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ABSTRACT

Magnetic resonance imaging (MRI) of atherosclerotic lipids using a stimulated-echo diffusion-weighted (STED)
sequence is demonstrated. The STED sequence exploits the large difference in diffusion between lipid (primarily
cholesteryl ester) and water. The optimization of the STED sequence is discussed. The results of lipid imaging
are corroborated with nuclear magnetic resonance (NMR) spectroscopy. This technique is non-invasive, and
therefore, it is potentially useful in following the progression of the disease in animal models and in humans.

1. INTRODUCTION

The deposition of lipids, primarily cholesterol and cholesteryl esters, in the arterial wall is highly correlated to
the pathogenesis of atherosclerosis in man'. The physiological changes (e.g., accumulation of smooth muscle
cells, etc.,) and related complications associated with atherosclerosis are well known and documented; however,
the mechanisms behind the excessive accumulation of lipids in arterial tissues are not fully understood. Non-
invasive techniques for detecting atherosclerotic lipid deposits would be extremely useful for both general
diagnosis in the clinic and scientific studies of the disease. One potentially powerful technique of imaging lipids
is magnetic resonance imaging (MRI).

MRI is based upon the spatial distribution and temporal behavior of hydrogen ('H) nuclear magnetic dipoles.
The magnetic dipoles of the nuclei are often referred to as "spins" because in a static magnetic field, B, the
magnetization precesses around the static field at a resonance frequency, w. The precession frequency is
determined by the Larmor equation, w, = yB, where y is the gyromagnetic ratio. In a strong static magnetic
field, the dipoles tend to align with the magnetic field. The spins are excited by the application of a radio
frequency (RF) pulse at the resonance frequency of the nuclei. The measured NMR signal results from the
precessing magnetization inducing a voltage in a pick-up coil. Gradient magnetic fields, which vary linearly in
the three orthogonal directions, are applied to the object to produce spatial encoding. An MR image contains
information on the density and relaxation properties (T, and T2 decay) of the excited spins. The primary 'H
imaging components within biological tissues are water and lipids. Nuclear magnetic resonance (NMR)
spectroscopy is identical to MRI except imaging gradients are not used. An NMR spectrum reveals chemical
information via small shifts in the resonance frequencies (chemical shifts) of various molecular species. For a
full explanation of NMR and MRI physics, techniques and instrumentation, the reader should consult an
appropriate text, such as references 2 or 3.

It has been shown via high-resolution 1H NMR spectroscopic studies that diseased human aortas4 yield a distinct
spectral signature due the presence of cholesteryl ester (CE), the primary lipid component in atheroma. This
spectral signature is absent from NMR spectra of normal aorta. The NMIR spectral peaks from CE display a
chemical shift of approximately 3.5 ppm from the peak of water. The NMR lipid signal is visible at 37°C, but
disappears as the temperature is lowered below 28°C. The signal decrease results from the cholesteryl ester
going from an isotropic liquid to a liquid crystalline state'. The phase transition temperature varies between
28°C and 32°C depending upon the lipid constituents.
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Differences in the NMR properties (T1, T2 and chemical shift) between arterial tissue water and atherosclerotic
lipids indicate that it may be possible to detect lipid accumulation via MRI. The tissues surrounding arteries are
generally very fatty; consequently, in order to be effective, MRI must be able to spatially resolve the plaque lipid
from the periarterial fat. Spin-echo imaging5, chemical-shift imaging6, and fat/water imaging sequences such as
selective excitation7 and the Dixon technique8 were tested by others, but have not conclusively demonstrated the
ability to detect the lipid component of atheroma. The detectability of atherosclerotic lipids using the referenced
sequences was limited by the relatively short T2 of the lipids (T2 for CE is approximately 13 ms) and the low
concentrations of lipids relative to water. Therefore, an alternative approach to imaging the lipids using the
different diffusion properties of water and lipid was investigated.

