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Background: The relative efficacy of carotid endarterectomy (CEA)/thromboendarterectomy (TEA) and carotid artery stent-
ing (CAS) already has been compared in randomized controlled trials and a meta-analysis, but only limited data
exist describing the status of cerebral metabolism before and after these interventions.

The aim of the present study was to compare metabolic changes before and after treatment of carotid steno-
sis and assess their potential clinical implications.

Material/Methods: Patients with asymptomatic unilateral critical internal CAS were imaged with proton 3T magnetic resonance
spectroscopy (H-MRS) because the technique is more sensitive than regular magnetic resonance imaging for
detection of the early signs of ischemic events. Abnormal metabolite ratios detected with H-MRS may precede
actual morphological changes associated with hypoperfusion as well as reperfusion changes. Ipsilateral and
contralateral middle cerebral artery vascular territories were both evaluated before and after vascular inter-
vention. H-MRS was performed within 24 h before and after surgery. Correlations in the metabolic data from
H-MRS for N-acetylaspartic acid (NAA)+N-acetylaspartylglutamate, creatinine (Cr)+phosphocreatinine, and ph
osphocholine+glycerophosphocholine (Cho) were sought.

Results: H-MRS voxels from 11 subjects were analyzed. Values for dCho/Crl, dCho/CrC and Cho/Naal (P<0.001) were sig-
nificantly higher ipsilaterally than contralaterally. Ratios for dNaa/ChoC and Cho/NaaC were significantly high-
er on the non-operated side (P<0.001).

Conclusions: H-MRS may be helpful for assessment of patients with CAS, particularly because unlike other modalities, it re-
veals postoperative changes in metabolic brain status. Initial results indicate the important role of periopera-
tive neuroprotective treatment.
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Background

Randomized controlled trials (RCTs) have found that both ca-
rotid endarterectomy (CEA) and carotid artery stenting (CAS)
are effective for preventing subsequent stroke or death in pa-
tients with critical internal carotid artery (ICA) stenosis that is
symptomatic (e.g., the North American Symptomatic Carotid
Endarterectomy Trial [NASCET], the European Carotid Surgery
Trial, and the International Carotid Stenting Study) or asymp-
tomatic (e.g., the Asymptomatic Carotid Atherosclerosis Study
and the Asymptomatic Carotid Surgery Trial [ACT]). The rel-
ative effectiveness of CEA and CAS already has been com-
pared in RCTs such as ACT 1 and the Carotid Revascularization
Endarterectomy versus Stenting Trial and a meta-analysis.
However, only limited data exist describing and/or compar-
ing cerebral metabolism prior to and after use of the 2 meth-
ods. The aim of this study was to compare CEA and CAS us-
ing data from localized in vivo proton 3T magnetic resonance
spectroscopy (H-MRS).

Many studies have shown that CEA and CAS are effective for
the management of patients with ICA stenosis. A recent me-
ta-analysis showed that the risk of stroke during long-term
follow-up was significantly higher with CAS, buts mostly at-
tributable to minor subclinical periprocedural strokes [1,2].

Localized in vivo H-MRS is a method used to measure the met-
abolic status of brain tissue [3]. Because it is noninvasive and
more sensitive than regular magnetic resonance imaging for
detection of the early signs of ischemic events, H-MRS may be
a source of valuable clinical information about vascular inter-
ventions. Different metabolite ratios detected by this method
may precede actual morphological changes associated with
hypoperfusion and reperfusion changes.

The aim of this study was to compare metabolic changes be-
fore and after treatment of ICA stenosis and assess their po-
tential clinical implications. Concentrations of the following
metabolites were assessed: NAA (N-acetylaspartic acid+N-
acetylaspartylglutamate), Cr (creatinine+phosphocreatine),
and Cho (primarily phosphocholine+glycerophosphocholine).

Material and Methods

We designed a prospective study to using H-MRS to compare
metabolic changes in vasculature in the territory of the middle
cerebral artery (MCA) in 11 patients with critical ICA stenosis
undergoing either CEA/TEA or CAS. Patients were evaluated us-
ing MRI prior to and 1 to 3 days after the procedure. Both the
contralateral and ipsilateral sides were evaluated. The com-
parison involved initial structural recognition of brain struc-
tures based on fluid-attenuated inversion recovery (FLAIR) axial
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scans. If no exclusion criteria were met, FLAIR images were fol-
lowed by single-voxel spectroscopy-magnetic resonance spec-
troscopy (SV-MRS) Point RESolve Spectroscopy (PRESS) with
a long echo time (TE) point of 144 ms. All protocols were ap-
proved by the Internal Review Board of Central Clinical Hospital
of the Ministry of the Interior and Administration and written
informed consent was obtained from all participants.

