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Image-guided Iin vivo proton magnetic resonance
spectroscopy in human brain '

Ponnada A. Narayana and Edward F. Jackson
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Image-guided in vivo proton magnetic resonance spectro-
scopy (MRS) studies of human brain are described. The
technical requirements for performing these studies are
briefly reviewed. In vivo proton MRS brain studies of
normal volunteers, patients with multiple sclerosis, and
ischaemic brain injury are presented.

THE introduction of powerful Fourier-transform (FT)
techniques and continuously decreasing costs and
expanding power of computers have propelled nuclear
magnetic resonance (NMR) into diverse disciplines. In
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the last two decades NMR has also been added to the
armamentation of diagnostic tools employed in clinics.
Because of the connotation the word ‘nuclear’ carries to
a lay person, NMR is simply referred to as magnetic
resonance or MR by chinicians and scientists involved
in human research. Unfortunately, this nomenclature 1s
a misnomer because magnetic resonance includes not
only nuclear magnetic resonance but also electron
paramagnetic resonance. Nevertheless, to be consistent
with the btomedical literature, we use MR instead of

NMR 1n this review.
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Magnetic resonance has a unique role in the medical

field because of its ability to provide excellent !

anatomical details and tissue biochemical information.
The anatomical information 1s obtained through
magnetic resonance imaging (MRI) while magnetic
resonance spectroscopy (MRS) provides in vivo tissue
biochemical information. Even though generally the
same biochemicals are found in different tissues, the
magnetic resonance spectrum is specific to the type of

tissue. In addition, the relative amplitudes and chemical

shifts of various resonances depend on the tissue state,
ie. the spectrum reflects the tissue health. This
quantitative dependence of spectral parameters on the
disease state allows the utilization of MRS to monitor
the disease objectively and noninvasively.

For a number of reasons MRI and MRS have
evolved more or less independently. In order to
generate MRI images, MR data are usually acquired in
the presence of a gradient referred to as the ‘read
gradient’ for encoding frequency into spatial coordinates.
This ‘read gradient’” destroys the chemical shift
information which is the heart and soul of spectro-
scopy. On the other hand, spectroscopy on its own
provides little information about the spatial origin of
the spectrum. Thus for in vivo MRS to be useful, 1t is
essential to integrate MRI and MRS. Such an
integration provides an unprecedented opportunity to
characterize tissue and can be considered as a
‘noninvasive biopsy’. Since MRS employs low energy
radiation and 1s noninvasive, it 18 possible to perform in
vivo studies repeatedly to follow the eflect of therapeutic
intervention on the disease. Such an ability to
continuously monitor the disease state will enable
customizing the patient treatment on an individual
basis.

Unlike MRI which generally relies on proton
resonance due to abundance of water in tissue, MRS
studies can be performed on a number of nuclei which
includes 'H, !3C, ?*Na and *'P. In this review we
concentrate only on 'H MRS for many reasons.
Proton is the most MR-sensitive nucleus. It provides
access to water and a number of biomolecules,
including lipids, various amino acids, lactate, and
neurotransmitters such as glutamate and y-amino-
butyric acid. There are, however, two major challenges
associated with 'H MRS studies. First, the range of
proton chemical shifts is narrow and in order to resolve
various resonances it is necessary to have a high degree
of magnetic field homogeneity. With the availability of
high quality magnets and the ability to perform both
global and localized shimming, it is now relatively easy
to homogenize the magnetic field over the region-of-
interest (ROI). The second problem arises because of
dynamic range considerations. The typical concentrations
of various biomolecules in tissue are on the order of 5
to 10mM compared to a water concentration of
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around 40 M. Thus for detecting the resonances from

these metabolites with relatively low concentrations, it
1s essential to suppress the water resonance without a
concomitant decrease in the metabolite signals. With
the introduction of a number of innovative techniques, it
1s now possible to suppress water by a factor greater
than 1000. These aspects are discussed in detail below.

It is not our intention to review the field of '"H MRS
exhaustively. Rather we describe some of the in vive
human MRS studies that are currently performed in the
authors’ laboratory. Because of our primary interest in
'H MRS, the very important and exciting !3C and 3'P
MR studies are not included in this review. Also, MRS
studies of tumours, an extremely important area of in
vivo MRS research, is not included. However, many of
these areas have recently been reviewed by others! 3.
In this article we concentrate on brain studies only. The
MRS data on brain are particularly valuable because

- routine biopsy of neural tissue is not a recommended
~ procedure. From a practical consideration, in contrast

to organs like heart, hver, etc., the lack of physical
motion makes the brain well suited for MRS studies.
This review is divided into two major sections. The
first section deals with the technical aspects of MRS,
viz. spatial localization based on MR 1mages, water
suppression, and pulsed gradient fields. The second
section deals with the application of proton MRS to the
study of brain both in normals and patients with
multiple sclerosis and 1schaemic brain injury {stroke).

