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Abstract

After administration of gadolinium, infarcted myocardium exhibits delayed hyperenhancement and
can be imaged using an inversion recovery (IR) sequence. The performance of such a method when
using magnitude-reconstructed images is highly sensitive to the inversion recovery time (T1) selected.
Using phase-sensitive reconstruction, it is possible to use a nominal value of TI, eliminate several
breath-holds otherwise needed to find the precise null time for normal myocardium, and achieve a
consistent contrast. Phase-sensitive detection is used to remove the background phase while
preserving the sign of the desired magnetization during IR. Experimental results are presented which
demonstrate the benefits of both phase-sensitive IR image reconstruction and surface coil intensity
normalization for detecting myocardial infarction (MI). The phase-sensitive reconstruction method
reduces the variation in apparent infarct size that is observed in the magnitude images as T1 is
changed. Phase-sensitive detection also has the advantage of decreasing the sensitivity to changes in
tissue Tq with increasing delay from contrast agent injection.
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Infarcted myocardium exhibits gadolinium-delayed hyperenhancement (1-6), and may be
imaged using an inversion recovery (IR) sequence, typically 10-30 min after administration of
the contrast agent. The inversion recovery time (TI) is typically set to null the normal
myocardium signal, in order to maximize the contrast (ratio) between the normal and infarcted
myocardium. Using magnitude reconstructed images, the performance of IR delayed
hyperenhancement is highly sensitive to the Tl selected. An error in selecting the optimum null
time leads to a reduction in contrast, and may change the image appearance as well as introduce
artifacts due to the loss of polarity information. We present experimental results that
demonstrate the benefits of both phase-sensitive IR image reconstruction and surface coil
intensity normalization for detecting myocardial infarction (Ml).

Phase-sensitive detection can be used to remove the background phase while preserving the

sign of the desired magnetization during IR (7-13). In this context, the term “background phase”
includes effects due to off-resonance, surface coils, and receivers. Plots of signal intensity vs.
TI1 for magnitude and phase-sensitive detection are shown in Fig. 1 for Ml, blood, and normal
myocardium. These curves and corresponding short-axis cardiac images illustrate the loss of
polarity and reduction of contrast (Fig. 1a) for acquiring images earlier than the null time for
normal myocardium. The use of phase-sensitive detection (Fig. 1b) avoids the need to precisely
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null the normal tissue, as is common practice with IR using magnitude detection (5). Rather,
a “nominal” or “default” value of TI may be used, which is found empirically to null the normal
myocardium at a given time from dose for a set of patients who have differing rates of contrast-
agent washout (i.e., an average null time). This obviates the need to make additional breath-

hold measurements to determine the precise null time for normal myocardium, which varies

from patient to patient.

The contrast agent washes out of the normal and infarcted tissues at different rates, giving rise
to the difference in tissue T values and observed delayed hyperenhancement. The T4 increases
as the contrast agent washes out of the tissue. Conventional magnitude detection suffers a loss
in contrast when the TI is smaller than the null time for normal tissue, since negative regions
appear bright. In this case, using a fixed TI that nulls the normal myocardium at the start of a
multislice acquisition (e.g., a short-axis stack) degrades the contrast at the final slice, which is
acquired several minutes later, due to the increasing T;. Phase-sensitive detection achieves
consistently good contrast during multislice imaging by decreasing the sensitivity to changes
in the value of tissue Tq with increasing delay from contrast agent injection. Phase-sensitive
detection has the additional benefit of background noise reduction (13,14), which leads to an
improved contrast-to-noise ratio (CNR) between areas of high signal intensity, such as blood
and infarcted myocardium, and regions of low signal intensity, such as nulled myocardium.

Surface coil intensity normalization (15-20) removes the large variation in image intensity due
to the rapid fall-off in the surface coil field, thereby greatly improving the visualization of local
tissue contrast. By using intensity normalization with phase-sensitive reconstruction, the image
intensity window and level may be adjusted to maximize the contrast ratio (21), effectively
shifting the null point without reacquiring additional images at various inversion times. In this
manner, small differences in tissue intensity are not masked by the severe surface coil shading.
Since contrast between blood and infarcted tissue is typically low, intensity normalization is
particularly important in visualizing subendocardial infarcts.

The benefits of phase-sensitive reconstruction for application to IR have been well recognized
(7-13). Nevertheless, the application of phase-sensitive reconstruction has been limited due to
the challenge of obtaining a background phase reference. Most of the published works on
phase-sensitive IR methods have pertained to brain imaging, in which there is minimal motion
and the background phase due to field inhomogeneity has a relatively low spatial variation. In
these cases, it is possible to obtain an estimate of the background phase either by a separate
image acquisition without IR (12,13) or by estimating the phase from local statistics by a variety
of methods (10,11). Multiple-image acquisitions using several TIs have been used to restore
the signal polarity and estimate T4 by means of curve fitting (8).

Cardiac imaging poses unique challenges due to the combination of field inhomogeneity,
motion, and low SNR, which makes it difficult to use these methods directly. Relatively large,
local field inhomogeneity (22) leads to a rapid spatial variation in background phase. In this
situation, methods that estimate the background phase by using the complex pixel values in a
local region suffer phase errors due to the background variation. In addition, these rapid spatial
variations force one to use a smaller region for background phase estimates, which limits the
effective smoothing and leads to a noisy estimate. Indeed, in normal myocardium, the IR signal
is nulled and as such the pixel values contain essentially noise.

