Predicting the Onset of Ischemic Stroke
With Fast High-Resolution 3D MR
Spectroscopic Imaging
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Background: Neurometabolite concentrations provide a direct index of infarction progression in stroke. However, their
relationship with stroke onset time remains unclear.

Purpose: To assess the temporal dynamics of N-acetylaspartate (NAA), creatine, choline, and lactate and estimate their
value in predicting early (<6 hours) vs. late (624 hours) hyperacute stroke groups.

Study Type: Cross-sectional cohort.

Population: A total of 73 ischemic stroke patients scanned at 1.8-302.5 hours after symptom onset, including 25 patients
with follow-up scans.

Field Strength/Sequence: A 3 T/magnetization-prepared rapid acquisition gradient echo sequence for anatomical imag-
ing, diffusion-weighted imaging and fluid-attenuated inversion recovery imaging for lesion delineation, and 3D MR spec-
troscopic imaging (MRSI) for neurometabolic mapping.

Assessment: Patients were divided into hyperacute (0-24 hours), acute (24 hours to 1 week), and subacute (1-2 weeks)
groups, and into early (<6 hours) and late (6—24 hours) hyperacute groups. Bayesian logistic regression was used to com-
pare classification performance between early and late hyperacute groups by using different combinations of neu-
rometabolites as inputs.

Statistical Tests: Linear mixed effects modeling was applied for group-wise comparisons between NAA, creatine, choline, and
lactate. Pearson'’s correlation analysis was used for neurometabolites vs. time. P < 0.05 was considered statistically significant.
Results: Lesional NAA and creatine were significantly lower in subacute than in acute stroke. The main effects of time were
shown on NAA (F = 14.321) and creatine (F = 12.261). NAA was significantly lower in late than early hyperacute patients,
and was inversely related to time from symptom onset across both groups (r = —0.440). The decrease of NAA and
increase of lactate were correlated with lesion volume (NAA: r = —0.472; lactate: r = 0.366) in hyperacute stroke. Discrimi-
nation was improved by combining NAA, creatine, and choline signals (area under the curve [AUC] = 0.90).

Data Conclusion: High-resolution 3D MRSI effectively assessed the neurometabolite changes and discriminated early and
late hyperacute stroke lesions.

Evidence Level: 1.

Technical Efficacy: Stage 2.
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ffective management of stroke relies on accurate and effi-
Ecient diagnostic tools to monitor brain ischemia and tis-
sue damage." MR techniques, such as diffusion-weighted
imaging (DWI), are widely used in acute stroke management
because they are sensitive for the early detection of ischemic
lesions but provide no specific information about the bio-

2, .
3 Developing novel neu-

chemical changes within the lesion.
roimaging techniques to directly define the biological
characteristics of infarcts and to establish the duration and
extent of tissue damage is of great importance for a better
understanding of the pathophysiological mechanisms, opti-
mizing current acute stroke therapies, and designing new
therapies for tissue salvage.*”

Neurometabolite concentrations provide a direct index
of the progression of brain tissue injury over time because
they are a direct consequence of the pathologic cascade that
follows brain ischemia, including disrupted metabolism and
cellular energy supplies, postischemic inflammation and final
death of neurons and glial cells to form brain infarction.’™®
MR spectroscopic imaging (MRSI) is a potentially powerful
tool for noninvasive measurement of regional neurometabolite
changes in stroke.””"" Proton MRSI can simultaneously mea-
sure N-acetylaspartate (NAA) as a marker of neuronal integ-
rity, creatine as a marker of energy metabolism, choline as a
marker of cell membrane turnover, and lactate as a marker of
anaerobic glycolysis.9 The time-dependent changes of these
neurometabolites within ischemic lesions in the subacute
period have been previously demonstrated in clinical set-
tings.]o’lzf15 However, partial volume effects arising from the
poor spatial resolution of previous studies (over 10 mm for
single slice chemical shift imaging) have thus far limited the
sensitivity of MRSI, and long acquisition time (over
15 minutes for a single slice) has obstructed its clinical trans-
10,16-18 che

between the time of onset and neurometabolite concentra-

lation. Furthermore, temporal relationships
tions in the acute stroke remain to be established in a clinical
context.