Techniques
Localization

In vivo MRS is meaningful only if the spectral data
originate exclusively from the ROI. Isolating the ROI
from the rest of the tissue for the purpose of MRS data
acquisition is referred to as localization. An 1deal
localization scheme should satisfy a number of
requirements. First, it should be image-based so that
the ROI can be selected on a standard MR 1mage.
Second, it should be possible to vary the size and
position of the ROI anywhere in the body. Third, the
technique should provide localization in a single shot.
This requirement has a very practical implication. The
ROI is typically much smaller than the whole organ.
Since the magnetic field needs to be homogenous only
over the ROI and because it is easier to achieve higher
uniformity over a smaller volume, it is desirable, and 1n
fact essential, to homogenize the magnetic ficld over the
ROI. The scheme that provides a single-shot locihiza-
tion would allow shimming over the localized region.
Finally, for patient comfort and safety the localization
scheme should require minimum set-up time and utilize
the least amount of radiofrequency (RF) power
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possible. Of the many localization schemes  proposed
and reviewed in the literature®’, relatively few
techniques satisfly many of the requirements indicated
above. Of these few, the stimulated-echo (STE)
sequence® 1! has gained wide popularity for 'H MRS
studies because it provides excellent quality of localiza-
tion. STE localization schemes represent a single voxel
(volume element) technique since spectral data are
acquired from a single volume at a time. It i1s also
possible to acquire MRS data from a number of volume
elements simultaneously utilizing chemical shift imaging
(CSI) or spectroscopic imaging (SI)*%. Furthermore, the
STE and SI techniques can be combined for improved
spatial resolution’~! In this review we concentrate

on the STE sequence.

Stimulated echo localization

In a single voxel technique the volume element is
defined by the intersection of three slices. This involves
the successive excitation of three slices by the
application of three selective RF pulses each in the
presence of an orthogonal gradient. Therefore, the STE
sequence, which utilizes three RF pulses, i1s a logical
choice for volume localization. The STE localization
sequence, combined with the water suppression scheme
discussed below 1s shown in Figure 1. The localization
sequence consists of three slice selective RF pulses (P1-
P3) along with selective, refocusing, and crusher
gradients (indicated by arrows in Figure 1 and
described below). The RF pulse P1 in the presence of a
gradient applied along the z-direction (referred to as the
z-gradient) excites a slice normal to the z-axis. The
second and third pulses in the presence of x- and y-
rradients excite the other two orthogonal slices. At time
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gure 1. The stimulated echo sequence used for water suppressed,
calized proton MRS studies. Pulses P1-P3 localize the region of
terest (ROI) while water suppression is provided by three
emically selective pulses, PS1-PS3. Arrows indicate the crusher
idients.

2

T/2 (T is the echo time) following the third RF pulse,
the transverse magnetization from the ROI is focused
giving rise to the stimulated echo. The position of the
ROI can be varied by changing the central frequencies
of the RF pulses. The dimensions of the ROI can be
varied independently along all the three directions by
adjusting RF pulse bandwidth and/or the gradient
strength. While the STE sequence is conceptually
simple to understand, attention should be paid to some
practical problems in its implementation. The three RF
pulses used in this sequence generate the desired
stimulated echo onginating from the ROI but also
create a number of unwanted coherences which arise
from excitation of columns formed by the intersection
of two slices (i.e. two-dimensional localization) and
slices (one-dimensional localization). For proper loca-
lization, it 1s important to eliminate the contribu-
tions of all the unwanted coherences. This can be
achieved by phase cycling the RF and receiver
according to the scheme proposed by Fauth et all®
However, for regional shimming which requires single-
shot localization, it is essential to eliminate the
contributions from all the unwanted coherences in a
single acquisihon. This 1s accomplished by dephasing
these coherences through the application of gradients
called crushers during the 7./2 and T,, periods
(Figure 1). Sometimes the refocusing gradients and
extended slice-selective gradients can act as crushers.
However, the crusher gradients must be applied
carefully to avoid the formation of unwanted echoes® 19,

The STE sequence enjoys many advantages. The flip
angle of each RF pulse is not critical for localization so
long as it is less than or equal to 90°. This reduces the
set-up time. An important consideration in human
studies 1s the amount of RF power exposure. The RF
power deposited varies as the square of the flip angle.
Since typical flip angles are 90° or less in the STE
sequence, the RF power exposure is small. Finally,
studies by Jackson et all? indicate the excellent
localization quality provided by this sequence. A major
disadvantage of the STE sequence is that only half the
magnetization from the ROI manifests in the form of a
stimulated echo while the other half gives rise to other
coherences. Despite this disadvantage, the STE sequence
1s the most widely used single voxel localization techni-
que for in vivo proton MRS studies.