Methods that require separate breath-hold image acquisitions to obtain a background phase
reference are also problematic due to variability in slice position caused by respiratory motion.
Due to the rapid spatial variation of the background, even small misregistration between the
desired and background images may cause significant phase errors. Phase errors will degrade
the SNR, may introduce artifacts, and may also alter the apparent infarct size.
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Surface coil intensity normalization also has unique challenges in cardiac imaging due to
motion, low SNR, and image contrast. Techniques that require separate acquisition of surface
and body coil are subject to motion-related errors, and require additional breath-hold image
acquisitions. Methods have been described that use only surface coil data and suppress image
features by spatial blurring (15-17). Image features that are not suppressed will somewhat alter
the contrast between tissue types. The noise will be greatly amplified in regions where the
tissue is approximately nulled, such as normal myocardium.

The approach we have taken to solve these problems is to obtain a background reference at the
same cardiac phase, during the same breath-hold acquisition. Using Gd-DTPA, the IR
acquisition sequence requires two heartbeats for almost full magnetization recovery. Therefore,
it is possible to acquire the reference image during alternate heartbeats without increasing the
breath-hold duration. This type of acquisition provides a reference image with the full spatial
resolution and eliminates misregistration errors due to motion. The reference image is used to
estimate both the background phase and surface coil field maps. The SNR of the reference
image is adequate, since the magnetization has almost fully recovered. An optimum B1-
weighted combination of the individual phased-array coil images (23) is used to maximize the
SNR of both the T1-weighted IR and the reference images. This improves the quality of the
background phase estimate. Estimates of the relative B4 field maps are obtained from the
reference coil images. The reference image has low tissue contrast, as desired for surface coil
intensity normalization, and thus does not significantly alter the contrast of the normalized
image.

Results are presented which demonstrate the benefits of this method, and quantitatively validate
its performance. These include images from patients with MI at varied null times and elapsed
times from contrast agent administration. SNR performance is characterized using phantom
data.

Pulse Sequence

The pulse sequence is diagrammed in Fig. 2. For each slice, imaging was performed in mid-
diastole using a prospectively gated segmented acquisition of k-space over several heartbeats
during a single breath-hold. IR pulses were applied every other heartbeat to permit full recovery
of magnetization in the presence of Gd-DTPA. This minimizes any disruption of the steady
state due to heart rate variability. A reference phase map was acquired during the same breath-
hold and cardiac phase in alternate heartbeats using a reduced flip angle readout. In this manner,
both the IR and reference image are spatially registered, avoiding errors due to respiratory and
cardiac motion. Also note that the overall imaging time was not increased by the reference
acquisition, and that the reference acquisition with reduced flip angle readout resulted in only
a small loss of magnetization to the IR image.

A fast gradient-recalled echo pulse sequence was used with interleaved phase-encode ordering.
The inversion was performed via a nonselective, adiabatic pulse. The T1-weighted IR image
was acquired using multiple 20°flip angle pulses, while the reference used 5° flip angle pulses.
The reference image was acquired after the magnetization had virtually recovered. The use of
a 5° flip angle for the reference image reduces the T; contrast of this image, and minimizes
relaxation effects on the primary Tq-weighted IR image.

Parameters were as follows: bandwidth =+31.25 kHz, TE = 3.4 ms, TR = 7.8 ms. The typical
FOV was 360 mm x 270 mm, with an image matrix of 256 x 96; thus the in-plane spatial

resolution was approximately 1.4 mm x 2.8 mm for both the IR and the reference images (final
images were interpolated to 256 x 192, 1.4 mm?). The slice thickness was 8 mm. The 96 phase
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encodes were acquired in 12 heartbeats by collecting 16 lines of k-space per heartbeat, with
two R-R intervals between inversion pulses. The acquisition time (segment duration) was 124.8
ms per R-R interval, acquired during diastasis, which is a period of relatively little motion.

Phase-Sensitive Reconstruction

The phase-sensitive reconstruction method is diagrammed in Fig. 3. Thumbnail images are
shown for illustration purposes. To improve the SNR of the image, as well as the accuracy of
the background phase estimate, the complex images for each coil were optimally combined
(weighted sum) (23) prior to phase-sensitive detection. The phase of the reference image was
removed from the T{-weighted IR image on a pixel-by-pixel basis, and, as a result, the real
part of the resultant image preserved the polarity of the IR signal. The spatial resolution was
the same for both the reference and T1-weighted IR image, as previously described.

The complex weights used for phased array combining were the complex conjugates of the
estimates of relative coil sensitivities, which were normalized by the noise variance for each
coil. The use of relative, rather than absolute, coil sensitivities (B;-maps) alleviated the need
for separate acquisition of body coil images. The relative, complex coil sensitivities were
estimated using the individual complex reference coil images, using a procedure similar to that
used for adaptive phased array combining (24), extended here to the case of phase-sensitive
detection with a separate reference image. By applying the same B1-weighted complex
combining to both the T1-weighted IR and the reference image, any phase error in the B;-maps
was canceled in the phase-sensitive (homodyne) image.

