained by rotation of G(u, v, w),
G(x,y,2) = RG (u,v,w) [4]
where R is the coordinate system rotation matrix required to rotate («, v, w) coordinates to the
(x, y, z) coordinates of the magnet.

Knowing the vector field describing this field gradient in magnet coordinates, one can now
determine the total signal from the position (x,, y,) in the slice.
oo _1 T s 'I - B JYG(x, ¥, D szt »
S(X5, Vi )= f{’ 1R a N (X Yy Z3)€ - d.;._.,- [5]
where the integral is evaluated through the slice at position (xg, y5), 12 (¥5:¥s:2s) characterizes

the decay of transverse magnetization at position (x;, y;, Z5) in the absence of bulk susceptibility
effects from the cylindrical vessel, G(x.9:2) " Zs s the component of the field gradient in the

through-slice direction, and 7 is time. This equation can be solved numerically and the resulting
decay can be fit to an exponential to estimate the observed T; at different positions within the

image.

Clearly, estimates of T3 are highly dependent upon the geometry and orientation of the vessel

with respect to both B, and the imaging plane. To make some quantitative estimates of 5 using
reasonable parameters, we assume that,

1. The slice is in the y = 0 plane, i.e., s ZT‘T, and the slice thickness (Az,) is 8 mm.
2. The radius of a large epicardial vein (R,) is approximately 1 mm.

3. The saturation of the venous coronary blood is approximately 30% (27). At 0%
saturation, the susceptibility of blood (HCt = 40%) is 0.08 ppm (28). As described by
Kennan et al. (29), the susceptibility of 30% saturated blood would be (1 —0.3) x
0.08 ppm = 0.056 ppm.

4. T)in the myocardium is 35 ms, and T} in the vessel is 12 ms. The latter value was
chosen by extrapolating in vivo measurements of T3 in whole blood (30).

With these assumptions, the through-slice field perturbations were calculated, as shown in Fig.
4a. This figure is a field perturbation contour plot, in the x = O plane, cutting through both the
vessel, oriented at 70°, and the imaging slice, which lies in the y = 0 plane. Significant through-

%

slice variations in the field perturbations are evident. These perturbations will enhance T,
decay, as shown in Fig. 4b, a contour plot of T3 in the vicinity of a 1-mm radius epicardial vein
oriented 70° to the magnetic field, with the imaging slice in the y = 0 plane, 30% desaturated
blood (HCt = 40%), and a slice thickness of 8 mm.

For this model, it is interesting to note that no Ty decay enhancement resulting from the field

perturbations of the cylinder will occur when the slice is oriented perpendicular to the vessel.
This occurs because the field gradient in the through-slice direction is zero, causing no through-
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plane dephasing of spins. In-plane distortion will still be present, however, and is maximized
for this orientation.

Although these estimates of T3 are based on several assumptions, the potential for substantial
signal loss in long-TE gradient-echo sequences is apparent.

Distortion From In-Plane Perturbations

Whereas through-plane magnetic field perturbations enhance T, decay, in-plane perturbations
cause image distortion. This distortion is particularly severe in the phase-encoding direction
of echo-planar images with long echo trains. The distortion in the phase-encoding direction,
at a position (xy, y,), has been described previously for multishot EPI (2,31),
}"I'Ualg‘ (vr_i * “.\)
Avix,, v,)= ———————~~
VX5, ¥s) HjAG_\\ﬂI_\- f6]
where T, is the time between echoes in an echo train, n; is the number of shots, n;,AGyAty, is
the area under each phase-encoding blip, and AB_(x;, y,) is the average through-plane field
perturbation at the position (x, y;).

As an example, we calculated the field inhomogeneity map shown in Fig. 5a near a vessel
perpendicular to By, using the same assumptions listed in the previous section. The resulting
distortion in the phase-encoding direction, calculated from Eq. [6], is depicted in Figs. 5b and
5c for 16-, eight-, and two-shot echo-planar images with 7,,, = 1.5 ms, and a 28-cm FOV
(yYAGyA1,=0.22 cm ™). The signal from material inside the vessel has been ignored in the plots
in Figs. 5b and 5c.

