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Abstract
Objectives—Better methods of identifying
patients with asymptomatic carotid artery
stenosis who are at high risk of stroke are
required. It has been suggested that
proton magnetic resonance spectroscopy
(MRS) may allow the identification of
ongoing ischaemia in this patient group by
the detection of a potentially reversible
reduction of N-acetyl aspartate (NAA), a
presumed marker of neuronal integrity,
and the presence of lactate, a marker of
anaerobic metabolism. Previous studies
have reported metabolite ratios rather
than absolute concentrations. This study
was performed to determine if NAA was
reduced ipsilateral to carotid stenosis or
occlusion, and if its concentration was
related to carbon dioxide reactivity, a
marker of cerebrovascular reserve.
Methods— Twenty one patients with uni-
lateral carotid stenosis (>70%) or occlu-
sion were studied. Single voxel proton
MRS was performed in the ipsilateral and
contralateral hemispheres, with the voxel
positioned in the arterial borderzone
region between the middle and anterior
cerebral artery territories. Absolute
quantification of metabolite concentra-
tions was performed. Cerebrovascular
reactivity to 6% carbon dioxide was deter-
mined in both middle cerebral artery ter-
ritories using transcranial Doppler
ultrasonography.
Results—Mean (SD) cerebrovascular re-
activity was significantly lower in the
stenosed compared with the contralateral
hemisphere (13.3 (7.7) v 19.2 (8.2)%/kPa,
p=0.002). There were no significant diVer-
ences in the absolute concentrations of
NAA, choline, or creatine between the
ipsilateral and contralateral hemispheres
(for example, NAA 10.1 (1.1) v 10.5 (1.1)
mmol/l, p=0.1). No lactate peak was seen
in any spectra. For each metabolite
measured, there was no correlation be-
tween the absolute concentration and cer-
ebrovascular reactivity for either
hemisphere.
Conclusions—In patients with carotid ste-
nosis and occlusion we found no evidence
that chronic hypoperfusion is associated
with a reduction in NAA or the presence of
lactate. Magnetic resonance spectroscopy
is unlikely to help in the selection of
patients with asymptomatic carotid steno-
sis for endarterectomy.
(J Neurol Neurosurg Psychiatry 2001;71:58–62)
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Carotid endarterectomy reduces stroke risk in
recently symptomatic patients with tight inter-
nal carotid artery stenosis. However, operating
both on patients who had symptoms some time
ago, and patients with asymptomatic carotid
stenosis, seems to have limited benefit.1 Better
methods are required to identify those patients
with asymptomatic, or not recently sympto-
matic, carotid stenosis who are at high risk of
stroke.

Magnetic resonance spectroscopy (MRS)
has been proposed as a method to identify sub-
clinical ischaemia in patients with carotid
artery disease. N-Acetyl aspartate (NAA) con-
centration in the brain, estimated using proton
MRS, is thought to be a marker of neuronal
integrity. Decreased NAA occurs in various
neurological disorders, such as cerebral infarc-
tion,2 and is usually interpreted as indicating
irreversible neuronal damage. However, recent
studies have shown recovery of NAA in some
conditions, suggesting that reversible meta-
bolic dysfunction may also result in reduced
NAA concentration.3 4 Therefore, cerebral is-
chaemia, in the absence of frank infarction,
might result in a transient or permanent reduc-
tion of NAA. A series of studies from the same
group have reported that NAA to choline
(Cho), and NAA to creatine (Cr) ratios are
reduced in non-infarcted regions of the middle
cerebral artery (MCA) territory ipsilateral to a
stenotic carotid artery.5–10 As these studies
measured metabolite ratios, such decreases
could be caused by a decrease in NAA, or an
increase in Cho or Cr. Absolute values of these
metabolites would be of greater value than
metabolite ratios. These studies also reported
detection of lactate, a marker of anaerobic
metabolism, which disappeared after carotid
endarterectomy.6