The method for estimating the complex weights is diagrammed in Fig. 4. A sample correlation
matrix Rjj(x,y) for each pixel (x,y) is calculated from the individual complex coil reference

images, (i.e., R,.j(x, = f{x, fj*(x, ), where fj(x,y) is the complex reference image for

the i-th coil, and * denotes complex conjugate), and then spatial smoothing is applied to reduce
the noise. The spatial smoothing uses a5 x 5 pixel (after interpolation to 1.4 mm? pixels) spatial
low-pass kernel, corresponding to a 7 mm x 7 mm region. The coil sensitivity profile in the
heart region does not vary significantly over the width of the smoothing kernel. The sample
correlation removes the image phase while preserving the relative phase between coils, which
is essential for optimum coherent combining. The estimate of the relative complex coil
sensitivities is derived from the smoothed correlation values by calculating the dominant
eigenvector for each pixel (eigenvector corresponding to the maximum eigenvalue).
Normalization may be implemented before or after the sample correlation; however, since the
reference image has low image contrast, it was deemed advantageous to normalize after
smoothing due to the moderately low SNR of the reference. The phased array combining weight
vector for optimum SNR is calculated by multiplying the inverse noise covariance matrix times
the complex conjugate of the sensitivity estimate. The noise covariance estimate is simplified
by ignoring the noise correlation between coils (off diagonal elements) and simply normalizing
the sensitivity vector by the noise variances measured prior to image acquisition. The eigen-
vectors are calculated to have unit norm, and thus the weights result in a uniform noise image
(23) with root-sum-of-squares magnitude weighting (prior to intensity normalization,
described next).

Intensity Normalization

Intensity normalization was performed to remove the large variation in signal level due to the
surface coils. The phase-sensitive image was normalized by dividing on a pixel-by-pixel basis
by the reference magnitude image after it had been spatially smoothed to reduce the noise, as
shown in Fig. 5. Spatial smoothing used a 2D median filter typically over a 7 x 7 pixel (after
interpolation to 1.4 mm? pixels) region (25). The edge preserving median filter avoids altering
the contrast, particularly at the boundaries (such as the myocardial-lung boundary). The
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effectiveness of surface coil intensity normalization was validated by comparing the ratio of
intensities in right ventricle (RV) and left ventricle (LV) blood pool regions for both
unnormalized and normalized images, for 10 patients. The reference image was acquired with
a low flip angle readout (5°) after almost complete IR to reduce the T1-weighting, which is
undesirable for surface coil intensity normalization. The small residual contrast between the
myocardium and LV blood pool in the reference image was measured for 10 patients; this
contrast is from a variety of mechanisms (see the Discussion section). To measure the contrast
between myocardium and blood in the presence of large surface coil variations, the profile
from RV to mid-LV through the mid-septal wall was plotted, and a linear curve (1-2 cm) was
fit between RV and LV intensities adjacent to the myocardium. The ratio of blood-to-
myocardium was then estimated at mid-wall.

SNR Measurement

SNR measurements were performed to validate the expected SNR improvement of phase-
sensitive reconstruction (13,14) and to assess any SNR losses that may have been incurred due
to a noisy reference. A complete characterization was performed with both experimental
phantom data and simulated datasets. Typical SNR values for the operating regime were
established by measurements of SNR in selected patient images for both the reference and
Ty-weighted IR images. CNR measurements comparing LV blood pool to normal myocardium
were measured in a set of 20 patients using both magnitude and phase-sensitive reconstructions.

The use of a noise-only region-of-interest (ROI) to measure noise statistics free of signal (26,
27) is well established for measuring the SNR of magnitude images, since it overcomes the
difficulty encountered due to nonuniform image intensity. The measurement of SNR for
intensity normalized phase-sensitive images with optimum B1-weighted combining is further
complicated since, in this case, the noise-only regions are no longer valid for estimating the
background noise. This is because there was no estimate of the B;-map in regions without
tissue. An alternative method was used to measure the noise variance, which used a spatial
filter to remove low spatial frequency signal components (28).

To validate that phase-sensitive reconstruction and intensity normalization performed as
expected despite the low SNR of the reference image, a number of controlled measurements
were made. Data were acquired for several phantom experiments at a range of SNRs for both
the reference and T1-weighted IR images. These measurements could be compared directly
with simulation results. SNR for phantom images was measured using the spatial filtering
method (28) for both magnitude and phase-sensitive images. The SNR of the magnitude images
was also measured using the more conventional noise-only ROI method as a check that the
spatial filter method was adequately suppressing the low-frequency signal fluctuation.

Measurements were made from patient datasets to determine the range of typical SNRs for
both T1-weighted IR and reference images. This was done to support conclusions regarding
the SNR operating regime. Secondly, measurements of CNR were made to compare the
magnitude and phase-sensitive reconstruction methods. For the latter case, the spatial filtering
method was used to remove the low-frequency signal variations. This method was restricted
to measuring the noise variance in the LV blood pool region, which had ROIs of over 100
independent pixels. CNR measurements were made with the TI set to null the normal
myocardium in order to optimize the CNR for the magnitude images. For determining the
typical SNR regime, it was possible to use the magnitude images alone, and use the simpler
noise-only ROI method. When using the noise-only ROI method with magnitude-detected
images, the standard deviation (SD) of the noise-only region and the mean value for signal-
plus-noise region were corrected for the effects of magnitude detection (27). Following this
approach, an equivalent input SNR was then calculated, which is equivalent to the SNR of a
linear detector (such as the phase-sensitive detector). The equivalent input SNR = A,/c is
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defined as the ratio of A, the root-sum-of-squared magnitudes of the signal components for

individual phased-array coils (for n coils), and o, the SD of the Gaussian noise which is additive
to the real and imaginary components of the complex signal for each coil. Procedurally (27),
the noise mean (ug) and SD (og) are estimated for a noise-only ROI (root-sum-of squares

magnitude image), and the value of o is estimated as [(yoz + croz) / (2n)[*/2. The mean signal

component A, is estimated from the signal-plus-noise combined magnitude M, by removing
the noise bias (look-up table procedure).