MATERIALS AND METHODS

All imaging was performed on a GE Signa 1.5-T Horizon (version 5.6, General Electric
Medical Systems, Milwaukee, WI). This scanner has shielded gradients with maximum

gradient strength of 2.2 G/cm and slew rate of 120 " /ms on all three axes.

In five male volunteers (age: range 21-37 years, median 31 years, mean 28.6 years), breath-
hold, ECG-gated, spoiled gradient-echo images (FOV = 32-36 cm, Az = 8 mm, a = 15-20°)
were acquired in three short-axis slices equally spaced from base to apex. Flow compensation
was used for all imaging, and all volunteers lay supine along the bore of the magnet. The body
coil was used to transmit RF and a four-coil phased-array unit was used to receive signal for

measurement of 72. A single-receiver flexible surface coil was used for field map
measurements to avoid issues of combining complex data sets from multiple coils (32).

Measurement of 72 was performed by acquiring images with TR = 50 ms and varying TE from

2.4 to 45 ms to obtain 72 decay curves. Multiple phases (three to five) were acquired during
the cardiac cycle with 200-ms time resolution and a matrix size of 256 x 160. Total breath-
hold time was 37-42 s (40 heartbeats) for each slice.

Field inhomogeneity maps were acquired using TR = 14 ms and varying TE from 4.4 to 8.8
ms to obtain two-point fits. This choice of TEs ensured that fat and water resonances were in
phase, preventing chemical shift from affecting field inhomogeneity maps. Both sets of images
were acquired in the same breath-hold to ensure accurate registration of the images acquired
at different values of TE. Multiple phases (nine to 13) were acquired over the entire cardiac
cycle with 112-ms time resolution and a matrix size of 256 x 128. Total breath-hold duration
was 35-40 s, depending on the resting heart rate of the volunteer.

Magn Reson Med. Author manuscript; available in PMC 2008 May 26.
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Field maps were calculated on a pixel basis using the phase-difference method (33) to determine
the off-resonance frequency at a position (xg, yg),
Af (xg, ¥5) = %AB: (X5s ¥5)
arg( S 20x5, ¥o)S (X5, Vo))
2n(TE2-TE() [71

where S1(x;, y5) and Sy(xy, ¥), are the complex signals of the two images acquired at TE; and
TE,, respectively. Complex conjugation is denoted by an asterisk (¥).

T:;—weighted images from one volunteer for three slices at five (of nine) TE values are shown
in Fig. 6. A clear darkening is seen particularly in regions adjacent to the posterior vein of the
left ventricle. As well, in the apical images of two volunteers, a severe darkening is seen
adjacent to the interventricular sulcus, where the great cardiac vein lies.

High spatial resolution images (0.7 x 0.9 x 8 mm? voxel size) were acquired through systole
in an apical slice of one volunteer, to visualize the structure associated with the focal signal
loss. Figs. 7a through 7c are three time frames of 14 high-resolution images acquired through
systole. In Fig. 7a (arrow), a bright vessel can be seen, which exhibits maximum brightness
during early systole, indicating maximum flow enhancement. Images in Figs. 7b and 7c were
acquired at late systole and early diastole, respectively, when venous coronary flow is very
low. This flow pattern is most evident when the images are displayed in a CINE movie through
the cardiac cycle and is consistent with the flow patterns expected from an epicardial cardiac
vein (34). Figure 7d is a Tg—weighted image (TR = 50 ms, TE = 20 ms) showing a region of
focal signal loss in the posterior wall (arrow) of the same slice shown in Figs. 7a through 7c.
This region lies directly adjacent to the epicardial vein.

Regions of severe signal loss adjacent to the posterior vein of the left ventricle were observed
in all volunteers. In two volunteers, regions of signal loss adjacent to the great cardiac vein
were seen in apical slices. Basal, midventricular, and apical short-axis images from all five
volunteers [at TE = 15 ms) are shown in Fig. 8. Regions of signal loss are marked by white
arrows. The same region of signal loss adjacent to the posterior vein of the left ventricle is seen
in all volunteers. In these images, regions of signal deficit are also seen adjacent to the great
cardiac vein in Subjects 4 and 5.