If cerebral hypoperfusion in patients with
carotid stenosis results in reduced NAA, it
might be expected that this reduction would be
seen to a greater extent in patients in whom
intracerebral haemodynamics are most im-
paired. A proportion of patients with tight
carotid stenosis have impaired cerebral haemo-
dynamics, as determined by an increased oxy-
gen extraction fraction11 or reduced vasomotor
reactivity.12 Vasomotor reactivity is simply esti-
mated by determining the increase in MCA
blood flow velocity in response to the vasodila-
tor carbon dioxide (CO2). Patients with carotid
occlusion who have reduced vasomotor reactiv-
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ity or cerebrovascular reserve are at increased
risk of stroke.13 A correlation between CO2

reactivity and NAA/choline ratio has been
reported in patients with carotid stenosis.10

In this study we determined absolute NAA
concentrations in the non-infarcted border-
zones between anterior and MCA territories in
patients with unilateral carotid stenosis or
occlusion. We correlated these values with
MCA vasomotor reactivity.

Methods
PATIENT GROUPS

Twenty one patients (18 men), mean (SD) age
67(9) years, with >70% unilateral carotid ste-
nosis or occlusion were studied. The degree of
stenosis, determined using carotid duplex, was
70%-89% in five, 90–99% in 11, and occlusion
in five patients. Twelve patients were asympto-
matic with no symptoms for at least 2 years.
Nine were symptomatic (six transient ischae-
mic attacks and three strokes) but in these
mean (SD) time since an event was long at 205
(162) days. Five had infarcts on MR imaging in
the ipsilateral hemisphere; in four of these they
were in potential arterial borderzone regions, in
two patients in the parieto-occipital border-
zone between the middle and posterior cerebral
artery territories, and in two in the centrum
semiovale internal borderzone. Patients gave
informed written consent. The protocol was
approved by the local hospital ethics com-
mittee.

TRANSCRANIAL DOPPLER REACTIVITY

MEASUREMENTS

Continuous simultaneous bilateral MCA in-
sonation was performed using a commercially
available TCD machine (Multi Dop x4, DWL
Electronische GMbH). A face mask was used
to deliver air or a CO2/air mixture, and
sampling of end tidal (ET) CO2 (Datex
Normocap 200). Once steady state was
reached for both the ET CO2 and MCA flow
velocities while breathing air, bilateral MCA
flow velocities and ET CO2 were recorded for
30 seconds to obtain baseline readings. The
6% CO2/air mixture was then administered for
2–3 minutes, until a steady state was reached,
when measurements were again made over a 30
second period. A reactivity index was calcu-
lated from the percentage rise in MCA velocity
divided by the absolute rise in ET CO2

measured in kPa. Studies with TCD were usu-
ally performed on the same day as the MR
studies and in all cases within 2 weeks.

MAGNETIC RESONANCE IMAGING AND

SPECTROSCOPY

A 1.5T GE Signa (GE Medical Systems) MR
system with a quadrature transmit and receive
high pass radiofrequency coil was used. An 11
slice SPGR sagittal localiser image (TR=150
ms, TE=42 ms, á=90°, Äx=Äy=0.94 m, field
of view (FOV)=240 mm×240 mm, slice
thickness=5.0 mm, slice gap=2.5 mm) was
used to prescribe near axial dual echo fast spin
echo images from the whole head (TR=4000
ms, TE1=17 ms, TE2=102 ms, á=90°,

Äx=Äy=0.86 mm, FOV=220 mm×220 mm, 50
slices with slice thickness=3.0 mm).

Single voxel proton spectroscopy was per-
formed using an automated spectroscopy
acquisition technique. 8 cm3 voxels
(2 cm×2 cm×2 cm) were prescribed in the bor-
derzone region between the MCA and anterior
cerebral arteries with a grey to white matter
ratio of about 60% to 40%, in identical
positions in both the ipsilateral and contralat-
eral hemispheres. Care was taken to avoid inf-
arcted tissue. In one of the patients, voxels were
prescribed in the borderzone region between
the MCA and posterior cerebral artery arterial
territories, due to the presence of infarction in
the anterior borderzone region.