Figure 6 illustrates probability distributions for signal plus noise at varying input SNRs. Figure
6a curves are calculated using the noncentral chi distribution corresponding to magnitude
detection (root sum of squares) with four coils (27), and Fig. 6b curves are calculated as
Gaussian distributions corresponding to phase-sensitive real images. The increased sensitivity
of phase-sensitive images at low SNR is readily evident (13,14) from the distributions. While
the most meaningful comparison of these methods, which have different distributions, is based
on detection statistics (i.e., sensitivity and specificity for discriminating two tissue types based
on thresholding), the simplest means is to compare an output SNR statistic, such as SNR, =
(n - po)o (13), where pand g are the means for signal plus noise and noise only, respectively,
and o is the SD for signal plus noise. SNR, was measured for a phantom at several Tls, using
several values of the reference readout flip angle to acquire a set of images with varying SNR
as well as varying reference SNR.

Simulations were performed to quantify the effect of errors in the background phase estimate,
as well as the effect of SNR of the surface coil intensity reference image on the resultant SNR
and CNR of the normalized phase-sensitive reconstructed image. These simulations consisted
of calculating sample statistics in a Monte Carlo fashion using 32000 noise samples per
resultant output.

Experimental Parameters

Images were acquired from patients with suspected coronary disease under two clinical
research protocols approved by the Institutional Review Board of the National Heart, Lung,
and Blood Institute, with prior informed consent. A stack of short-axis slices (typically eight
slices) was acquired on all patients. In anumber of patients, a single short-axis slice was imaged
repetitively (at approximately 1-min intervals) using a sequence of T values (typically with a
step of 25 ms, in the range of 125-325 ms). Images were acquired 10-30 min after administration
of a double dose (0.2 mmol/kg) of contrast agent (gadopentetate dime-glumine, Berlex
Magnevist). The majority of the patients were imaged following a single dose (0.1 mmol/kg)
first-pass rest perfusion study, with the second single dose (0.1 mmol/kg) administered
immediately after the first-pass imaging. All experiments were conducted using a GE Signa
CVI/i 1.5T MRI system. Images were acquired using a GE four-element cardiac phased array,
consisting of two pairs of overlapped, rectangular coils (19 cm x 11.5 cm with the long
dimension oriented along the superior-inferior direction, and 2-cm overlap in the left-right
direction), with one pair positioned on the chest and the second pair positioned on the back of
the patient.

The size of hyperenhanced myocardium (estimate of infarcted region) was measured with
computer-assisted planimetry by two trained observers on images using magnitude and
normalized phase-sensitive reconstruction. Measurements were made with the TI set to null
the normal myocardium (within approximately 10 ms), and for Tl set 75 ms less. Infarct sizes
for nine patients measured using both methods and values of TI were compared using a paired
t-test.
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A number of experiments were conducted using phantoms to measure SNR. This was to
characterize the behavior of phase-sensitive image reconstruction and intensity normalization
based on a low SNR reference. The phantom data were acquired and reconstructed using
parameters typical for a cardiac exam. The TI and reference image RF readout flip angle were
varied to obtain images at a range of SNRs typically observed in patients. The phantom was a
17.5-cm-diameter sphere with T = 333 ms, with cardiac coils spaced approximately 20 cm
apart (placed on top and bottom). For the SNR tests, images were acquired with TIs in the
range of 65-400 ms. Measurements were taken every 10 ms in the range of 200-300 ms
bracketing the null point. The RF flip angle for the T1-weighted IR image was 20°, and the
reference flip angle was varied using values of 1.25°, 2.5°, and 5° to test the effect of varying
reference image SNR. Other imaging parameters were the same as described for cardiac
imaging. The acquisition was triggered using a simulated ECG signal at a rate of 60 bpm. The
ROI size used was approximately 900 statistically independent samples (pixels prior to
interpolation to final image size) for both signal-plus-noise and noise-only regions.

Magnitude, phase-sensitive, and surface coil intensity normalized phase-sensitive IR images
were reconstructed for all studies. Magnitude reference images were reconstructed as well.