In Fig. 9, normalized signal intensities from regions of interest (ROIs) in the septum and the
area adjacent to the posterior cardiac vein, in one volunteer, are plotted, showing the enhanced
decay near the posterior vein of the left ventricle.

Summarized in Table 1 are the 72 values averaged over all five volunteers in each of the three
short-axis slices. Within each slice, T, was measured from ROISs in the septum, lateral wall,
anterior wall, and posterior wall. As well, T3 was measured in a region adjacent to the posterior

cardiac vein to quantify the focal signal loss seen in this region. Lastly, T was measured in
regions that displayed significant signal loss adjacent to the great cardiac vein.

No significant T3 differences were observed between slices or within a slice for /2 measured
in the septal, posterior, lateral, or anterior walls, as calculated by analysis of variance (P >
0.07). Differences between these regions and the area adjacent to the posterior vein of the left
ventricle were highly significant, however, as calculated with Scheff6 post-hoc grouping
analysis (P < 0.005) (35).
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In one volunteer, measurements of T;, were performed at different slice thicknesses (4 mm, 6

mm, 8 mm, and 10 mm) at one location. No differences in /2 were detectable in any region of
the heart, as the slice thickness changed.

Field Map Results

Field inhomogeneity maps (Hz) are shown in Fig. 10 for all volunteers in basal, midventricular,
and apical slices, at a midsystolic image frame. Focal regions of inhomogeneities are evident,
particularly near the posterior vein of the left ventricle; this focal region was seen in every
volunteer. Minimal phase wrap was seen over the region of the heart, suggesting that the choice
of TE (4.4 and 8.8 ms) did not produce significant frequency ambiguities.

Strong correlation is seen between the regions of high field inhomogeneities in Fig. 10 and the
regions of focal signal decay in Fig. 8.

In two volunteers, additional measurements were made, with the time order of the two TE
values reversed, to test whether desaturation of blood during breath-holding would alter the
field maps. No detectable differences were seen between field maps acquired with the TE
values in the opposite order during the same breath-hold.

The field inhomogeneities averaged over all five volunteers in each of the three short-axis slices
are summarized in Table 2. Within each slice, the frequency offset relative to that in the
midventricular septum was measured in the anterior wall, lateral wall, and posterior wall.
Reference to the midventricular septum eliminated bulk resonance differences between
volunteers. Frequency offsets in regions adjacent to the posterior cardiac vein were measured
to quantify the large field inhomogeneity seen in this region. Regions in the field map that
experienced phase wrapping in regions of focal inhomogeneity were unwrapped to determine
the actual off-resonance frequencies.

The peak-to-peak off-resonance within each heart was measured (excluding the regions near
vessels), and the average peak-to-peak variation was found to be 71 Hz (SD = 14 Hz, n = 5).

No significant differences of the field inhomogeneity maps were observed between slices in
the septal, posterior, lateral, or anterior walls. There were significant in-plane differences,
however, between the septal-posterior and the anterolateral regions, as calculated with Scheff6
post-hoc grouping analysis (P < 0.02). Differences between these regions and the area adjacent
to the posterior vein of the left ventricle were highly significant (P < 0.005). These differences
can also be appreciated from the field maps in Fig. 10, In all volunteers, little change in the
field map was seen as the heart contracted through systole.

A “streaking” artifact can be appreciated in the apical echo-planar images of Fig. 1 adjacent
to the great cardiac vein. The streak is in the phase-encoding direction, which has been rotated
30° clockwise from horizontal. The location of this artifact is denoted with white arrows and
correlates very closely with a region of high field inhomogeneity seen in the field map image
(Volunteer 4 in Fig. 10). The T3 measured in this region was 8 ms. This artifact is consistent
with the distortion predicted by the distortion calculations shown in Fig. 5 for long echo train
lengths.

DISCUSSION

In this work, the T; and field inhomogeneity maps in the hearts of five normal volunteers were
measured in apical, midventricular, and basal short-axis slices at 1.5 T. In these slices, the

average T was found to be approximately 26 ms (SD =7 ms, n=5) to 41 ms (SD =11 ms,
n =15) and the average peak-to-peak field inhomogeneity was 71 Hz (SD = 14 Hz, n = 5).