Water suppression

The detection of resonances from biochemicals with low
concentrations 1n the presence of a large water proton
signal imposes severe dynamic range demands on the
analog-to-digital converter in the MR scanner. It 1s,
therefore, essential to suppress the water resonance for
detection and quantification of MR peaks from
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biochemicals. Many water-suppression techniques
which have been used for in vivo MRS were initially
developed for high resolution analytical MRS. These
techniques, which have been recently reviewed by
Hore!®, include pre-saturation, differential relaxation,
and selective excitation (or nomnexcitation). However,
due to short spin—spin relaxation times (7;) typically
encountered 1n tissues, and because of the intrinsic field
inhomogeneities encountered in vivo, some of these
techniques are not applicable for in vivo MRS studies.

The differences in the T, and T, relaxation times
between water and metabolites have been exploited by
a number of groups for in vivo water suppression!® 23,
However, these techniques provide typical water-
suppression factors of around 200. Furthermore, some
of these schemes also result in the attenuation of
already weak metabolite signals. In the selective
excitation for water suppression, narrow bandwidth or
‘chemically selective’ pulses are applied to the spin
system to rotate the water magnetization into the
transverse plane while leaving the other spins un-
disturbed. Because of the relatively short 7, values
encountered in vivo, the chemically selective pulse
cannot be longer than a few tens of milliseconds which
limits the mintimum RF bandwidth to 50 to 100 Hz.
This technique was used in vivo®*?° for brain MRS
studies and typically yields suppression factors of the
order of 150-500.

A more efficient and robust water suppression can be
achieved by employing multiple saturation pulses as
proposed by Doddrell et al?® who christened the
technique SUBMERGE. In this method each
saturation pulse is followed by a gradient to dephase
the water magnetization in the transverse plane.
However, the use of multiple RF pulses and dephasing
gradients for water suppression in conjunction with the
STE localization sequence can potentially lead to
artifacts due to the creation of unwanted echoes. This
problem can be eliminated by a proper design of the
dephasing gradients following the saturation pulses.
Moonen and van Zijl*7 analysed both theoretically and
experimentally the performance of this technique for
water suppression with minimal creation of unwanted
coherences. Their studies indicate that optimal water
suppression with minimal artifacts can be obtained
using three saturation pulses followed by three
dephasing gradients with an amplitude ratio of 1;2:1
or 1:2:4. Similar results were obtained by Jackson and
Narayana®® who performed simulations by numerically
solving the Bloch equations. This method can provide
water-suppression factors of > 1000, This water
suppression scheme, combined with the STE localiza-
tion sequence (Figure 1), appears to be the most
popular technique for single voxel 'H MRS studies.

. Even with the excellent water suppression obtained
by the SUBMERGE technique, the presence of
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significant water signal may create problems in th
quantification of weak resonances near the water pealk®
It 1s possible to eliminate the residual water signal br
post-acquisition signal processing as described  bY
Kuroda et al?® This technique is based on th!
numerical differentiation of the acquired MR signal. I
the carrier frequency is set to the resonant frequency o
water protons, the water signal, which varies slowly
with time, will be greatly reduced after the numerica’

- differentiation. However, this technique lntroduce‘l

frequency-dependent intensity distortions which musf
be compensated®®. Once such a compensation i¢
accomplished the SUBMERGE techmque combine
with the post-acquisition signal processing is well Sllltﬁj
for spectral quantification.

Pulsed gradients

The presence of magnetic field gradients is an
indispensable feature of any image-guided localization
scheme. These gradients are turned on and off, ie.
pulsed, a number of times for generating localized MRS
data. These pulsed gradients create special problems by
inducing eddy currents in the conducting metallic
structure of the magnet cryostat. The ideal gradient
pulse should follow the rectangular current shown in
Figure 2,a. As shown schematically in Figure 2,5, the
eddy currents oppose the applied gradients and result
in finite gradient rise and settling times (Figure 2,¢). In
a typical magnet without any corrective measures, these
settling times could range anywhere from a few tens to
about 100 ms. The resulting slowly decaying fields
induce phase artifacts which are quite detrimental’to
localized MRS studies. The gradient settling times can

1.0, -—— 14

L <
Y

gradient,
emphasis.

2, Idcal gradient ficld in response to a rectangular
current pulse. b, Eddy current-generated ficld opposing the applied

Figure 2. a—-d,

¢, Actual field produced by the gradient cotl with no pre-
d, Input current pulse with pre-emphasis for producing a
rectangular gradient pulse,
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be minimized by utilizing a compensation or pre-
emphasis technique*! which is briefly described below.