For each voxel, proton MR spectra were
obtained using a point resolved spectroscopy
(PRESS) sequence with a TR of 2000 ms, a TE
of 45 ms, and a spectral width of 2500 Hz from
which 2000 data points were collected. Before
spectra acquisition, an automated shimming
procedure was used to optimise B0 homogene-
ity. For the metabolite spectra, 256 data
averages were acquired, with an eight step
phase cycle. Water suppression was performed
using chemical shift selective (CHESS) RF
pulses with a bandwidth of 75 Hz and
associated spoiling gradients to excite and then
dephase the water signal before application of
the spatial localisation sequence. A flip angle of
greater than 90° was used for the final CHESS
RF pulse to allow for T1 relaxation. The flip
angle of this last pulse was automatically opti-
mised to minimise the residual water signal.
For each voxel, unsuppressed water spectra
were also acquired with 32 averages.

ANALYSIS OF MAGNETIC RESONANCE SPECTRA

Metabolite concentrations were calculated
using the LC Model method which compares
an in vivo spectrum with spectra derived from
metabolite solutions in vitro.14 Resonance
peaks were assigned with Cr at 3.03 ppm, Cho
at 3.22 ppm, NAA at 2.01 ppm, and the lactate
doublet at 1.33 ppm with a 7 Hz splitting. The
water resonance at 4.7 ppm was used as the
internal standard, assuming a concentration of
41.7 M.15 Metabolite concentrations were cor-
rected for T1and T2 relaxation assuming pre-
viously described metabolite relaxation rates.16

The coeYcient of variation for NAA concen-
trations using this same system if 5%.17

Absolute concentrations of each of the
metabolites were compared between the ipsi-
lateral and contralateral hemispheres using
Student’s paired t test. Relations between

Table 1 Metabolite concentrations in the hemispheres
ipsilateral and contralateral to the carotid stenosis/occlusion

Metabolite concentration (mmol/l)

Ipsilateral
hemisphere

Contralateral
hemisphere p Value

Choline 1.38 (0.28) 1.40 (0.31) 0.708
Creatine 8.19 (0.95) 8.30 (1.00) 0.457
N-Acetyl aspartate 10.1 (1.1) 10.5 (1.1) 0.100

Concentrations are expressed as mean (SD). The p values are
from the comparison between the two hemispheres using paired
student’s t test.
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metabolite concentrations and the normalised
TCD reactivity were calculated individually for
the ipsilateral and contralateral hemispheres,
and for values from both hemispheres together,
using Pearson’s correlation coeYcient.

Results
Mean (SD) normalised CO2 reactivity was
lower in the stenosed hemisphere compared
with the non-stenosed hemisphere (13.3 (7.7)
v 19.2 (8.2)%/kPa, p=0.002). There were no
significant diVerences in absolute concentra-
tions of any of the metabolites between the two
hemispheres (table 1). No lactate resonance
was detectable on any spectra. Figure 1 shows
typical spectra from the ipsilateral and contral-
ateral hemispheres and the output from the LC
model fitting.

For each metabolite there was no correlation
between the absolute concentration and the
normalised reactivity, either for both hemi-
spheres combined, or for the ipsilateral or con-
tralateral hemispheres alone. The correlation
coeYcients for the relations between reactivity
and metabolites are shown in table 2; for all
relations r2 was near zero.

We also analysed relations using metabolite
ratios. There was no diVerence in mean (SD)
ratios between the ipsilateral and contralateral
hemispheres: 1.27 (0.17) v 1.26 (0.19),
p=0.940 for NAA/Cr and 6.74 (1.24) v 6.77
(1.57), p=0.918 for NAA/Cho. There was no
relation between NAA/Cho ratios and reactiv-
ity for the results from both hemispheres (r2

=0.034, p=0.245) or the ipsilateral hemisphere
only (r2 = 0.204, p=0.040). There was no rela-
tion between NAA/Cr ratios and reactivity for

both hemispheres (r2=0.010, p=0.530), or the
ipsilateral hemisphere only (r2=0.039,
p=0.392).

Discussion
We found no evidence of reduced NAA or the
presence of lactate in the MCA territory
ipsilateral to a carotid stenosis or occlusion.
This was despite the fact that we determined
metabolite concentrations in the region of the
arterial borderzones, although the position of
these is diYcult to precisely localise due to
between patient variation in cerebral arterial
territories. These borderzone territories are
distal to the origin of the feeding arteries, and
most vulnerable to a drop in cerebral perfusion
pressure. By contrast, we confirmed the previ-
ous finding that cerebrovascular reserve in the
ipsilateral hemisphere is reduced in some
patients with carotid stenosis and occlusion.12 13

However, we found no relation between this
haemodynamic measure and NAA. Therefore
our study does not support the hypothesis that
MRS allows identification of a high risk group
of patients with carotid artery disease.