Patient Images

Single-slice, short-axis images of the heart reconstructed using both magnitude (top row) and
normalized phase-sensitive (bottom row) detection are shown in Fig. 7 for a patient with Ml,
with varying Tls for columns from left to right. The images in Fig. 7 correspond to a patient
with an inferior MI. In Fig. 7, the images for columns from left to right were acquired at Tl =
175, 200, 225, 250, 275, and 300 ms, respectively. Both magnitude and phase-sensitive images
were acquired using the same breath-hold data, as previously described. In this case, the normal
myocardium is nulled at approximately 300 ms, as may be observed in the upper right
magnitude image (Fig. 7f). A myocardial infarct along the inferior wall is clearly
hyperenhanced in this image. With TI = 175 ms, the infarct is approximately nulled, and the
normal myocardium is negative, which appears bright in the magnitude image (Fig. 7a). Ata
TI of 250 ms, the normal myocardium is still negative, while the blood and the infarct are
positive, resulting in similar magnitudes with virtually no contrast between normal and
infarcted tissue (Fig. 7d). Phase-sensitive reconstructed images (Fig. 7g-1), which preserve the
signal polarity and appearance of image, maintain excellent contrast over a wide range of Tls.
The images were acquired approximately 30 min after administration of a double dose of Gd-
DTPA.

A short-axis stack of images from another patient with a large Ml in the inferior wall is shown
in Fig. 8. Each slice was acquired in a separate breath-hold, approximately 45 s apart over a
total duration of 4 min. These images were acquired 22-26 min following contrast agent
injection, using a fixed TI of 300 ms. The magnitude (top row) and phase-sensitive (bottom
row) images for each slice were acquired in the same breath-hold. The normal myocardium is
approximately nulled for the middle slices (Fig. 8¢, d, i, and j); however, a slight degradation
in contrast is seen in the magnitude images of the first slices (Fig. 8a and b), for which the TI
is too short, and toward the end (Fig. 8f). The phase-sensitive images (Fig. 8g-1) achieve
uniform contrast.

Figure 9 compares unnormalized and surface coil intensity normalized images at various image
intensity window and level display settings. The use of surface coil intensity normalization
allows the adjustment of displayed image intensity window and level to shift the “null” to
improve the contrast ratio of the MI with either normal myocardium or blood. In the case of
the unnormalized images in Fig. 9a-c, the surface coil intensity varies considerably across the
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large infarcted region. Also note that as the window level is adjusted to null the blood, thereby
increasing the apparent MI-to-blood contrast (ratio), a portion of the Ml (indicated by arrow)
is lost in the unnormalized image of Fig. 9c. The normalized images in Fig. 9d-f have a more
uniform intensity across the MI, and may be adjusted to improve the contrast displayed.

Performance Data

The apparent infarct size for magnitude images appears smaller for images acquired with TI
less than the null time for normal myocardium, while the infarct size for phase-sensitive
reconstructed images appears consistently the same size. This may be seen by visual
comparison of the infarct in magnitude images of Fig. 7c and f, and phase-sensitive
reconstructed images of Fig. 7i and |, acquired 75 ms earlier than the null and at the approximate
null time, respectively. The apparent infarct size measurements correlated well between the
two observers for both magnitude reconstruction (y = 1.00x + 6.4, mm2, R = 0.90) and for
phase-sensitive reconstruction (y = 0.92x + 11.9, mm2, R = 0.93). There was no significant bias
between observers on Bland-Altman analysis.

On average, the apparent infarct size when comparing magnitude and phase-sensitive
reconstruction methods obtained at the T1 for nulling the normal myocardium was similar. The
ratio of infarct size for the two methods (phase-sensitive and magnitude) was 1.07 £ 0.09 (mean
+ SD, P =0.05, N = 9). Apparent infarct size decreased significantly on magnitude
reconstruction images obtained at 75 ms less than the T1 null (224 + 143 mm? vs. 387 + 181
mm?, P < 0.001). The ratio of infarct size at 75 ms early to the size at optimum null time was
0.54 £0.17 (mean = SD). The same raw data reconstructed with phase-sensitive methods
showed no significant change in infarct size on images obtained at a Tl 75 ms less than the TI
null (433 + 239 mm? vs. 421 + 212 mm?, P = 0.45). The ratio of infarct size at 75 ms early to
the size at optimum null time was 1.00 £ 0.10 (mean £ SD). Thus, even severe errors in setting
the T1 do not affect apparent infarct size when using phase-sensitive reconstruction, but would
lead to clinically large errors with the magnitude reconstruction method.

SNR measurements were made on a series of 10 patients to establish the typical ranges of SNR
for further analysis. The SNR in the “nulled” normal myocardium region for the IR image was
2.6 £ 1.8 (mean % SD) in the septal region, and 1.8 + 0.8 in the posterior region. These values
reflect those of several patients for whom the normal myocardium was not precisely nulled.
The corresponding SNR for the normal myocardium for the reference image was 11.1 £ 3.3 in
the septal region and 6.9 + 2.2 in the posterior region. The measured SNR in the LV blood pool
for the IR image was 12.4 + 5.1. In the LV blood pool region, the ratio of the SNR of the
reference to the SNR of the IR image for a given patient was 0.95 + 0.33.

The output SNR of the phantom images for both magnitude and phase-sensitive reconstruction
methods is plotted in Fig. 10a for three values of reference flip angles equal to 1.25°, 2.5°, and
5°. The corrected input SNR (A,/c) for the reference image was estimated from output SNR

measurements to be approximately 4, 8, and 16 for these flip angles. The RF readout flip angle
for the IR image was maintained constant at 20°. The measured output SNR is plotted vs. the
magnetization |[M,/Mq| = |1 - 2 exp(-T1/T4)|, for direct comparison with simulations shown in
Fig. 10b, which plots output SNR vs. input SNR = Ap/c.