The eddy currents induced in the conducting
structure can be modelled as a sum of exponential
functions. The opposing magnetic field generated by
eddy currents can therefore be compensated by adding
a multiexponential current i(t) to the applied rect-
angular pulse. In practice it is adequate to include three-
exponential functions (ie. three time constants) in the
pre-emphasis circuit with independently controllable gains
and time constants which are adjusted iteratively and
interactively untidl minimum gradient rise and settling
times are observed. The shape of the input current pulse
to the gradient coil after compensation is shown in
Figure 2.d. The technique to measure the gradient rise
time was described earlier by Jensen et al.®! and is not
repeated here. One of the best techniques to measure
the gradient settling times is to monitor the MR
spectrum generated using the pulse sequence shown in
Figure 3. Following a variable delay, T,, after the
application of a gradient pulse, a short (~ 10 i#s) RF
pulse is applied. Examination of the MR peak as the
value of T, is successively reduced provides an insight
nto the gradient settling time. If the gradient field has
not settled before the RF pulse is applied, gradient-
induced phase shifts will distort the MR lineshape and
decrease its amplitude. Thus the minimum delay at
which undistorted MR lineshape is observed yields the
gradient settling time. With the incorporation of the
pre-emphasis technique, it is possible to reduce - the
gradient rise/settling times to around 1 ms. While the
pre-emphasis technique greatly enhances the capability
for performing MRS studies, in a few instances this is
not adequate, particularly when studies are performed
at short echo times. The incorporation of a screened
gradient coil system greatly enhances the spectral
quality by practically ehminating the coupling of
gradient fields with the surrounding metallic structure.

The basic idea behind the shielded gradient coil system

1s to insert an additional gradient coil (called the screen)
between the primary coil and the bore tube of the
magnet. The screen is driven by an additional current

such that the gradient field created by the primary coil is
cancelled outside the screened coil, thus eliminating

S

eddy currents induced in the cryostat structure. The
shielded gradient coil system can be designed using
either the method proposed by Mansfield and Chap-
man>?33 or Lowe?*. In the opinion of the authors and
a number of other practising in vivo MR spectrosco-
pists, a shielded gradient coil system is an indispensable
accessory for image-guided MRS studies. In general,
pre-emphasis is combined with the shielded gradient

coil for superior performance.

In vivo spectroscopy

Experimental

All the MR studies described below were performed on
a L.5T whole-body scanner (General Electric, Milwaukee)
equipped with a shielded gradient coil system. A
quadrature bird-cage resonator was used both for RF
transmission and signal reception. The global shimming
in which all the shim currents are adjusted is performed
by the service engineer once every two weeks utilizing a
proprietary routine based on chemical shift imaging. A
typical patient set-up for brain studies is shown in
Figure 4. The sequence of events for MRS studies is
briefly described below. Initially multislice MR 1mages
In the coronal or axial planes are acquired using a spin
echo sequence to locate the ROL The Images are
typically T,-weighted (short T, short Tg}) with an
acquisition time of approximately 1 to 2 min. The ROI
1s localized using the STE sequence and the magnetic
field is homogenized by adjusting the currents in the
linear (x,y,z) shims until a water resonance linewidth
around 3 to 4 Hz is obtained. This whole operation
takes around 10 to 15 minutes. Next the amplitudes of
the chemically selective pulses (PSI1-PS3 in Figure 1)
are adjusted until the water peak is suppressed by a
factor of 500 to 2000. This adjustment takes about 5

D
; Tg?
ACOUISITION -.J l | “;I‘l .‘ . E . o % ':I" | s A i _' - e | E_‘Q
Figure 3. Pulse sequence for determination of the gradient settling IR WRPPOIN 2y v sttt ncnagln. ... SESRPERRIN

time. A short RF pulse (~ 10 us duration) is applied at time T, after
the termination of a gradient pulse. The gradient settling time
corresponds 1o the shortest value of T, at which an undistorted MR
ineshape is observed.
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Figure 4. Whole-body magnet with a subject lying in the supfne
position on the scanner table. The birdcage resonator which

surrounds the head can be seen.
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min. The actual data acquisition time depends on
the size of the ROI and the desired signal-to-noise ratio
and may be anywhere between 1 .and 30 min. The
typical ROI's used in our studies are 8 cc and in this
case an acquisition time of 12 min yields adequate
signal-to-noise ratio. The whole session for routine
MRS lasts less than one hour. The data processing is
done off line using a VAX 11/750 computer or a 486-
based PC using a combination of commercial and
custom software.