A fast, high-resolution 3D MRSI technique named
SPICE (SPectroscopic Imaging by exploiting spatiospectral
CorrFElation)'*?® was shown to enable near whole-brain
neurometabolite mapping at 2.0 x 3.0 x 3.0 mm® nominal
resolution in patients presenting with acute stroke.'' This is a
substantial improvement on the previous state of the art:
5.6 X 5.6 x 15 mm’ resolution using echo-planar spectro-

2425 3¢ 3 T in 8 minutes.

scopic imaging (EPSI) sequence
The SPICE technique has several novel data acquisition and
processing features, including: 1) elimination of water and
lipid suppression pulses to enable fast imaging; 2) use of free
induction decay (FID)-based acquisition with ultrashort echo
time (1.6 msec) and short repetition time (160 msec); 3) use
of variable-density sampling of the (k, t)-space in EPSI-based
trajectories for rapid spatiotemporal encoding; 4) acquisition

of navigators for tracking and correction of magnetic field
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drift and patient motion; and 5) processing and reconstruc-
tion of the spatiospectral functions of different molecules
from the acquired MRSI data based on a union-of-subspaces
model with prelearned spectral basis functions.'” Spectral
quantification is performed using an improved LCModel-
based algorithm that incorporated both spatial and spectral
priors™. The previous feasibility study showed that SPICE
could capture the NAA and lactate signal changes within
hypoperfusion areas compared with the contralateral regions
in acute (<24 hours) stroke patients, but its relationship to
stroke onset time remains to be explored.

The main goal of this study was to investigate the tem-
poral changes of neurometabolite concentrations within ische-
mic lesions—NAA, creatine, choline, and lactate in both
acute (0-1 week) and subacute (1-2 weeks) stroke patients
and to assess the extent to which the combination of all
neurometabolite signals measured by 3D MRSI could dis-
criminate between early (<6 hours) and late hyperacute (6
24 hours) stroke patients.3

Methods

Patients
The study was approved by the Institutional Review Board.
Weritten informed consents were obtained from all partici-
We

100 patients with ischemic stroke of known onset within

pants or their designees. prospectively  recruited
2 weeks of presentation, regardless of age or stroke severity.
Patients with ischemic stroke were included in this study if
they had a clinically confirmed ischemic stroke; they had a
3D-MRSI scan; there was no contra-indication to MR imag-
ing. Exclusion criteria include the presence of contraindica-
tions for MRI, intracerebral hemorrhage, nonstroke lesions
on structural MRI, lesions located within white matter hyper-
intensities, or unknown time of onset. Twenty-seven patients
were excluded (two with hemorrhagic lesions; six with pre-
existing lesions; six with no visible lesions; four with excessive
motion corruption; two not able to finish scanning; seven
with lesions inside white matter hyperintensity regions).
Seventy-three patients (23 females and 50 males; mean age:
65 £ 14 years) were included in this study. All patients
underwent at least one MRI scan and the median symptom
onset time to the first scan was 30.1 (interquartile range
[IQR], 12.8-66.6) hours. Twenty-five patients underwent a
follow-up MRI scan at 29.8-322.5 hours after onset. All clin-
ical decisions such as administration of thrombolysis were
made prior to initial scanning. Seven patients received throm-

bolytic treatment.

MRI and "H-MRSI Protocols

Imaging was performed on a 3 T Siemens Skyra MR
scanner with a standard 20-channel head and neck coil.
The structural MR image acquisition protocol included 3D



magnetization-prepared  rapid acquisition gradient echo
(MPRAGE) imaging (repetition time [TR]/echo time
[TE]/inversion time [TI] = 2400/2.13/1100 msec, spatial
resolution = 1.0 x 1.0 x 1.0 mm®, field of view

(FOV) = 256 mm, 192 slices), DWI (TR/TE = 5200/64 ms,
spatial resolution = 1.3 x 1.3 x 4.0 mm>, FOV = 240 mm,
25 slices, & = 0 and & = 1000 sec/mm?), and 3D
fluid-attenuated  inversion  recovery  (FLAIR)  imaging
(TR/TE = 9000/89 msec, spatial resolution = 0.5 x 0.5 X
2.0 mm’, FOV = 240 mm, 82 slices).

