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NMR images of subintimal lipid deposits within the vessel walls of atherosclerotic human 
aortas were obtained at 37 and 27°C at 4.7 T. A combination of a stimulated-echo and 
pulsed-field gradients was used for suppressing the mobile tissue water relative to the less 
mobile tissue lipids. At 27°C there was also a substantial reduction of the subintimal lipid 
signal intensity, which is consistent with the characteristic phase transition of cholesteryl 
esters in human atheroma. These results represent the first direct detection of lipid deposits 
in nonprotruding atherosclerotic lesions with NMR imaging. o 1991 Academic press, Inc. 

INTRODUCTION 

Atherosclerosis and its complications, i.e., stroke, myocardial infarction, and pe- 
ripheral vascular disease, are the leading cause of mortality in the United States and 
western societies. In the United States alone, more than 500,000 deaths are accounted 
for annually, representing a total health cost exceeding $60 billion per year ( I ) .  Un- 
fortunately, at present the disease can only be detected at its advanced stages when 
the blood vessels are severely stenotic or occluded. Therapeutic intervention at this 
stage involves highly invasive procedures such as angioplasty or surgery. Thus, the 
development of a noninvasive method for the direct detection of the early stages of 
atherosclerosis, when there is still a possibility of disease control or reversal through 
dietary modification or pharmacologic treatment, would be a major medical advance. 
Moreover, scientific studies investigating the factors that influence disease progression 
and regression in animal models would also benefit from a noninvasive method to 
quantitatively assess the state of the disease. 

The presence of lipid deposits within the arterial wall is characteristic of the early 
stages of atherosclerosis. High-resolution ‘H NMR spectroscopic studies of diseased 
human aortas (2, 3)  have shown that cholesteryl esters, the major lipid components 
in atheroma, yield a distinct spectral signature in diseased tissue. This spectral signature 
is not observed in normal tissue. NMR imaging of the lipid component within the 
arterial wall is, therefore, a potential technique for noninvasive detection of the disease. 
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However, attempts to detect subintimal lipid deposits in atherosclerotic blood vessels 
using spin-echo imaging sequences ( 4 ) ,  full chemical-shift imaging (5), or fat/water 
imaging sequences such as selective-excitation (6), or the Dixon technique (7, 8), have 
not conclusively demonstrated that atheromatous lipids can be observed. The major 
difficulties associated with subintimal lipid signal detection in atheroma are the low 
lipid-to-water spin density ratios, the short T2 values of the lipid component [at 7.0 
T the reported value is 16 ms (5) ] ,  and the relatively broad NMR spectral lines of the 
lipids (2). The lipid spectral lines in atheroma span over two parts per million (ppm) 
and the fat/water chemical-shift separation is approximately 3.5 ppm. An imaging 
technique is required that can effectively suppress the tissue water signal and, at the 
same time, maximize the low-intensity tissue lipid signal. Imaging is required because 
the atheromatous lipids must be spatially differentiated from the periaortic fat. 

Our approach to imaging the lipid component in atheroma is to use pulsed-field 
gradients together with a stimulated-echo pulse sequence so as to suppress the more 
mobile tissue water molecules relative to the lipids via differences in their rates of 
translational diffusion. Pulsed-field gradients combined with stimulated-echo pulse 
sequences have been used in NMR spectroscopy (9, 10) and imaging (11) for flow 
velocity and diffusion constant determinations of materials with short T2 and T,  % T2.  
Recently, this technique has been utilized (12) as a means of suppressing the water 
peak in the 'H NMR spectra of slowly diffusing molecules. Since water suppression 
is based on the motional properties of the fat and water molecules, the method does 
not depend on B1 or Bo inhomogeneities or the fat/water chemical-shift separation. 
The advantage of using a stimulated-echo over a spin-echo pulse sequence (9)  is that 
it allows for a longer diffusion time and a shorter effective echo time (TE). The limiting 
factor for the diffusion time is the TI of the tissue lipids and not the T2.  This technique 
is ideal for lipid detection in atheroma since the lipid component has a short T2 but 
a relatively long TI  [on the order of 440-720 ms for a magnetic field range of 6.34- 
11.7 T (2)] .2  With this technique we have been able to directly detect lipid deposits 
in nonprotruding atherosclerotic lesions of human aortas. A significant loss of the 
lipid signal intensity in the interior of the arterial wall occurs when the temperature 
is lowered from 37 to 27°C. This observation is consistent with the hypothesis that 
the subintimal lipid signals originate largely from mixtures of cholesteryl esters and 
triglycerides in human atheroma (2, 3), which are known to undergo an isotropic to 
liquid-crystalline phase transition near body temperature. 