The finding of reduced NAA ipsilateral to an
asymptomatic carotid stenosis does not neces-
sarily imply that haemodynamic factors are
responsible for the reduction. Recent studies
have demonstrated that asymptomatic emboli-
sation is common distal to both symptomatic
and asymptomatic carotid stenosis.18 Such
subclinical ischaemic insults could result in
neuronal injury with both a reduction in NAA
and the presence of lactate. Such changes
might reverse after carotid endarterectomy; the
incidence of asymptomatic embolisation falls

Figure 1 An example of a typical spectra and their analysis. On the left is the spectrum from the ipsilateral side and on
the right the contralateral side. In the lower panels the original spectra are shown with the fitted curve from the LC model
superimposed and shown in bold. In the upper panel are the residuals from the LS model fitting. The curve at the bottom is
the baseline.
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Table 2 Relation between absolute metabolite concentrations and transcranial Doppler cerebrovascular reactivity for both
hemispheres combined, and the ipsilateral and contralateral hemispheres separately

Both hemispheres Ipsilateral hemisphere Contralateral hemisphere

r2 p Value r2 p Value r2 p Value

Choline <0.001 0.949 0.070 0.247 0.038 0.396
Creatine 0.015 0.439 <0.001 0.928 0.038 0.399
N-Acetyl aspartate 0.050 0.156 0.024 0.498 0.033 0.431
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markedly after the procedure.19 For this reason
we not only looked for any diVerence in NAA
concentrations between the two hemispheres,
but we also correlated NAA concentrations
with a measure of cerebral haemodynamics,
CO2 reactivity. Impaired CO2 reactivity occurs
in a subgroup of patients with carotid stenosis
and occlusion.12

By contrast with our findings Van der Grond
et al have reported a decreased NAA/Cho ratio
in the MCA territory ipsilateral to carotid
stenoses and occlusions.5–8 They have also
reported the presence of lactate in patients with
carotid stenosis. There are important diVer-
ences between these studies and our current
study, both in patient selection and data acqui-
sition and analysis. The control group was
younger and it is known that NAA decreases
with age. Our study used the contralateral
hemisphere as a control to eliminate bias due to
poor case-control matching. All patients they
studied had experienced a recent transient
ischaemic attack and stroke (within 12 weeks),
and many had regions of infarction in the sten-
osed carotid artery territory. In a significant
proportion these were in the arterial border-
zones. By contrast seven of our patients were
asymptomatic and among our symptomatic
patients the mean time from symptoms was
long at 209 days. Only five had infarcts in the
symptomatic hemisphere. Previous studies in
acute stroke have shown the presence of lactate
weeks after the acute event, even in regions of
the brain appearing normal on MR imaging.2

Therefore the detection of lactate could be due
to the short time period between symptoms
and imaging. Similarly, the disappearance of
lactate after carotid endarterectomy6 could
merely reflect the natural history of increases in
lactate after acute stroke. No unoperated
control group was studied. We did not find lac-
tate in any of our patients. Magnetic resonance
spectroscopy is sensitive to small increases in
lactate; concentrations as low as 0.3–0.90 mM
could be detected during photic stimulation.20

There were also technical diVerences be-
tween our study and those of Van der Grond et
al. We placed a single voxel in one relatively
small region of the hemisphere, whereas in the
study of Van der Grond et al in which a single
voxel was used this was a large voxel placed
over most of the MCA.7 We chose a region in
which haemodynamic compromise would be
expected to be maximal—namely, the border-
zone region. Van der Grond et al used diVerent
acquisition parameters with a long TE of 272
ms,5 9 by contrast with the short TE of 45 ms
used by us. They measured metabolite ratios,
whereas our study used absolute quantitation
of metabolite concentrations. A fall in NAA/
Cho ratio could be caused by a fall in NAA, or
a rise in choline, and therefore determination
of absolute concentrations is important. Such
absolute measurements, using tissue water as
an internal standard, have been shown to pro-
duce reliable and reproducible results with the
MR system used for this study.17 However,
when we analysed NAA/Cho and NAA/Cr
ratios we found no interhemispheric diVerence,
and no relation with cerebrovascular reserve.