Diffusion describes the random motion of molecules in a thermal environment. Lipids, even the pure liquid state,
are more viscous and consequently less mobile than tissue water. In MRI, when gradient fields are applied to
an object, the precessing spins dephase. By applying a gradient of opposite polarity, the dephased spins will
rephase. However, spins that move in the time between the two gradient pulses do not totally rephase; therefore,
the signal from highly mobile molecules is auenuated. By applying diffusion gradients, the tissue water signal
will be suppressed more strongly than the lipid signal. A number of NMR spectroscopic9 and MRI'° techniques
have been developed for measuring diffusion. One such technique, the stimulated-echo diffusion-weighted
(STED) imaging sequence, has demonstrated the ability to image atherosclerotic lipids in arteries". The STED
sequence is particularly effective because it minimizes lipid signal loss due to 1'2 decay while allowing relatively
long diffusion times.

The STED sequence and image acquisition methods are described in the next section. Optimization of the STED
imaging sequence based upon measured NMR properties of lipid and water is described in Section 3. In Section
4, example MR images and NMR spectra are presented. A discussion of these results and the properties of
STED imaging is found in Section 5. Finally, in Section 6, conclusions from these studies are outlined.

2. EXPERIMENTAL METHODS

The RF and gradient waveform timing diagrams ofthe STED spectroscopy and imaging sequences are illustrated
in Figure 1. Three 900 Jf pulses stimulate an echo at a time TE after the final RF pulse. The first 900 pulse
excites the transverse magnetization, and the second 900 pulse converts a component of the transverse
magnetization to longitudinal magnetization, which retains the phase information ofthe transverse magnetization.
The final 900 pulse regenerates the transverse magnetization. Diffusion gradients are applied between the first
and second RF pulses and after the third RF pulse to suppress the signal from diffusing nuclei. The first
diffusion gradient dephases the spins and the second diffusion gradient refocuses spins that have not moved
significantly since the first gradient. The second and third 90° RF pulses in combination provide an effective
1800 pulse which inverts the effective polarity of the second diffusion gradient relative to the first. Diffusion
gradients can be applied in any of the three orthogonal directions, x, y and z. The amount of suppression can
be increased by increasing the gradient strength, by lengthening the duration of the diffusion gradients, 're,
or by increasing the diffusion gradient spacing,;. The imaging sequence is completed by adding the appropriate
slice, read and phase gradients, G, Gr, and respectively. These imaging gradients spatially encode the
infomation of a single slice in an object. The image is reconstructed using the standard two-dimensional Fourier
transform method2.
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Figure 1 - Pulse timing sequences for STED a) imaging and b) spectroscopy. Diffusion gradients
are shown in gray.

For the experimental work, descending human aorta specimens obtained post-autopsy were stripped of periaortic
fat. A piece of each specimen approximately 5 cm wide and 2.5 cm long was placed inside a plastic syringe
(2.5 cm dia.). The syringe was sealed with the plunger and parafilm to prevent drying of the tissue. The
specimen was then placed in a jacketed glass cylinder. The temperature of the sample was controlled by
pumping water of a specific temperature through the jacket. Cross-sections of the tissue were imaged at high
temperature (370 - 42°C) and at low temperature (17° - 28°C) using both the STED sequence and the
conventional spin-echo method. Imaged regions were 5x 5 cm with a 5 mm slice thickness. Selected regions
of the imaged tissue were excised and placed in 5mm NMR tubes. NMR spectroscopy was performed on the
excised specimens at both high and low temperatures. Both imaging experiments and NMR spectroscopy
experiments were carried out at 4.7 T with a Bruker Biospec imager/spectrometer using a cavity coil (7 cm dia.
x 8 cm) and a gradient insert coil (with maximum gradient amplitude of 0.139 TIm).
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3. OPTIMIZATION

The NMR signal, S. of a pure homogeneous substance using the STED sequence is given by

S = -p (i — e''1) e'2 et e (1)
2

where T1 and T2 are the spin-lattice and spin-spin relaxation times, respectively, p is the spin density, TE is the
effective echo time (see Figure 1), TR is the repetition time between scans, t is the time between the second
and third 900 pulses, and D is the diffusion coefficient of the substance. The effect of gradients on the signal
strength of the diffusing spins is given by the exponential decay, e, where

a = 2 .
(2)

Here y is the gyromagnetic ratio of the nuclear species, and G(t") represents the time-varying gradient strength
(both diffusion and imaging gradients)'°. For unrestricted diffusion, each of the three gradient directions are
independent and the a factors add. Only diffusion gradients are applied in the STED spectroscopy sequence,
so the expression for the cx factor reduces to

a =
(yGdra)2{r_ :] , (3)

where Gd the strength of the applied diffusion gradients.