The analyzed parameters included index values on the ipsilat-
eral (1) side (the operated side) for NAA/Cr, Cho/Cr, NAA/Cho,
and Cho/NAA before and after surgery (I2), as well as on the
contralateral (C) side and in controls (C2). The differences in
values before and after the surgery were calculated as delta.

Of 18 consecutive patients (mean age 77 years) with critical
ICA stenosis (>70% reduction in diameter), 9 were eligible for
CEA and 2 for CAS, based on CT NASCET criteria [4]. According
to European Society for Vascular Surgery (ESVS) criteria [5], CEA
is the method of choice in patients with ICA stenosis >70%.
CAS is considered an option for patients with multiple contra-
indications to conventional surgical intervention, such as clin-
ically significant cardiac disease, severe pulmonary disease,
contralateral carotid occlusion, recurrent stenosis after CEA,
previous radical neck surgery, or cervical radiation therapy.
Therefore, the number of patients in the study arms differed.

After surgical qualification, a short MR protocol was followed.
In 5 patients, post-ischemic changes were diagnosed within
the MCA territory. One patient had severe brain atrophy that
caused dilatation of intracranial fluid-filled spaces. One pa-
tient refused to undergo control imaging after surgery without
providing a reason. The remaining 11 patients were evaluat-
ed with H-MRS prior to and 1 to 14 days after the designated
procedure. Eleven patients met the final inclusion criteria for
the study, namely asymptomatic unilateral critical ICA steno-
sis (>70% reduction in diameter, based on CT NASCET criteria)
with neither clinical nor imaging symptoms of stroke and no
contraindications to MRI. Patients included in the study had
only low-grade ICA stenosis affecting the contralateral side
(<50%). The characteristics of the study group are shown in
Table 1. Statistical significance was defined as P<0.05.

Vascular interventions were carried out by experienced surgeons
using heparin, antiplatelet therapy, and appropriate regional
anesthesia. All CAS procedures were performed under distal
embolic protection. Localized H-MRS was performed on a 3T
MR scanner (Ingenia, Philips Healthcare, Best, The Netherlands)
and using an Ingenia 3T Scanner Receiver Head Coil.

After routine scout scans of the head, FLAIR images were ac-
quired in the axial plane. The technician was instructed to pay
special attention to symmetric positioning of patient’s head to
facilitate further positioning of the voxel. Based on the FLAIR
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Table 1. Characteristics of the group.

Study group N=11

Male 8 (73%)

Gender e
Female 3 (27%)
CEA/TEA 9 (82%)

Types of surgery =~ -oooreeeee
CAS 2 (18%)
LICA 7 (64%)

Site of the surgery — -oooooo
RICA 4 (36%)

Mean age

images, patients were qualified for or disqualified from fur-
ther imaging. Patients were excluded if they had focal lesions
within the MCA territory and brain atrophy that caused sig-
nificant dilatation of brain sulci or ventricles that made sub-
sequent proper voxel placement in the area of interest, such
as the basal ganglia, less reliable.

The spectroscopy protocol was based on 1H-SV (single-voxel)
PRESS, with a long TE of 144 ms, a repetition time of 2000 ms,
and a flip angle of 90 degrees. Both the ipsilateral and contra-
lateral MCA vascular territories were evaluated. The proposed
voxel size in the standard protocol was large (2x2x2 c¢m) to
gain as much signal as possible. The basal ganglia are one of
the brain regions most prone to ischemic injury and this vox-
el position increased the chance of detecting subtle changes.
The voxels were carefully placed on the ipsilateral and con-
tralateral side, with attention to symmetry and avoidance of
fluid-filled spaces.

Results were expressed in raw data and also processed us-
ing Philips Spectral Analysis software. Because total Cr con-
centration is the most constant value in H-MR spectrosco-
py, it was used as an internal reference marker. The relative
metabolite ratios (NAA/Cr, Cho/Cr, NAA/Cho, NAA/Cho, Cho/
NAA) were subsequently calculated. Patient data, expressed
as meanssstandard deviation [SD], were compared using a t
test, which was repeated twice. Any potential correlation was
evaluated with a Pearson coefficient. P<0.05 was considered
statistically significant.