Magn Reson Med. Author manuscript; available in PMC 2008 May 26.
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Focal regions of enhanced T, decay were seen in areas adjacent to the posterior vein of the left
ventricle in all hearts. In two volunteers, a significant region of signal loss was also seen in the
area adjacent to the great cardiac vein. The focal nature of these regions strongly suggests the
influence of these veins on the observed 12, measured to be 12 ms adjacent to the posterior
vein of the left ventricle and 8 ms adjacent to the great cardiac vein.

Although the region of myocardium adjacent to the posterior vein of the left ventricle

consistently experienced enhanced T3 decay, regions adjacent to the middle coronary vein did
not. This large vein lies in the posterior interventricular sulcus and sits immediately superior
to the diaphragm and liver. A compensatory effect from the liver or a different orientation with
respect to the imaging slice or main magnetic field may explain the lack of focal signal loss
from this vessel.

Measurement of 12 will depend on several imaging parameters, most notably the slice

thickness, since through-plane dephasing of spins is responsible for enhanced T, decay. For
linear inhomogeneities, it is well known that decreasing slice thickness will reduce through-

plane dephasing, increasing T3, Focal inhomogeneities, however, have complex geometrical
dependencies and the effect of slice thickness on the observed T3 is not obvious. In one
volunteer, no changes in T; were observed as slice thickness was increased from 2 to 10 mm.

An analytical description of the T} behavior in the vicinity of a cylindrical vessel was also
presented in an attempt to estimate T} in regions adjacent to coronary veins. Measurements of
T; in the region adjacent to the posterior vein of the left ventricle agree closely with that
predicted with the numerical analysis. A large proportion of the decreased T; results from the

low T of the blood itself. The increased spatial extent of this decay, however, results from the
inhomogeneous magnetic field created by susceptibility differences between the vessel and the
myocardium. Although this analysis is highly orientation dependent, attempts were made to
use parameters close to those encountered with typical in vivo human cardiac studies.

In gradient-echo images, distortion cannot explain the focal signal loss with progressive
increases in TE, since there is no distortion in the phase-encoding direction and the distortion
in the readout direction is constant. For EPI images with long echo train lengths, however, the
field inhomogeneities in these regions will cause significant image distortion in the phase-
encoding direction. Computation of the distortion in echo-planar images in the vicinity of
vessels carrying deoxygenated blood were performed, and the results of these calculations
predict a streaking artifact in the phase-encoding direction, per Eq. [6]. This distortion is evident
in Fig. 1, particularly in the lateral wall and adjacent to the posterior vein of the left ventricle.

The 72 of blood in the coronary veins is dependent on the oxygen desaturation of that blood.
Venous desaturation resulting from extended breath-holds would have contributed little to the
desaturation of blood in the coronary veins, since arterial coronary oxygen extraction fractions
are large in the myocardium, leaving venous blood largely desaturated, even at rest. This
implies that long breath-holds should have had little impact on the desaturation of the venous
blood, and thus on the measured 72. Stehling et al. measured arterial hemoglobin desaturation
and changes in cerebral signal intensity during apnea and found that approximately 2 min were
required before changes in signal intensity were detectable (36). As well, no changes of the
field maps were seen when the order of the two images acquired during a breath-hold (each
with different TE values) was reversed.

Field inhomogeneity maps were also measured in the same five volunteers, at the same
positions in the heart. Except in areas adjacent to vessels, the field inhomogeneities varied

Magn Reson Med. Author manuscript; available in PMC 2008 May 26.
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smoothly over the heart. A significant difference of the off-resonance frequencies between the
septal-posterior and anterolateral regions was seen, although there were no significant
differences between slices. When scaled to 4.0 T, the peak-to-peak variations measured in this
study would scale from 71 to 189 Hz, which is similar to the 161-Hz peak-to-peak
inhomogeneity at 4.0 T reported by Jaffer et al. (19).