Figure 10b shows the results of simulations that were performed for the same values of
reference SNR, plus the additional case of an ideal noise-free reference. Fortunately, in cardiac
imaging applications the reference SNR will depend on the input SNR of the IR image. In the
nulled myocardium region, where there is low SNR, there is essentially no SNR loss due to
the noisy reference because the reference SNR is greater than that of the IR image. In the higher-
SNR regions of LV blood pool and MI, the SNR loss is minor. This is indicated by the shaded
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region in Fig. 10b, which corresponds to SNR values for which the reference SNR is greater
than or equal to the SNR of the IR image.

Figure 11 shows the CNR between the LV blood pool and normal myocardium measured for
20 patients using both magnitude and phase-sensitive reconstruction methods. The mean (
SD) CNR was 7.8 £ 2.7 and 8.7 + 2.2 for magnitude and phase-sensitive methods, respectively.
The measured CNR for the phase-sensitive method was generally greater than that for the
magnitude method, as seen in Fig. 11, where most of the data points are above the dotted line
corresponding to CNRphase = CNRyag.

The measured variation of signal intensity (ratio of RV to LV) due to surface coil sensitivity
variation was reduced from a mean of 1.86 (o= 0.38) before normalization, to 1.05 (o= 0.1)
after normalization (N = 10, paired t-test P < 0.001), demonstrating the effectiveness of surface
coil intensity normalization. Despite the use of a low flip angle reference, the reference image
exhibited some contrast between the blood and normal myocardium. The ratio of LV blood
pool to normal myocardium signal intensity had a mean of 1.23 (6= 0.14, N = 10).

The signal intensity of the IR image for the phantom was measured as a function of the reference
flip angle. A plot of IR image signal intensity vs. Tl is shown in Fig. 12 for reference image
RF readout flip angle values of 1.25°, 2.5°, and 5°. The signal intensities were within 5% across
a wide range of Tls, thereby validating that there is minimal signal loss due to the reference
image acquisition.

DISCUSSION

The accuracy of setting the null Tl in a clinical setting depends on operator expertise, contrast
agent clearance rate, and patient tolerance to additional breath-hold acquisitions. This exhibits
a wide variability in practice. Using phase-sensitive reconstruction in IR delayed
hyperenhancement studies, it is possible to use a nominal value of Tl, eliminate several breath-
holds otherwise needed to find the optimal TI, and achieve a consistent contrast. The phase-
sensitive reconstructed images have polarity restored, and after the window and level are
adjusted a consistent contrast is achieved over a wide range of Tls, without artifacts due to
incorrect polarity. As a result of surface coil intensity normalization, the window and level of
displayed intensities may be adjusted after the fact to null infarct, blood, or normal myocardium
across the entire heart.

The phase-sensitive reconstruction method dramatically reduces the variation in apparent
infarct size (and appearance) that is observed in the magnitude images as TI is changed. This
is believed to be a result of partial volume effects, which have a manifestly different appearance
for the two methods, and which alter the apparent position of the infarct boundary in magnitude
images. For the magnitude images, the profile of the infarcted region is also altered to a slight
degree by the noise bias, whereas the phase-sensitive images are unbiased. A typical eight-
slice, short-axis stack acquisition may take as long as 5-7 min, during which time the optimum
null time will typically increase by approximately 15-25 ms (at a nominal 15 min from a double
dose of contrast agent). The loss in CNR (MI-to-normal myocardium) for conventional
magnitude detection with a T1 set 15 ms earlier than the null TI is approximately 25%. With
phase-sensitive reconstruction the polarity is restored, avoiding this severe loss. Loss in
contrast due to loss of polarity in magnitude images was verified by acquiring patient data at
various TIs and times from dose (Fig. 7).

For the purpose of detecting and sizing regions of Ml, the contrast and CNRs between the Ml
and normal myocardium, and between M1 and blood are the most relevant metrics. The contrast
of the Ml to blood and normal myocardium is affected by a number of variables, such as the

TI, pulse sequence parameters (5), and clearance rate of the contrast agent, which depends on
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the specific patient and elapsed time from dose. Generally, the CNR between MI and normal
myocardium is much greater than that between the M1 and blood, as seen in Fig. 1 by noting
the difference between the M, values for a given TI. The low CNR between MI and blood,
particularly at a short elapsed time from dose, makes it difficult to accurately detect and size
subendocardial infarcts. With TI set to null the normal myocardium, the Ml and blood have a
fairly high SNR; thus, the MI-blood CNR is approximately the same for both magnitude and
phase-sensitive images, as may be seen by the distributions (Fig. 6). In situations where the
M1 and blood have lower SNR, such as setting T1 for infarct nulling (6), the improved SNR
using the phase-sensitive method leads directly to an improved CNR. The SNR advantage of
the phase-sensitive method may also be more pronounced at lower dosages of contrast agent,
or after stress studies that have a more rapid washout of contrast agent.