Results

The patients who underwent TEA were significantly older
than those who underwent CAS (P<0.001). In the TEA group,
the mean preoperative and postoperative values were as fol-
lows: NAA/Cr |, 1.68 (range 1.28-2.75) and 1.66 (range 1.09-
2.19); NAA/Cr C, 1.95 (range 1.05-4.65) and 1.68 (range
0.89-1.98); Cho/Cr | 1.19 (range 0.76-1.6) and 1.58 (range
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0.98-5.58); Ch/Cr C, 1.19 (range 0.82-2.22) and 1.9
0.68-2.25); NAA/Cho | 1.47 (range 1.12-1.96) and 1.87
0.99-4.79); NAA/Cho C, 1.72 (range 1.01-2.99) and 1.78 (range
0.49-4.2); Cho/NAA 1, 0.72 (range 0.53-0.96) and 0.63 (range
0.21-1.01); and Cho/NAA C, 0.65 (range 0.33-0.99) and 0.702
(range 0.21-1.12).

—

range
range

—_ e~ —

In the CAS group, the mean preoperative and postoperative
values were as follows: NAA/Cr |, 2.78 (range 2.22-3.34) and
1.55 (range 1.37-1.64); NAA/Cr C, 1.46 (range 1.38-1.55) and
2.18 (range 1.38-1.81); Cho/Cr, | 1.51 (range 1.22-1.8) and
0.9 (range 0.85-1.02); Ch/Cr C, 0.85 (range 0.67-1.02) and 0.9
(range 0.85-1.02); NAA/Cho I, 1.83 (range 1.82-1.83) and 1.37
(range 1.13-1.61); NAA/Cho C, 1.8 (range 1.55-2.05) and 2.02
(range 1.87-2.17); Cho/NAA 1, 0.55 and 0.62; and Cho/NAA C,
0.57 (rage 0.49-0.65) and 0.49 (range 0.46-0.53).

There was a statistically significant difference between dCho/Crl,
dCho/CrC, and dCho/Naal (P<0.001) values, all of which were
higher on the operated side. The dNaa/Cho value was signif-
icantly lower on the operated side (P<0.001).

The postoperative Cho/Cr index for the ipsilateral site was low-
er in the older patients.

Levels of dNaa/ChoC for the ipsilateral side were significantly

higher than on the operated side (P<0.001) as were levels of
Cho/NaaC (Figures 1-5).

Discussion

As a clinical neuroimaging modality, H-MRS can provide infor-
mation about metabolic changes in the brains of patients with
CAS that may aid preoperative evaluation of their condition
and be helpful for monitoring their postoperative state. The
spectra in the present study were obtained from single voxels
placed in the region of the basal ganglia, which is an area with
known sensitivity to oxygen deficiency. We assessed metabo-
lites that are routinely depicted in the 1 to 5 ppm range of the
chemical shift scale, namely NAA+N-acetylaspartylglutamate
(neuronal integrity), Cr+phosphocreatine (energy metabolism),
Cho (membrane stability), and lactate (anaerobic glycolysis).
These metabolites may serve as biomarkers for physiolog-
ic and pathologic conditions in the brain. An increase in the
Cho/Cr ratio combined with a reduced NAA/Cho ratio could
serve as a marker for brain damage in a situation in which
the sensitivity and specificity of conventional MRI is insuffi-
cient. Ex vivo [6] and histologic studies [7] have shown that in
the mature brain, NAA is present only in neurons, axons, and
dendrites — not in glial cells. Therefore, it has been univocal-
ly defined as a biomarker for neuronal integrity. tNAA (main-
ly NAA, with a little from N-acetylaspartylglutamate) is meant
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Figure 1. Preoperative single-voxel, 144-ms proton 3T brain magnetic resonance spectroscopy in a patient with asymptomatic
unilateral right-sided carotid stenosis. (A) Ipsilateral side. (B) Contralateral side.
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Figure 2. Postoperative single-voxel, 144-ms proton 3T brain magnetic resonance spectroscopy in a patient with asymptomatic
unilateral right-sided carotid stenosis. (A) Ipsilateral side. (B) Contralateral side.
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Figure 3. Comparison of delta values for choline/creatine in
ipsilateral and contralateral sites. (Subtraction of
values before and after surgery.) P<0.01.
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Figure 4. Comparison of delta values for choline/N-acetylaspartic
acid in the ipsilateral and contralateral sites.
(Subtraction of values before and after surgery.)
P<0.01.

to be an in vivo biomarker for the presence of viable or dam-
aged neurons [8].