Regions of focal field inhomogeneities were seen in all hearts, correlating very closely with
regions of enhanced T3 decay, adjacent to the posterior vein of the left ventricle. The frequency
offsets in these regions were approximately 70—100 Hz (n = 5) different from those in the
adjacent lateral and posterior walls. As well, the inhomogeneities seen adjacent to the posterior
vein of the left ventricle and great cardiac vein have opposite signs. This observation is
consistent with the predictions of Eq. [1] and Fig. 5a, which describe the field perturbations in
the vicinity of a vessel containing deoxygenated blood.

Little variation in the field maps were seen during systolic and diastolic phases of the heart.
Focal inhomogeneities tracked with the heart wall, however, demonstrating the importance of
cardiac gating and breath-holding during measurement of field inhomogeneities of the heart.

The focal nature of these inhomogeneities has important implications for shimming algorithms
applied to the heart (19). The field inhomogeneities across most of the heart vary smoothly and
would require lower-order shims for inhomogeneity correction. Shim correction cannot
compensate for field inhomogeneity gradients near vessels, however, because vessels move
with the heart wall and very high-order shims would be required for correction of such sharply
varying inhomogeneities.

Focal regions of enhanced T, decay have serious implications for Tz*-weighted EPI. EPI often
has echo trains exceeding 20—50 ms in duration, during which time the signal from areas
adjacent to veins may have completely decayed. This implies that monitoring of myocardial

oxygen concentration through the blood oxygen level dependent effect using Tg—weighted
gradient EPI will be difficult in these regions of the myocardium.

For applications using the minimum TE, signal loss can be reduced by using centric phase-
encoding schemes with EPI, where the first echoes of the echo train are encoded at central k,

lines. Very rapid T, decay, however, will cause substantial blurring in these regions (31).

Knowledge of the T5 and field inhomogeneities are important parameters for all forms of pulse
sequence optimization, particularly cardiac applications in which total imaging times are low
and signal-to-noise ratio is moderate. The results of this study clearly indicate that data
acquisition must be performed within the first 10-15 ms after RF excitation to prevent signal
dropout from focal regions around the posterior vein of the left ventricle.

CONCLUSIONS

Field inhomogeneity maps and values of T5 were measured in the hearts of five normal
volunteers at 1.5 T. It was found that the peak-to-peak field inhomogeneity differences were
71 Hz (SD = 14 Hz, n = 5) and 12 ranged from 26 ms (SD =7 ms, n = 5) to 41 ms (SD = 11
ms, n = 5) over most of the heart. In all hearts studied, regions of severe signal loss were
consistently adjacent to the posterior vein of the left ventricle; T3 in these regions was 12 ms
(SD=2ms, n=>5), and the difference in resonance frequency with the surrounding myocardium
was approximately 70-100 Hz. The severe signal loss and inhomogeneous field maps in these
regions may be caused by increased magnetic susceptibility from deoxygenated blood in large
epicardial veins.
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FIG. 1.

Short-axis gradient-echo planar images of the heart acquired in basal, midventricular, and
apical slices at 64 kHz, 128 x 128 matrix, FOV = 24 cm. Spatial-spectral excitation was used
to eliminate fat signal. For these images, the echo train length and TE were (columns, left to
right): 8 echoes, 24 ms; 16 echoes, 29 ms; 32 echoes, 43 ms; 64 echoes, 69 ms. Focal regions
of signal loss and distortion are marked with white arrows. The phase-encoding direction is
oriented 30° from horizontal, sloping down from left to right.
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FIG. 2.

Schematic short-axis view of the heart showing the major epicardial veins of the left ventricle.
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FIG. 3.

Cylindrical vein at an angle o to the main magnetic field, B,, in the z direction. The axis of the
vein is in the y-z plane, and (u, v, w) are the coordinates of the vessel with the axis of the vessel
in the v direction. The axis of the vein is in the y-z plane, and (u, v, w) are the coordinates of
the vessel with the axis of the vessel in the v direction. The y, z, v and w axes are in the plane
of the page, and the u and x axes point into the page.
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FIG. 4.