METHODS 

Human aortas obtained postmortem were stripped of the periaortic fat and most 
of the adventitia. The tissue was placed inside a plastic syringe (2.5 cm diam X 4.0 
cm), and the syringe plunger was adjusted to the length of the tissue (ca. 2 cm). This 
plastic container was taped to the inside wall of a jacketed glass cylinder (5 cm diam). 
Water flowing through the jacket was used to control the temperature of the sample. 
The jacket was filled with glass beads in order to reduce the volume of flowing water 
and to distribute the flow in all directions so as to minimize flow artifacts. 

The T,  of the lipid signal for a sample of microdisected diseased intimal wall measured via NMR 
spectroscopy at 4.7 T and at 37°C was approximately 400 ms. 
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'H NMR images and spectra at 37 and 27°C were acquired in air at 4.7 T with a 
Bruker Biospec imager/spectrometer using a cavity coil (7 cm diam X 8 cm) and a 
gradient insert coil with a maximum gradient amplitude of 0.139 T/m. NMR images 
were obtained using the two-dimensional Fourier transform method. The stimulated- 
echo diffusion-weighted pulse sequences used for spectroscopy and for imaging are 
shown in Figs. la  and lb, respectively. The first diffusion gradient in the sequence 
dephases the spins excited by the first a/2 pulse. The second a/2 pulse converts a 
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Gr 
Diffusion Gradients 

FIG. 1. Stimulated-echo diffusion-weighted pulse sequence for the detection of subintimal lipid deposits 
in atheroma used in (a) NMR spectroscopy and in (b) NMR imaging. TE is the effective echo time, T~~ is 
the diffusion time, and T~ is the duration of the diffusion gradients. In the NMR imaging sequence the 
diffusion gradients are along the direction of the orthogonal slice-selection (Gs), phase-encoding (Gp), and 
readout (G,) gradients. 
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component of the transverse magnetization into longitudinal magnetization. This lon- 
gitudinal component maintains the phase information of the original transverse mag- 
netization (10, 13). An adequate amount of time is allowed for significant diffusion 
of the water, but not of the lipid, before the third 7r/2 pulse generates transverse 
magnetization. The second diffusion gradient refocuses only the phases of the spins 
which remain relatively immobile (i.e., the tissue lipids) during the diffusion time. In 
the spectroscopy pulse sequence (Fig. la), diffusion gradients of 0.135 T/m and 9 ms 
duration and a diffusion time, Tdiff, of 2 19 ms were used for effective water suppression. 
The length of the nonselective 7r/2 pulses used in spectroscopy was 30 ps, and the 
effective echo time, TE, was 22 ms. In the imaging pulse sequence (Fig. lb), diffusion 
gradients of 0.135 T/m and 3 ms duration were applied in conjunction with the slice- 
selection (Gs), readout (Gr), and phase-encoding (G,) gradients. The diffusion time, 
T , , ~ ~ ,  was 2 17 ms and TE was 20 ms. A small spoiler gradient was used to destroy any 
unwanted spin-echo magnetization signal resulting from any of the two 7r/2 pulses. 