Proton spectrum of normal brain

A typical in vivo proton spectrum acquired from an 8 cc
{(2x2x2cm) volume of neural tissue located in the
frontal lobe of a normal volunteer is shown in Figure 5.
The region from which the spectrum is acquired is
indicated by box in the image shown in Figure 6.
The image of the ROI is also shown in this figure to
demonstrate the localization quality. The spectrum
consists of three major resonances from N-acetyl
aspartate (NAA), creatine + phosphocreatine (Cr+ PCr),
and phosphotidylcholine (Chol) in addition to a
number of minor resonances from glutamate (GLU),
glutamine (GLN), y-aminobutyric acid (GABA), and
inositol phosphates (Ins)35. The resonances from
neurotransmitters such as GLU and GABA and amino
acids such as GLN are somewhat broad and are
generally difficult to resolve. It is, however, possible to
selectively visualize these resonances using spectral
editing techniques3®. It is generally agreed that NAA is
found only in neurons even though the precise role of
NAA, the most abundant biochemical found in central
nervous system tissue, is not known®’-38, Cr and PCr
are important energy substrates while Chol is an
important membrane constituent. Thus the proton

8.0 6.0 4.0 2.0 .0

Figure 5. Proton spectrum from a normal brain, The spectrum was
acquired from an 8 cc (2x2x2cm) ROI in the frontal lobe. The
echo, mixing, and repetition times were Tg=20 ms, Ty, =7.7 ms, and
Tx=3000ms respectively. The number of exatations was 256,
yielding an acquisiion time of approximately 12 min. Various peuhs
are dentified (see text).
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Figure 6. Coronal brain image showing the ROl from which the
spectrum shown in Figure 5 was obtained. Acquisition parameters
were Tp=20ms, T,=800ms, 5mm slice thickness, and two
excitations. The image of the ROI is also shown to demonstrate
localization quahty. The standard reference 1s also shown in this
image.

spectrum allows the monitoring of neuronal integrity
and brain metabolism. The normal brain spectrum
contains very weak lipid signals in spite of high
concentration. Cholesterol, phospholipid and galacto-
lipid molecules, which are the major lipid components,
are organized in myelin into a highly compact
environment that is not conducive to the mobility of
constituent hydrogen atoms and therefore are MR
invisible. However, in a number of pathologies which
include ischaemic injury and multiple sclerosis, the
breakdown of membrane releases mobile lipids which
are readily seen in the MR spectrum?*-3%. Normal brain
has very low concentrations of lactate. Its presence in
tissue generally indicates disturbed metabolism. The
concentrations of some of these neurochemicals vary
with the nature and severity of disease and are reflected
in the spectrum.

Determination of the absolute concentrations

The determination of absolute concentrations of
molecules with MRS is not straightforward*®. There-
fore, the in vivo concentration of neurochemicals is
generally expressed relative to an internal standard
such as Cr+PCr?**!, This assumes that the con-
centration of the internal reference is unallected by the
discase and this assumption is not generally valid. As
pointed out by Bottomley*?, in certain pathologies the
absolute concentrations of various biochemicals are
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altered relative to normal tissue even though the ratios
remain unchanged. It 1is, therefore, Important to
determine the absolute concentrations whenever possi-
ble. Narayana et al.??® proposed a simple method to
determine the absolute concentrations in vivo utilizing
MRS. A similar technique was independently reported
bv Roth et al*? for the determination of phosphate
concentrations. The basic idea behind this technique is
to incorporate a standard reference of known con-
centration and relaxation times within the image field-
of-view as shown in Figure 6. Following the acquisition
of the brain spectrum, the ROI 1s moved to the centre
of the standard sample and a spectrum is acquired
under identical conditions. The signal intensity §*, per
unit volume from metabolite x can be expressed as

S =KN exp [— Te/T%— Ty/T]
[1~exp(—Tx/T7)] (1)

where N* is the number of spins per unit volume, K 1s a
parameter which depends on instrumental settings
including the receiver gain and RF coil sensitivity, and
T, and T, are the relaxation times. The use of a
bird-cage resonator which produces highly homogeneous
RF fields** assures that the ROI in the brain and the
reference sample experience the same RF power. A
similar expression can be written for the signal intensity
$* from the reference:

S=KNexp[—T/T% T,,/T]
[1—exp(—TR/TH] (2)

If N5, TS, T, T and T3 are known, it i1s possible to
estimate N* from equations (1) and (2). Using this
technique Narayana et al.?? éstimated the absolute
concentrations of [NAA] and [Cr+PCr]) in gray and

white matter of brain. The values along with those

determined based on autopsy are shown in Table 1.
These results indicate a good agreement between the
MRS-determined concentrations and those determined
by other standard methods*°.

There are many assumptions implicit in the above
method for the estimation of absolute concentrations. It
is assumed that these neurochemicals are completely
‘MR-visible’. While this appears to be the case for
NAA and Cr+ PCr, it may not be true for a number of
other biochemicals such as glutamate and glutamine.

Table 1. Concentrations of N-acetyl aspartate and creatine +
phosphocreatine in brain.