(a) Contour plot of the field perturbations (mG) in the y-z plane, cutting through a 1 -mm radius
epicardial vein oriented 70° to the magnetic field. Horizontal lines are the upper and lower

boundaries of the 8-mm-thick slice. (b) Contour plot of T, (ms) in the x-z plane through the
vessel. Dashed lines indicate the projection of the intersection of the vessel with the slice
boundaries. It has been assumed that the blood is 70% desaturated blood (HCt = 40%) and the

inherent 72 of the blood and myocardium is 12 ms and 35 ms, respectively.
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FIG. 5.

(a) Contour plot of the field map (mG) in the x-z plane near a 1-mm epicardial vein oriented
perpendicular to the By field and the imaging plane. (b) Distortion in the phase-encoding
direction resulting from field inhomogeneities shown in (a) for 16 shots, (c) eight shots, and
(d) two shots. It has been assumed that the blood is 70% desaturated, 7}, = 1.5 ms, and FOV
=28 cm (yAGyAry = 022 cm™ ).
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FIG. 6.

Typical short-axis images of a normal volunteer, acquired at increasing values of TE. Severe
darkening is seen at longer TEs, as indicated by white arrows. For these images, TR = 50 ms,
FOV =32 cm, Azg = 8 mm, and flow compensation was used.
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FIG.7.

Short-axis images at (a) early systole, (b) end systole, and (c) late diastole. A large epicardial
vein appears bright in early systole when flow is high. The signal from the vessel is not seen
during late systole or diastole when flow is close to zero. Image parameters include: TR = 12
ms, TE = 2.2 ms, 0.7 x 0.9 x 8 mm?3 voxel size, 48 ms per movie frame, three averages, £32
kHz. (d) A T;—weighted image of the same slice using the same parameters as the images shown
in Fig. 6, with TR = 50 ms and TE = 20 ms.
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Volunteer

FIG. 8.
Basal, midventricular, and apical short-axis images of all volunteers at TE = 15 ms. Regions
of severe darkening are indicated with white arrows.
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FIG.9.
Ty decay curves from the septum and a region adjacent to the posterior vein of the left ventricle

in the midventricular slice of one volunteer. The 72 values measured from these curves were
34 ms from the septum and 9 ms from the area adjacent to the posterior vein of the left ventricle.
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Volunteer

FIG. 10.

Field maps of all five volunteers in basal, rnidventricular, and apical slices. Arrows denote
regions of focal inhomogeneity. A scale is shown, mapping signal intensity to off-resonance
frequencies.
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Table 1
Summary of the T, Measured in Basal, Mid, and Apical Short-Axis Slices, from ROIs Positioned in the Septum, Posterior Wall,
Lateral Wall, and Anterior Wall

pd Base Mid Apex

I

-'U Septum 32+5n=5) 38+6((n=>5) 38x6(n=>5)
> Posterior wall 267 (n=5) 28+3(n=15) 34+5(n=5)

Lateral wall 36+£8(n=>5) 4111 (n=5) 38+7(n=5)

> Anterior wall 29+9 (n=>5) 317 (n=>5) 349 (n=5)
S_ Posterior vein 13£2(n=5) 12+3(n=5) 12+£2(n=5)
> Great cardiac vein — — 8+x2(n=2)
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Summary of the Field Inhomogeneities (Hz) Measured in Basal, Mid, and Apical Short-Axis Slices, from ROIls Positioned in the
Septum, Posterior Wall, Lateral Wall, and Anterior Wall

1duosnuely Joyiny Vd-HIN 1duosnuely Joyiny Vd-HIN

1duosnue Joyiny Vd-HIN

Base Mid Apex
Septum -6+2 (n=5) 0 (n=35) 2+15(n=5)
Posterior wall “7+£20(n=35) 7+10(n=>5) 4+34(n=95)
Lateral wall 2019 (n=5) 26+20(n=Y5) 21+12(n=5)
Anterior wall 31+16(n=5) 37+7 (n=5) 44+ 17 (n=5)
Posterior vein —-65+40(n=95) =70+26 (n=5) —65+45 (n=5)
Great cardiac vein — — 113+27 (n=2)

All measurements are relative to the midventricular septum. Field inhomogeneities were also measured in ROIs adjacent to the posterior vein of the left

ventricle and the great cardiac vein.
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