Optimization of the STED sequence entails determining the timing parameters and the gradient strengths so that
the tissue water signal is sufficiently suppressed while maintaining the signal strength of the lipid (primarily
cholesteryl esters). The sequence will depend upon the limitations of the instrumentation, such as the maximum
gradient strength and gradient rise time constant (in our system, 0.139 T/m and 100 ps, respectively). The
optimum sequence will depend upon the physical properties - p, T1, T2, and D - of both the water and the lipid.
The measured values of T1, 'F2, and D (at 4.7 T) for cholesteryl ester and tissue water are listed in Table 1. The
time constants were measured using spin-echo imaging sequences2 with variable TE and TR and the diffusion
coefficients were measured using the STED imaging sequence with variable diffusion gradient strength. The
values in Table 1 indicate that CE has a relatively short T2 and a small D relative to water. A short 1'2 means
that the effective echo time, TE, of the sequence must be made as short as possible. On the other hand, a short
TE means that 'r8 must be short, and therefore, the suppression factor a will not be as large. Thus, there is a
tradeoff between water signal suppression and lipid signal loss from T2 decay. Another tradeoff concerns the
length of;. Large values of; may be necessary to sufficiently suppress the water. However, the lipid signal
will decrease from T1 decay for long ; times ('r2 increases with ;).
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Table 1 - Physical properties of the tissue water and lipids at 4.7 T.

Parameter Tissue Water (Media) Atherosclerotic Lipids (CE)

T1(ms) 2246 401

T2(ms) 28.0 13.1

D(m2/s) 7.78x10'° 3.07x10'2

Using the values in Table 1, a water-to-lipid spin density ratio of 10, a TR equal to 500 ms, and a diffusion
gradient value of 0.122 T/m, the signal contrast S1i,,d - was numerically determined as a function of; and
t using Equation 3. The effective TE was calculated as 8.32 ms + 2; based upon implementation of the
sequence on our system. Diffusion gradients were applied only in the read and phase directions. A contour plot
of the signal contrast is shown in Figure 2. Under the specified constraints, a maximum signal contrast was
found for; = 4.4 ms and ; = 118 ms. For different imaging parameters (i.e., TR and diffusion gradient
strengths), the optimum operating point will, of course, be different.

4. RESULTS

Example MR images of human aorta obtained using the Bruker Biospec are shown in Figure 3. Figure 3a shows
a transverse section of the aorta obtained with a conventional spin-echo sequence. Some structure is visible in
the artery; however, since the TE is long (72 ms) the signal is primarily from tissue water. The signal near the
borders of the image is from water flowing through glass beads in the outer glass jacket which is used to control
temperature. Images of the same section obtained with the STED sequence are shown in Figures 3b and 3c.
The water signal is effectively suppressed for the high temperature (42°C) image in Figure 3b. The bright
bulging signal in the upper portion of the lumen (Figure 3b - see arrows) demonstrates the visibility of lipid
within an atherosclerotic plaque. At the center of the plaque, the signal disappears indicating a region of lower
lipid concentration. The bright ringlike structure surrounding the artery is due to periaortic fat on the outside
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Figure 2 - Contour plot of S1jdSwat signal contrast for STED sequence.
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of the vessel. When the temperature is lowered to 20°C (Figure 3c) the plaque signal disappears. Other tissue
regions, however, brighten. Since the enhanced signal appears chemically shifted relative to the periaortic fat
signal, this signal is from tissue water. The increase in signal from the tissue water at low temperature can be
attributed to the decrease in diffusion (less thermal excitation).

Figure 3 - MR images of human aorta in-vitro. (a) spin-echo image (TR = 2000 ms, 'FE = 72 ms) at
42°C,(b)SThDimageat42°C(TR=500ms,TE=16.32ms,;=116ms,=4ms,andG=0.122
T/m in the read and phase directions) where plaque lipid signal is shown by the arrows, and (c) STED
image at 20°C (same parameters as b).