Neurochemical

(uM,/g) Gray matter White matter Ref.
NAA 10.5£2.1° 59+1.7° 23
5.73 2.78 37
Cr+ PCr 9.2+ 1.8° 8.91+1.9° 23
8.4 8.4 46

‘Results are mean + SD.
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Secondly, the number of protons contributing to a
given MRS peak should be known. For instance, the
absolute concentration of Ins could not be determined
because the number of protons contributing to the
resonance at 3.6 ppm (from Ins) is not known. Similarly,
it is difficult to quantitate lipids found in certain
pathologies because the length of the acyl chains, and,
therefore, the total number of protons contributing to the
lipid peaks, are not known. Another problem that wiil

have significant effect on the estimated concentrations is

the overlap of broad resonances with those of the major
resonances. The contribution of these minor resonances
can be minimized by acquiring the MRS data at long
echo times on the order of 50 to 100 ms. At these long
echo times, these minor resonances, which are generally
broad, would have decayed significantiy*®.

In order to monitor the disease with MRS, it is
essential to measure the spectral parameters over a
period of time. This requires good spectral reproduci-
bility. Quantitative studies by Narayana et al*® on
normal volunteers have shown excellent spectral
repeatability over a period of six months and longer.
These studies also indicate a significant intersubject
variability in the proton MR spectral parameters. These
findings suggest the desirability of using the patient as
his/her own control whenever possible. In many
instances, particularly involving focal disease, the
contralateral region of the brain can be used as the
control. In those cases where both hemispheres are
affected, it becomes necessary to compare the data with
age-matched controls. In view of the large intersubject
variability such an approach may not be optimal.

Multiple sclerosis

Multiple sclerosis (MS) is a disease of the central
nervous system and involves areas of demyelination
referred to as plaques. It is a complex disease with a
relapsing and remitting course*’. The pathogenesis of
this disease is still unknown. Magnetic resonance
imaging is the most sensitive modality to visualize the
MS plaques. These plaques appear bright on T,-
weighted (long Tg, long TR) and density-weighted
(short T, long Tx) MR images. Often the extent of
discase seen on MRI is more dramatic than what the
clinical symptoms indicate*®, This suggests that not all
the plaques seen on MRI either contribute directly to
clinical symptoms or are active. The ability to
distinguish active plaques from inactive ones should
greatly help in understanding the pathophysiology of
the disease and in management of the patient. Studies
by Wolinsky et al.?3 show that in vivo proton MRS has
the potential to differentiate active plaques from
inactive ones.

The breakdown of myelin in MS is typically
associated with the appearance of lipid droplets within

CURRENT SCIENCE, VOL. 61, NO. §, 10 SEPTEMBER 1991

——r -



REVIEW ARTICLES

macrophages*®. These lipid droplets intensely stain with
a variety of histochemical techniques which are
dependent, in part, on the disruption of compact myelin
lamella and associated esterification of cholesterol and
lipids®®. These breakdown products are mobile and
should be detectable with proton MRS. Indeed, proton
MRS studies by Wolinsky et al.?® demonstrated the
presence of lipids in 8 out of 25 plaques investigated in
17 MS patients. A typical proton spectrum on the high
field side of water resonance and the density-weighted
image indicating its spatial origin are shown in Figures
7 and 8 respectively. The relatively broad lipid peak
around 1 ppm can be clearly seen in the spectrum from

T T T

4.0 30 20 1.0 .0 -l1.0
eom

Figure 7. Proton spectrum on the high field side of the water
resonance from an ROI contaimng as MS plaque. In addition to the
peaks seen in the normal brain (Figure 5), there is a significant peak
at around 1.0 ppm which is due to mobile lipids. The acquisition
parameters were the same as described in Figure 5.

Figure 8. Coronal image showing the RO! from which the spectrum
in Figure 7 was obtained Acquisition parameters were 7, =20 ms
and Ty = 2000 ms.
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the plaque and appears to be an in vivo correlate of the
early histopathologic changes*®-3°,

An important pathologic feature of an active MS
plaque is the presence of perivenous inflammatory
changes which are usually associated with the local
blood-brain-barrier (BBB) breakdown (vascular ev-
ents)®>!->2, The integrity of the BBB can be probed by
performing MRI after the intravenous administration of
the paramagnetic contrast agent gadolinium diethylene-
triaminepentaacetic acid (GdDTPA). Due to its size,
this contrast agent cannot cross the normal BBB.
However, GADTPA can enter the brain if the integrity
of the BBB is compromised and alters the 7, value of
tissue water. This altered relaxation time is reflected as
a region of enhanced intensity on a T,-weighted MR
image. Several groups observed the presence of a
plaque through contrast enhancement even before it
became clinically symptomatic or could be detected on
unenhanced MRI®3:34,