The accuracy of CNR measurements is limited by small ROI sizes and inhomogeneous
intensity. Therefore, the SNR performance of this method was validated using phantom data
and corresponding simulations. The intent in this work was to characterize any significant
alteration (gain or loss) in contrast due to phase-sensitive image reconstruction and/or surface
coil intensity normalization, rather than to characterize the contrast or contrast mechanisms in
delayed hyperenhancement imaging. Due to the low SNR regime of the reference, particularly
in the inferior region of the myocardium, the B1-weighted phased array combining, which was
performed prior to the phase-sensitive detection, provided an advantage over performing
phase-sensitive detection on a coil-by-coil basis prior to array combining. It was found that
despite the low SNR of the reference image, errors in the background phase estimate
contributed negligibly to SNR loss. The phantom experiment reasonably emulated the
characteristics that are important for validating the SNR of the phase-sensitive reconstruction
method. The SNR values of the phantom image bracketed the SNR values for the cardiac
application, and the T, was a mid-range value between that of blood and normal myocardium
tissue at 15 min after administration of a double dose of contrast agent. The anterior and
posterior RF receive coils were spaced somewhat closer than the human torso; however, this
did not affect the significance of the results.

The most significant loss in SNR was due to surface coil intensity normalization. Nevertheless,
the SNR of the intensity normalized phase-sensitive images exceeded the SNR of the
corresponding magnitude image under most circumstances. It is noted that while the noise
component due to intensity normalization is correlated over a small region (due to spatial
smoothing of the reference image), the CNR of regions spaced greater than approximately 7
pixels incur this loss. However, most importantly, there is negligible loss in contrast between
blood and MI. The loss in SNR due to a noisy reference image is reduced by means of smoothing
the reference image. The degree of smoothing was limited to avoid significantly altering the
image. Breath-hold registration is less critical for intensity normalization than for background
phase, since the surface coil sensitivity varies relatively smoothly across the heart region while
strong susceptibility-induced gradients cause rapid phase variation. It may be possible to use
additional reference data acquired separately to further improve the intensity normalization;
however, it was deemed that the improvement would be slight, with a moderately large increase
in complexity.

The contrast (average value of 23% between blood and myocardium) of the reference image,
due to several mechanisms, slightly reduced the image contrast between MI and normal
myocardium of the normalized image. The contrast mechanisms included proton density, T1-

weighting, 7'2*, and inflow. The contrast due to T{-weighting was observed primarily at

increased heart rates. At an increased heart rate the magnetization may not be fully recovered
even after two heartbeats, thereby causing additional T1-weighting of the reference and a slight
shift in the null time for normal myocardium in the IR image. Inflow effects may contribute

to the contrast, particularly when there are timing errors caused by heart rate changes. These
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result in acquisition at cardiac phases where there is increased flow. The CNR between blood
and myocardium is typically quite high (5-15). Furthermore, there is already a CNR gain due
to phase-sensitive detection (10-20%). Therefore, loss in contrast due to surface coil intensity
correction is traded for improved display characteristics.

For magnitude images, there is little to no contrast between the nulled normal myocardial and
the lung, with the exception of instances in which there is a layer of fat, fluid, or fibrous tissue.
However, the myocardium-lung boundary is fairly well defined in the reference image. As a
result, the intensity normalized phase-sensitive images have better definition of the lung tissue
boundary, since the lung is much noisier relative to the myocardium. This can be observed by
comparing Fig. 7e and f (magnitude) with Fig. 7k and | (phase-sensitive). Improved contrast
between the epicardium and lung should facilitate determining the transmural extent of
anterior, anterolateral, and posterior infarcts. This may also be realized by measurements using
both IR and reference magnitude images.

Using the method described here, the conventional magnitude image, as well as the phase-
sensitive and reference images, is produced for each breath-hold acquisition. This is useful for
comparison purposes. In a few cases for which there were severe microvascular obstructions,
leading to a dark core in the MI of the magnitude image, the reference image had a
corresponding T1-weighted dark area. In these cases, the reference is useful as an aid to
interpreting the resultant magnitude image, and if the obstruction is so severe as to cause a sign
error in the phase-sensitive image (which is rarely observed), the reference image may easily
be used to resolve the ambiguity. This has only been observed in one out of 25 cases studied.

It is worth noting the difference between the point-spread functions for magnitude and phase-
sensitive detection methods. The IR (combined with a multishot readout) leads to a nonuniform
k-space weighting, which can give rise to image artifacts. The k-space weighting is nonuniform,
since each inversion (heartbeat segment) has 16 phase-encodes with the pulse sequence
parameters used. The phase-encode order is interleaved such that the overall weighting is
generally increasing in a smooth manner. Note that the variation from segment to segment is
quite low, since the magnetization has almost fully recovered after two heartbeats. The
asymmetrical weighting leads to a complex point spread function, for which the primary
distortion is an artifact caused by the imaginary component. The artifact appears as spatial
differentiation along the phase-encode direction, which enhances the edges and causes ringing
at regions with rapid amplitude or phase changes in the complex image. For phase-sensitive
detection, the imaginary component is discarded, thus eliminating the edge artifact, provided
that the background phase estimate is reasonably accurate. Using magnitude detection (root
sum of squares), the quadrature component (imaginary point spread function) is suppressed
such that the artifact is generally in the noise. In practice, it has been found that there is little
artifact at boundaries such as the myocardium and LV blood pool, because the slope of the IR
is quite similar despite the difference in values of T1. There may be circumstances, such as
longer segment duration, in which the artifact is not sufficiently suppressed by magnitude
detection. In these cases the real point spread function of the phase-sensitive method may have
an advantage. Experimentally, there were no image artifacts attributed to the nonuniform k-
space weighting.