Higher resolution 3D MRSI scans were performed
using SPICE."” ™ The acquisition parameters were as
TR = 160msec, TE = 1.6 msec, spatial
2.0 x 3.0 X 3.0 mm’, FOV = 240 x 240
X 72 mm?, scan time = 8 minutes. A detailed description of
SPICE can be found in the previous work.'"”™> The esti-

mated metabolite concentrations were normalized using the

follows:

resolution =

water reference to compensate for the B; inhomogeneity in

the acquisition.

Lesion Segmentation and Image Registration

For the images acquired within 1 week after symptom onset,
the ischemic lesion area was manually delineated by a neurora-
diologist (T.W. with 10 years of experience), including voxels
with increased intensity on DWI (4 = 1000 sec/mm?). For
the images acquired more than 1 week after symptom onset,
the ischemic lesions were delineated manually on the FLAIR
images. The ADC, DWI, FLAIR maps, and the corresponding
lesion masks were all registered to the MRSI images (metabolic
maps) using affine linear transformation with 12 degrees of

TABLE 1. Demographic Data (n = 73)

Mean age (SD), years 65 (13.5)
Female sex, % 31.5
Hypertension, % 79.2
Atrial fibrillation, % 11.3
Diabetes mellitus, % 32.4
Hypercholesterolemia, % 11.3
Cigarette smoker (current), % 40.9
Median NIHSS (IQR) 4 (3-8)
Median lesion volume at the first 5.4 (2.2-15.3)

scan (IQR), mL
30.1 (12.8-66.6)

Median onset time to first scan

(IQR), hours

SD = standard deviation; IQR = interquartile range;
NIHSS = National Institute for Health Stroke Scale.

freedom in FMRIB’s Linear Image Registration Tool.>® All the
registration results were inspected by T.W.

Statistical Analysis

GROUP COMPARISON. The metabolite concentrations were
calculated relative to the sum of contralateral NAA, creatine,
and choline signals for each patient. The acute-to-subacute
stage comparisons were performed among three time win-
dows, that is, 0-24 hours (N = 32), 24 hours to 1 week
(N = 47) and 1-2 weeks (N = 19).>*” Linear mixed effects
modeling analysis was used for the comparison of lesional
neurometabolites across the above three time windows to
account for repeated measurements.”® The comparisons were
repeated by using longitudinal data only (the 25 patients data
with repeated MRI scans only). Both linear mixed-effects
modelling analysis incorporating all the data and paired #tests
across different time windows were performed. The hyper-
acute stage comparisons were performed between early and
late hyperacute windows, that is, 06 hours (N = 11) and 6-
24 hours (N = 21) post onset, using independent samples #
tests applied to only cross-sectional data (i.e. first scan data of
the 32 patients within hyperacute window).

CORRELATION AND REGRESSION ANALYSIS. The rela-
tionship between neurometabolite concentrations and time
after stroke onset or lesion volume in the hyperacute stage
was examined with Pearson correlation analyses. In addition,
Bayesian logistic ridge regression was performed to compare
the capability of discriminating the onset windows— early
hyperacute (<6 hours) vs late hyperacute (6-24 hours)—by
using 1) NAA, 2) NAA, and Cho, 3) NAA, Cho, and Cr, 4)
NAA, Cho, Cr, and Lac as inputs data, respectively. The
widely applicable information criterion (WAIC) was used for
model comparison gracefully weighting goodness-of-fit against
model complexity.”” Receiver operator characteristic (ROC)
analysis was performed to compare the classification perfor-
mance of the above four models. The area under the curve
(AUC) was compared between four models using the combi-
nation of different biomarkers. The statistical analyses were
performed using SPSS (version 27.0; IBM, Armonk, NY,
USA). The Bayesian analysis was implemented with Bayesreg
in MATLAB (version R2021b; MathWorks, Natick, MA,
USA).* P < 0.05 was considered statistically significant.