Thus GdDTPA-enhanced MRI and proton MRS of
MS plaques appear to reflect two aspects of the
evolution of MS plaques. Enhanced MRI is sensitive to
vascular events while proton MRS detects active myelin
breakdown. In order to examine if these two events are
correlated in the evolution of MS plaques, Narayana et
al®3 performed MRS studies on GdDTPA-enhanced
plaques in 14 MS patients with recent onset of new
clinical symptoms. Of the 31 plaques studied, enhance-
ment was observed in 11 of these plaques in 7
patients. Pre- and post-contrast 7,-weighted images
shown in Figure 9 indicate dramatic increase in
intensity within 10 min following the administration of
GdDTPA. It should be noted that on a T;-weighted
image, unenhanced plaques are not seen clearly. The
proton spectrum from this plaque (the ROI indicated
by the box) is shown in Figure 10 and is consistent with
the presence of lipids in the 0-2 ppm region. Lipid
peaks were observed only from 5 of the 11 enhanced
plaques. In addition, lipid peaks were observed in 3 out
of 20 unenhanced plaques. These studies indicate that
demyelination is more frequently associated with active
inflammation (as indicated by contrast enhancement)
and suggest a causal, but not absolute, relationship
between these two processes. As pointed out by Paty*’,
‘it is possible that demyelination in MS occurs after
multiple episodes of inflammation have repeatedly
damaged a particular area of white matter’. It remains
uncertain whether active inflammation is an obligatory
precursor for myelin breakdown. Longitudinal studies
which combine GdDTPA-enhancement and image-
guided proton MRS are presently underway and should
help clarify this problem.

A qualitative reduction in the [NAA][Cr] ratio in
some plaques was also observed, perhaps suggesting
some neuronal loss¥3 737, Arnold er al.*® and Muller et
al®? have suggested that this reduction in the
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Figure 9. Coronal plane images showing the GADTPA enhancement
of an MS plaque. (2) Pre-contrast 7,-weighted image and () T,-
weighted image acquired five min following admunistration of
GdDTPA. Acquisition parameters were Tz =20 ms and T =800 ms,

[NAAY/{Cr] ratio may be a characteristic feature of
chronic plaques. If confirmed, quantitation of the
reduction in the NAA amplitude could potentially be
another useful index for characterizing MR-defined
lesions.

Ischaemic brain injury
The pathophysiological changes associated with ischae-
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Figure 10. Proton spectrum from the 8cc ROI contaiming the
enhanced plaque (Figure 9). Note the significant lipid signals in the 0—
2 ppm region. Acquisition parameters were the same as described in
Figure 5.

mic brain injury include accumulation of lactate due to
anaerobic metabolism, depletion of neurochemicals in
the first few houss, a return to the normal in the
subacute period and the appearance of lipids in the
chronic period. Much of the knowledge of these
pathophysiclogical changes is based on animal stu-
dies®®-5°. In spite of the significant strides made in
understanding the pathophysiological changes associated
with cerebral ischaemia, very little is known about the
functional recovery from stroke®®6!. The ability to
probe the neuronal integrity (through NAA) and
monitor altered lipid and lactate levels with MRS
provides an unprecedented opportunity to probe in
humans the serial pathological changes following
ischaemic brain injury. Such information will be
invaluable in gaining an understanding of the celiular
events involved in injury repair. In addition, it will be
possible to identify any potential specific MRS marker
in order to objectively monitor the therapeutic response
and to design treatment on an individual basis.

Proton MRS of stroke in humans were initially
reported by Barkelback van der Sprenkel et al.%2 and
Bruhn et al.5® Both these studies dealt with a single
patient at one or two time points. The first serial
proton MRS studies in humans with documented
evidence of ischaemic stroke were reported by Fenster-
macher and Narayana®®. These studies were performed
on 4 patients for periods ranging from 3 days to 10
weeks following ictus. The clinical data on these
patients are summarized in Table 2. A T,-weighted
coronal MR image acquired 3 days after the ictus in
one patient (patient 4) with left cerebellar infarct is
shown in Figure 11. The region of infarct can be clearly
seen as an area of hyperintensity in the image. The
proton spectrum from the infarcted region (indicated by
the rectangular box) and the contralateral region from
the same patient are shown in Figures. 12, a and b
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Table 2. Summary of patient data for stroke studies.

Subject  Sex/age Risk factor Location of injury

1 * F/67 PVD Left visual cortex

2 M/49 CAD/Complications  Right perisylvian
due to angiography

3 M/61 PVD Left cerebellum

4 M/55 DM, HTN, smoking  Left cerebeilum

PVD: peripheral vascular disease; CAD: coronary artery disease;
DM: diabetes mellitus; HTN: hypertension.