After imaging, the tissue was examined for gross identification of disease. Biopsy 
punches were obtained at specific locations, fixed in a 10% buffered formalin, embedded 
in paraffin, and stained with a combination of Verhoff s elastic and Gomori's trichrome 
stains. Histological analysis of the tissue was performed by a trained pathologist. 

RESULTS AND DISCUSSION 

The effectiveness of the stimulated-echo diffusion-weighted technique for water 
suppression relative to the lipid signal is illustrated by the 'H NMR spectra of a section 
of excised aortic wall shown in Fig. 2. When the strength of the diffusion gradients, 
defined here as the product of gradient amplitude and its duration, is relatively small 
(4.34 X s T/m), the 'H NMR spectrum of the arterial tissue is dominated by the 
water component (see Fig. 2a). However, when the diffusion gradient strength is chosen 
appropriately (1.22 X s T/m), the spectrum is dominated by the lipid signal (see 
Fig. 2b). These spectroscopic results indicate that the stimulated-echo diffusion tech- 
nique effectively suppresses the water signal and, at the same time, allows a significant 
lipid signal to be obtained. One major advantage of the technique is that water 
suppression due to translational diffusion is independent of spectral resolution, mag- 
netic susceptibility effects, and static field or radiofrequency inhomogeneity. The degree 
of water suppression and lipid excitation is determined by the diffusion properties of 
the spins. 

The NMR images of an axial slice of a specimen of human aorta are shown in Fig. 
3. The image obtained with a standard spin-echo sequence (TE = 8 ms and TR = 500 
ms), Fig. 3a, does not show any appreciable contrast between the water and lipid 
component of the tissue. No lipid/water contrast was observed even by shortening the 
TE to 3 ms, varying the TR, and/or increasing the signal averaging. This lack of 
contrast suggests that either (i) there is no significant difference between the TI  of the 
lipid and water, (ii) the lipid-to-water spin-density ratio is too small, or (iii) a com- 
bination of both of these effects precludes visualization of the lipid signal. Consequently, 
visualization of the lipid component requires effective suppression of the water com- 
ponent. Indeed, as shown in Fig. 3b, the image of the lipid component obtained via 
the stimulated-echo diffusion-weighted sequence clearly shows the lipids in the interior 
and exterior of the vessel. The chemical shift of the lipid signal causes a spatial shift 
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FIG. 2. Proton ('H) NMR spectra of excised human aortic wall acquired at 37°C using the stimulated- 
echo diffusion-weighted sequence shown in Fig. 1 a. (a) Incomplete water suppression (diffusion gradient 
amplitude = 4.83 X T/m). (b) Nearly complete water suppression (diffusion gradient amplitude = 0. I35 
T/m). The time intervals were T~ = 9 ms, ldir = 219 ms, and TE = 22 ms. A total of 64 signals were 
averaged with a repetition time of 500 ms and a spectral window of +10,000 Hz. The signal was digitized 
using 8K data points; the line broadening was 20 Hz. 

along the direction of the readout gradient, as expected. Images acquired with the 
readout gradient in the orthogonal direction shifted the lipid signal in that direction, 
which verifies that the observed signal is due to the tissue lipids. The spatial correlation 
between the lipid signal in the interior and exterior of the arterial wall in Fig. 3b is 
interesting but is not generally observed in images of other tissue samples. Interior 
lipid signals are observed with no external lipid signals and vice versa. Consequently, 
the interior lipid signal is not an artifact of the exterior lipid signal. 