Finally, since the gated, segmented acquisition uses two heartbeats between inversion pulses
for nearly complete magnetization recovery, the acquisition of the additional reference image
during alternate beats does not increase the overall breath-hold duration.
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CONCLUSIONS

A method for phase-sensitive IR for detecting M1 using Gd-DTPA-delayed hyperenhancement
has been presented, and the results demonstrate several benefits of this approach. The use of
phase-sensitive detection avoids the need to precisely null the normal tissue, as is common
practice with IR using normal magnitude detection. The phase-sensitive approach restores the
signal polarity, thus avoiding loss of contrast and providing a consistent image appearance
without polarity artifacts for cases where Tl is set too early. The phase-sensitive reconstruction
method dramatically reduces the variation in apparent infarct size which is observed in the
magnitude images as TI is changed. Nominal values of Tl may be used, thus obviating the need
to perform additional breath-hold scans to accurately determine the null point for normal
myocardium. This also decreases the dependence of contrast on changes in the tissue T4 value
with increasing delay from injection, which will occur during multislice imaging. This
increased tolerance has value in a clinical environment, where a stack of eight short-axis slices
may take 5 min to acquire. The same uniformly good contrast was achieved using phase-
sensitive reconstruction at a nominal value of TI over a wide range of delays from initial
injection. Phase-sensitive detection has the additional benefit of a reduction of background
noise (13,14), which leads to an improved CNR between bright areas, such as blood and infarct
regions, and regions with low signal intensity, such as the nulled myocardium. The use of
surface coil intensity correction greatly improves the ability to display small changes in local
tissue contrast. This is particularly important in visualizing subendocardial infarcts, which have
a low contrast between blood and infarcted tissue.

Further clinical evaluation of this method is being performed on a larger patient population.
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FIG 1.

Plots of signal intensity vs. Tl for (a) magnitude and (b) phase-sensitive detection for Ml
(solid), blood (dotted), and normal myocardium (dashed), using nominal values of Tq at 15
min following a double dose of contrast agent. Example images correspond to acquiring images
earlier than the null time for normal myocardium. The solid lines with double arrows depict
the contrast between the MI and the normal myocardium.
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FIG 2.

Pulse sequence diagram for gated, segmented k-space acquisition of IR and reference images
using low flip-angle readouts. Data for IR and reference images are collected alternately every

other heartbeat.
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FIG 3.

Block diagram showing the phased-array phase-sensitive reconstruction of IR image using a

separate reference image acquired after magnetization recovery.
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Method for adaptively estimating phased-array combiner coefficients using the multicoil
complex reference images.
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Surface coil intensity normalization.
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Probability distributions of signal-plus-noise for (a) magnitude and (b) phase-sensitive

detection for phased array with four coils.
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FIG 7.

Short-axis images at varied Tls for a patient with inferior MI. Magnitude (top row) and
normalized phase-sensitive (bottom row) detection for T1 = 175, 200, 225, 250, 275, and 300
ms from left to right. The appearance and contrast are variable for the magnitude-reconstructed
images, while they are consistent for the normalized phase-sensitive reconstruction.
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FIG 8.

Short-axis stack images for another patient with inferior M1, comparing magnitude (top row)
and normalized phase-sensitive (bottom row) detection for six slices, acquired over
approximately 4 min for columns from left to right (basal to apical). A slight degradation in
contrast is seen in the magnitude images for the (a and b) basal slices, for which the TI is
slightly less than the null time for the normal myocardium, while a uniform contrast is achieved
in the (g-1) phase-sensitive images acquired simultaneously.
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FIG 9.

Example short-axis images shown at different display signal intensity levels (window and
level) illustrate the uniformity across the Ml region (a-c) before and (d-f) after surface coil
intensity correction.

Magn Reson Med. Author manuscript; available in PMC 2007 October 24.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kellman et al.

output SNR

Page 23
20 - - ‘ 20
g
15
[
=
n
510
o 5
5
o
5
i L 1 % L ! i
0 0.1 0.2 0.3 0 5 10 15 20
|Mz/Mo| b input SNR (A,/c)
FIG 10.

Output SNR for magnitude and normalized phase-sensitive images for (a) measured phantom
data SNR vs. |M,/M| for three values of reference image SNR, and (b) Monte Carlo simulation
of output SNR vs. input SNR for approximately the same three values of reference SNR plus
ideal noise-free reference. The bold lines correspond to magnitude detection. The reference
SNR for phase detection is 4, 8, and 16, for diamond, circle, and squares, respectively. The
simulated ideal noiseless reference case shown in b is plotted using triangles. The gray shaded
region in b corresponds to typical SNR values for LV blood pool or Ml, for which the reference
SNR is greater than or equal to the SNR of the IR image.
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CNR between LV blood pool and normal myocardium for both magnitude and phase-sensitive
reconstruction methods measured for 20 patients.

Magn Reson Med. Author manuscript; available in PMC 2007 October 24.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kellman et al.

Page 25
1200 1
O 1.25°

1000 &
S 800}
<
[1h}
'5 600
5
m -
& 400

200+

0 L ) ' e VAR 1 L J
50 100 150 200 250 300 350 400
Tl (msec)

FIG 12.
Signal intensity of phantom IR image vs. TI for several values of reference image RF readout
flip angle, validating minimal loss in the IR image due to reference image acquisition.
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