The use of single voxel spectroscopy may
have introduced a sampling bias into our
results as ischaemic brain regions may have
been overlooked during placement of the voxel.
A spectroscopic imaging technique might be
less prone to this potential error. However, a
single voxel technique was used in an attempt
to determine absolute metabolite concentra-
tions in the volumes of interest. Although it
may be technically feasible to determine abso-
lute metabolite concentrations in a spectro-
scopic imaging dataset,21 these methods are still
not widely used, whereas robust methods are
available to measure absolute metabolite con-
centrations in single voxel experiments.16 17

Despite greater spatial coverage with multi-
voxel chemical shift imaging techniques, such
techniques suVer from comprimised field
homogeneity as sharp resonances are now
required over a much greater extent of the
brain. This leads to broader linewidths, poorer
water suppression, and longer acquisition
times. The need for long examination times
and poorer signal to noise ratio makes the esti-
mation of metabolite concentrations in a given
volume of interest even more inaccurate.22

Transcranial Doppler has poor spatial reso-
lution, and estimates of reactivity are from the
whole MCA territory. Its advantage is that
studies have shown, in reasonable sample sizes,
that poor reserve is associated with increased
stroke risk.13 Using alternative methods which
can measure regional perfusion with a higher
spatial resolution, such as PET or SPECT,
allows small areas of impaired reactivity to be
identified. It is possible that if areas with maxi-
mal haemodynamic compromise had been
identified using such techniques, and the MRS
voxel placed in that region, that the chance of
detecting areas of abnormal metabolism might
have been increased.

Our findings are consistent with reduced
perfusion pressure alone, in the absence of
frank infarction, not resulting in a reduction in
NAA. An alternative explanation is that the
degree of reduction in perfusion pressure seen
in these patients with carotid artery stenosis
does not cause suYcient ischaemia to reduce
NAA or raise lactate concentrations. Whether
the perfusion pressure reduction secondary to
a carotid artery stenosis does cause subtle, and
possibly reversible, neurological or neuro-
psychological damage has been debated, with
conflicting results published.23

In summary, we found no evidence that
carotid artery stenosis results in a reduction of
NAA, or the presence of lactate, in non-
infarcted regions of the carotid artery territory.
Magnetic resonance spectroscopy is unlikely to
provide useful information in the selection of
patients with asymptomatic carotid stenosis for
endarterectomy.
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NEUROLOGICAL STAMP

Emil Adolph von Behring (1854–1917) and Shibasaburo
Kitasato (1852–1931)

Alhough many of his ideas are now obsolete, von Behring
was one of the founders of immunology. He was the recipi-
ent of the first Nobel Prize in physiology or medicine
awarded in 1901 and was elevated to the Prussian nobility
in the same year.

After graduating in medicine from Berlin he entered the
Army Medical Corps and in 1888 became a lecturer at the
Army Medical College. He joined the Robert Koch
Institute of Hygiene in 1889 and in 1891 the Institute of
Infectious Diseases, when Koch was appointed its chief.

Von Behring experimented initially with iodine trichlo-
ride and zinc chloride as potential treatments for diphthe-
ria and tetanus infections. In 1898, working with Koch’s
Japanese student Shibasaburo Kitasato, Behring showed
that injections of serum from an animal with tetanus could
confer immunity to the disease in other animals, and also
that the same was true for diphtheria. In collaboration with
Paul Ehrlich a diphtheria antitoxin for humans was devel-
oped and was first used on Christmas Eve in 1891. In the
next year a dramatic fall in mortality from diphtheria
occurred. The death rate from diphtheria in Berlin
children’s hospitals dropped from 48% to 13%. In later life
he worked to establish immunity against diphtheria in chil-
dren by giving them a combination of diphtheria toxin and
antitoxin. He also performed research on tuberculosis.

Emil von Behring and Shibasaburo Kitasato were
honoured philatelically on a stamp issued by Transkei in
1991 (Stanley Gibbons 273, Scott 255).
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