FIG. 3. 'H NMR images of an axial slice of excised human aorta (the tissue is approximately 2.5 cm in 
diameter). (a) Spin-echo image (TE = 8 ms; TR = 500 ms) at 37°C. (b) Lipid image at 37°C using the 
stimulated-echo diffusion-weighted sequence (TE = 20 ms; TR = 800 ms). (c) Lipid image at 27OC using 
the stimulated-echo diffusion-weighted technique (TE = 20 ms; TR = 800 ms). The field of view is 60 X 60 
mrn and the slice thickness is 6 mm. The in-plane pixel resolution is 0.46 X 0.46 mrn. For the stimulated- 
echo diffusion-weighted imaging sequence T~ = 3 ms and  din = 2 17 ms. In the spin-echo image no contrast 
is seen due to the presence of subintimal lipids. The signal observed outside the vessel is due to water flow 
through the jacketed glass cylinder. In the lipid images both subintirnal and adventitial lipids are clearly 
seen at 3 7 T ,  whereas only the adventitial lipids are seen at 27°C. 
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The strongest signals, which correspond to the heaviest concentrations of subintimal 
lipid deposits, are observed at the locations indicated by the arrows in Fig. 3b. A less 
intense lipid signal is observed as one moves clockwise from the arrows, and almost 
no lipid signal is observed as one moves counterclockwise. These findings correlated 
well with gross visual examination and were corroborated by histological analysis of 
the tissue (not shown). However, the strongest evidence that the lipid signal within 
the arterial wall correlates with atherosclerosis comes from the temperature behavior. 
As seen in Fig. 3c, at room temperature the lipid signal in the interior of the wall is 
lost as opposed to the lipid signal in the exterior of the wall, which is still present. 
High-resolution 'H and I3C NMR spectra of atherosclerotic lesions have shown a 
substantial decrease in signal intensity around 30°C (2, 3, 1 4 )  due to the isotropic to 
liquid-crystalline phase transition characteristic of mixtures of cholesteryl esters me- 
diated by the presence of small amounts (5 to 10 wt %) of triglycerides (15). The lipids 
in the adventitia and periaortic tissue, mainly triglycerides, do not undergo a phase 
transition in this temperature range, and, therefore, their signal intensities in the 'H 
and I3C NMR spectra, as well as in the NMR images shown here, are not as strongly 
affected. 

Despite the good quality of the lipid images shown in Fig. 3b, the signal-to-noise 
ratio (SIN) is a problem and long acquisition times are required in order to visualize 
the lipid signal at the intimal wall of the vessel. A voxel size of 0.46 X 0.46 X 6 mm 
was chosen as a good compromise between spatial resolution and SIN. With the stim- 
ulated-echo diffusion-weighted sequence presented in Fig. 1 b, a maximum of three 
slices can be imaged with TR = 800 ms. With 128 phase-encoding steps and 64 
averages the total imaging time is approximately 2.5 h. This imaging time is obviously 
too long for practical applications, but we are currently modifying the pulse sequence 
to overcome this problem. The modifications are aimed at reducing the TE to about 
15 ms in order to minimize the signal loss because of transverse ( T 2 )  decay and at 
optimizing the diffusion time and the strength of the diffusion gradients to obtain the 
best compromise between lipid/water signal contrast (partial water suppression) and 
shorter imaging times. With these modifications we expect to be able to image the 
subintimal lipids in 20 to 30 min. Further improvement of the technique will involve 
the design of higher sensitivity coils, such as surface coils or intravascular coils, to 
enable a higher sample-volume filling factor. Volume localization, which would aid 
lipid detection in in vivo systems, is easily incorporated into the stimulated-echo dif- 
fusion-weighted technique by making the three a/2 pulses slice-selective in the three 
orthogonal directions, similar to the STEAM localization technique used for spec- 
troscopy (16). 

In summary, by combining diffision gradients with a stimulated-echo pulse sequence 
we have demonstrated that the lipid signal from the intimal wall of diseased aortic 
tissue can be detected directly with NMR imaging. The loss of the lipid signal within 
the vessel wall at 27°C agrees with previous NMR spectroscopic studies of atheromatous 
lipids, which suggest that the NMR lipid signal originates largely from cholesteryl 
esters undergoing an isotropic to liquid-crystalline phase transition near body tem- 
perature. These results indicate that early lipid deposition can be detected under NMR 
imaging conditions, and upon further S/N improvement, the technique may be useful 
as a diagnostic tool for early detection of atherosclerosis in viva 
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