The decrease in NAA in the group of patients we studied was
unilateral; therefore, we reject neurodegenerative disorders
as a possible explanation [9]. None of the patients manifest-
ed clinical symptoms associated with other known causes of
unilateral NAA decrease, such as epilepsy [10] and stroke [11].

Figure 5. Comparison of delta values for choline/N-acetylaspartic
acid in the ipsilateral and contralateral sites.
(Subtraction of values before and after surgery.)
P<0.01.

Ischemic stroke was excluded based on clinical symptoms
as well as the FLAIR images. However, all of the patients had
chronic hypoxia followed by rapid blood reperfusion, the bio-
chemical characteristics of which can be seen on MRS. The in-
fluence of critical CAS on the human brain has yet to be estab-
lished. The role of metabolism in reperfusion syndrome also
is unclear and the usefulness of MR techniques in assessing
it has not been described.

Patients with these conditions have a chronic reduction in en-
ergy substrates, which results in impairment of cell metabo-
lism. Subsequently, a rapid inflow of oxygen and glucose-rich
blood occurs and normal cell metabolism is again possible. In
some cases, this scenario changes after approximately 24 h
and cell death is observed due to a cascade of intracellular
factors that leads to mitochondrial dysfunction. In stroke pa-
tients, this process has been described based on its gross man-
ifestations on diffusion coefficient maps and MRI. In patients
with CAS, it can only be depicted on MRS because blood flow
still exists but is slowly deteriorating [11].

As the ischemia-reperfusion sequence takes place, the mem-
brane breakdown due to cellular necrosis has pathophysiologic
effects. Similar changes have been described in neurodegen-
erative diseases [12], stroke [13], traumatic injury, and diffuse
white matter injury in premature infants [14]. Routinely used
imaging modalities and clinical examination are not sensitive
enough to provide evidence of this process. H-MRS, howev-
er, shows an increase in the cerebral Cho/Cr ratio on the ip-
silateral side.
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The increase in the Cho/Cr ratio seen in the present study was
due to increased Cho rather than reduced Cr, as an increase in
Cho/NAA coexisted on the same side. An increase in the Cho/
Cr ratio has been described in astrogliosis in primates [15].

The present study has a number of limitations. First, because
it involved single-voxel MRS, regions that experienced chron-
ic hypoperfusion and that may have had a different metabolic
signature, such as the cerebral cortex, may have been missed.
In that case, a different imaging modality, such as single-pho-
ton emission computed tomography, might be worth using
because it covers the whole cerebral volume and is sensitive
to changes in brain perfusion. Second, we used the contrale-
sional hemisphere as a reference because all of the patients
had unilateral critical CAS and underwent unilateral recanali-
zation. It must be stressed, though, that if the integrity of the
circle of Willis has not been compromised, the cerebral blood
supply from it may be sufficient for the whole cerebrum even
if the patency of 1 of the carotids is impaired. A comparison
of results in our patients with normal controls (mean age 76
years) could have resulted in errors due to presence of com-
mon neurodegenerative disorders and brain atrophy in this
age group as well as less severe CAS.

We did not include in the description of our results changes
in lactate level because of errors in assessment of the con-
centration of that metabolite. The reasons for lack of lactate
detection within voxels could include inadequate water sup-
pression, too small voxel size, and limited spectral quality due
to head movement.
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Our results should be confirmed in a larger data set and fur-
ther investigations should follow, using other imaging mo-
dalities as well as psychological evaluation, which would be
worth evaluating to confirm the relationship between chang-
es in cerebral metabolism and in cognitive function after sur-
gery. Incorporation of diffusion tensor imaging as well as late-
delayed comparative imaging might be useful to investigate
further development of postoperative cerebral changes, such
as asymmetric white matter damage. Volumetric image anal-
ysis with segmentation also could enable temporal evaluation
of gray and white matter atrophy. To summarize, metabolic
changes revealed in patients with asymptomatic unilateral
steno-occlusive carotid artery disease may indicate which of
them will benefit from endarterectomy through improvement
in neurological status. Initial results indicate that periopera-
tive neuroprotective treatment could play an essential role.

Conclusions

Although MRS may be difficult to include in a routine preoper-
ative MR protocol, it may provide important information about
cerebral metabolic status.
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