Figure 11. Coronal plane 7T,-weighted image (7= 80 ms, T =2000
ms) from a 55-year-old male with left cerebellar infarct. The infarct as
seen as an area of hyperintensity. The small hypointense areas scen
within this infarct represent petechial haemorrhage.

respectively. The relatively poor resolution observed in
the spectrum from the infarcted region is due to the
presence of iron as reflected by the petechial hae-
morrhage seen as areas of hypointensity within the
infarct in Figure 11. The spectrum from the infarcted
area shows the presence of a peak around 1.5 ppm. This
peak has contributions both from lactate and lipids as
verified by acquiring the spectrum at a long echo time
of 270 ms (Figure 12,c). At these long echo times, lipids
with short T, would have decayed completely while
lactate signal still persists. In addition to the appearance
of lipids and lactate, the intensities of NAA and
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Figure 12. Proton spectrum from an 8-cc ROI in (#) the infarct
region shown 1n Figure 11, and (8) the normal contralateral region.
Acquisition parameters were Tg=30ms, Ty =50 ms, Tg=3000ms,
and 256 acquisitions. The peaks around 1.5 ppm represent lipids+
lactate. {¢) Spectrum acquired with 7;=270ms (other parameters
unchanged) from the infarct region to demonstrate the presence of
lactate. The doublet at 1.3 is due only to lactate.

Cr+ PCr peaks are observed to be only 33% and 44%
respectively of the unaflected contralateral region. The
Chol pcak, however, appears to have retained approxi-
mately 90% intensity in the infarcted region. The
spectrum from the infarcted region acquired 20 days
after ictus shows that the NAA peak has recovered to
57% of the contralateral region, indicating some
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neuronal recovery. In addition, lactate has almost
completcly disappeared as venfied by the spectrum
acquired at long echo times. The MRS results observed
on four patients are summarized in Table 3. A better
visual appreciation of this data can be gained by
plotting the values of NAA, Cr+ PCr, and Chol relative
to the contralateral regions pooled from the 4 patients
(Figure 13). The partial loss and gradual return of NAA
and Cr+ PCr to normal can be seen from this plot. The
absence of significant change in Chol is quite striking.
This probably implies the survival of membranes
associated with Chol, i.e. cholinergic neurons. The
concomitant decrease in NAA and Cr+ PCr with little
change in Chol appears to be a marker specific to
ischaemic brain injury. The ability to follow. sequential
metabolic changes in vivo in humans as demonstrated
by these studies opens up unprecedented opportunities
in understanding the pathophysiological changes and
instituting new and effective treatments. In order to
firmly establish the role of MRS in the chnical
management of stroke patients, it is necessary to obtain
more serial data beginning earlier and separated by
shorter intervals.

The excitatory amino acid neurotransmitter, gluta-
mate, is implicated in ischaemic injury®*~°°. The
glutamate peak is generally not well resolved n the
proton spectrum. However, use of editing®® and
sophisticated two-dimensional techniques®’ will allow
us to visualize the glutamate peak and cntically assess
the role of this excitotoxin in ischaemic injury. Such
studies will open up new avenues in stroke research.

Future directions

Advances in both magnet technology and development
of robust image-guided localization techniques in the
last four years have moved MRS much closer to the
clinical arena. However, the spatial resolution needs to
be improved. A combination of single voxel techniques
and spectroscopic imaging will help in achieving this

Table 3. Percentage peak areas of major resonances in the
infarcted region relative to the contralateral control.

Age of
Subject  stroke (d) NAA Cr+PCr Chol Other peaks
1 6 0 63 120 Lipid and lactate
20 55 70 100 None
2 24 50 70 100 Lipid
26 50 70 100 None
3 14 70 50 100 Lipid
39 70 63 100 None
69 80 >90 >90 None
4 3 33 44 90 Lipid and lactate
20 57 40 > 90 Predominantly
hipid
39 435 49 >90 None

NAA: N-acetyl aspartate; Cr+ PCr: creatine + phosphocreatine; Chol:
choline.
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Figure 13. Variation in the levels of NAA, Cr+ PCr, and Ch:
infarct relative to the contralateral region in four patients oy
A value of 100 on the ordinate represents the normal level. A
1, ® Patient 2, A Patient 3, and O Patient 4.

objective. This will also help in displayn
distribution of various chemicals in the form of 1
Presently such chemical images are displayed
coarse resolution®®. So far the main emphasis ha
placed on major resonances such as NAA, Cr
and Chol which are well resolved. With the de
ment of spectral editing and two-dimensional
niques®’, it will be possible to selectively

important neurotransmitters like glutamate and !
and critically assess their role in vanous neuro
logies. The day may not be too far away
physicians and MR spectroscopists sit side by
the console to interpret the patient studies.
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