'H NMR spectra of the extracted plaque from the tissue imaged (Figure 3) are shown in Figure 4. No periaortic
fat was present in the spectroscopy specimen. The spectrum in Figure 4a for the plaque at high temperature
(42°C) displayed a large signal from the cholesteryl ester which peaks approximately 3.5 ppm from the small
water peak. When the temperature is lowered to 23°C, the CE signal decreases and the water signal increases
(Figure 4b). Once again, the increase in signal from the water is from the reduced diffusion.

Figure 4 - 'H NMR spectra at 4.7 T of human atherosclerotic plaque in-vitro obtained with the STED
sequence ('r = 110 ms, t = 4 ms, and G = 0.122 T/m in two directions). Two temperatures were
evaluated - (a) 42°C and (b) 23°C. A line-broadening factor of 0.25 ppm was applied to the spectra.
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5. DISCUSSION

Figure 3 demonstrates the ability of the STED sequence to detect lipid deposits at high temperature. As the
temperature is lowered, the lipid signal disappears, which is consistent with the known temperature behavior of
cholesteryl ester. The 1H NMR spectra in Figure 4 corroborates the temperature dependence of the lipid and
water signals observed in Figure 3 and proves that the strong interior lumen signal component in the high
temperature image (3b) is from lipid and not water. However, it should be noted that the plaque signals in some
arterial specimens do not follow the predicted temperature behavior. Some plaque lipids that were visible with
the STED sequence at high temperature remain visible as the temperature was lowered. The lipid constituents
in an atherosclerotic plaque (cholesterol, cholesterol esters, phospholipids, triglycerides, etc.,) may vary
substantially from site to site in a vessel depending upon the type of plaque. The amount of triglycerides in the
plaque mediates the temperature of the phase transition. Consequently, the lipids in certain plaques may still
be in a liquid state even at low temperatures. Lipid analysis of the imaged plaques will be perfonned in future
studies to determine how the composition of the lipids affects the NMR signal. Nevertheless, at body
temperatures, the lipid signal is visible. Therefore, in-vivo detection of atherosclerotic lipids in humans should
be possible.

When imaging gradient fields are applied to a moving object, phase errors will occur in the data acquisition.
These phase errors in the data can lead to artifacts in the image reconstruction. MR images of objects with
motion that are acquired using the two-dimensional Fourier transform method display "ghosting" artifacts which
are very objectionable. The ghosting appears as a smearing of the object in the phase encode direction. The
artifacts are even more severe when diffusion gradients are applied because the gradients are stronger; therefore,
the phase errors are large. In-vivo imaging will be problematic because the subject being imaged will have both
respiratory and cardiac motion. Currently, modifications to the STED sequence are being explored to remove
the gross motion sensitivity of the STED sequence.

In order to fully suppress the water signal, large diffusion gradient fields are required. However, imaging
gradients on conventional whole-body MR scanners are much weaker than the diffusion gradients used in this
study. Consequently, special-purpose gradient coils will be needed in order to deliver the large fields necessary.

The STED imaging sequence may be useful in quantifying the amount of lipid in a plaque. The intensity of a
pixel could be used to determine the amount of lipid presenL Since this method is non-invasive, the progression
of lipid deposition or its regression in an artery could be followed over a long period of time. This would be
extremely useful in studying the effects of diet or therapy (pharmacologic or surgical) on atherosclerosis in either
humans or animals.

6. CONCLUSIONS

Direct imaging of the lipid deposits in atherosclerotic plaques has been demonstrated using MRI. A stimulated-
echo diffusion-weighted sequence was developed that effectively suppresses the tissue water signal and allows
direct visualization of the lipid accumulation. The signal contribution from the lipids has been corroborated by
observing the temperature phase transition of the lipid signal for both imaging and spectroscopy. This technique
may provide a non-invasive means of detecting atherosclerotic lipids in humans; however, certain issues such
as motion sensitivity and gradient limitations of conventional scanners need to be addressed to make the
technique effective.
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