Results

Demographic information of the 73 patients is listed in
Table 1. The mean age was 65 % 14 years. On admission
prior to the MRI scans, the patients were assessed on the
National Institutes of Health Stroke Scale (NIHSS), with a
median score of 4 (IQR, 3-8). The median DWI- or FLAIR-
based lesion volume was 5.4 (IQR, 2.2-15.3)
mL. Figure 1 shows a set of tri-planar NAA images and the

core
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FIGURE 1: 3D N-acetylaspartate (NAA) maps and representative spectra from the ischemic lesion of a stroke patient scanned
repeatedly at 13.0 hours and 219.0 hours after symptom onset, respectively. The NAA maps in triplanar views are registered to and
overlaid on T1-weighted images.
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FIGURE 2: Multimodal images from representative patients at 2.3-108.5 hours after ischemic stroke. The ischemic lesions were
depicted in red on DWI images. All images (DWI, FLAIR, NAA, choline, creatine, and lactate) were registered to the structural
T1-weighted images. The color bar for MR spectroscopic imaging (MRSI) shows neurometabolite level in institutional units, for which
the MRSI metabolite measurements were normalized over the companion unsuppressed water signals.
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representative. MRSI spectra in the area of the lesion,
which were acquired from the same patient scanned at
13.0 hours and 219.0 hours post stroke onset. The spectra
acquired at the later time point showed noticeably reduced
NAA peaks. Representative neurometabolite maps from
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FIGURE 3: Comparisons of the neurometabolite concentrations
within ischemic lesion of acute and subacute ischemic stroke
patients at 0-24 hours, 24 hours to 1 week, and 1-2 weeks after
symptom onset. Error bars represent 95% confidence intervals.
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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six different ischemic stroke patients with onset time from
2.3 to 108.5 hours are shown in Figure 2 in the order
of increasing time after onset, along with the corres-
ponding DWI and FLAIR images. Reduced NAA signal
intensity and enhanced lactate signal intensity within the
lesion compared to the contralateral side can be observed,
as well as an inverse relationship between NAA signal and
onset time.

Figure 3 shows the acute-to-subacute group compari-
sons. The NAA concentration of the 0—24 hours group was
significantly higher than that of the 24 hours to 1 week
group, which in turn was significantly higher than that of the
1-2 weeks group. About 22% reduction in NAA was
observed from 1 day to 2 weeks after stroke onset. The crea-
tine concentration of the 0-24 hours group was significantly
higher than that of the 24 hours to 1 week group and the 1-
2 weeks group. The choline concentration of the 0-24 hours
group was significantly higher than that of the 24 hours to
1 week group. The main effects of time were shown on NAA
(F = 14.321) and creatine (F = 12.261). When including
longitudinal data only, that is, the 25 patients data with
follow-up scans, the main effects of time were similarly found
on NAA (F = 13.394) and creatine (& = 11.972). For the
patients from 0-24 hours to 24 hours to 1 week windows
(N = 7), lesional NAA and creatine significantly decreased.
For the patients from 0-24 hours to 1-2 weeks windows
(N =9), lesional NAA and creatine were also significantly
decreased. Altogether, the NAA and creatine were consistently
decreased from hyperacute to acute or subacute stages, which
also showed main effects of time. Voxel-wise neurometabolic
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FIGURE 4: Histograms of voxel-wise neurometabolites concentrations in the ischemic lesion across all stroke patients at 0-24 hours,
24 hours to 1 week, and 1-2 weeks post-symptom onset, respectively.
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FIGURE 5: (a) Comparisons of neurometabolite concentrations within DWI lesion in hyperacute ischemic stroke patients at 06 hours
and 6-24 hours after symptom onset. Error bars represent 95% confidence intervals. **P < 0.01; *P < 0.05. (b) NAA concentration
decreased with time after onset within the first 24 hours post stroke. Dashed lines represent 95% confidence interval of fit.
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FIGURE 6: Histograms of voxel-wise neurometabolites concentrations within DWI lesion between early (0-6 hours) and late

(6-24 hours) hyperacute stroke patients.

signal measurements across all patients are shown in Figure 4.
These plots show not only the changes of mean lesional neu-
rometabolites concentrations but also increase in the variation

of the signals from hyperacute to acute and subacute groups.
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All the hyperacute stage data (<24 hours, N = 32) were
cross-sectional. Figure 5a shows the comparisons between the
0-6 hours (i.e. early hyperacute) and 6-24 hours (i.e. late
hyperacute) groups. The NAA and choline concentrations of



the early hyperacute group were higher than that of the late
hyperacute group. Within the first 24 hours, the NAA level
decreased with increased time post onset in ischemic stroke
patients (r = — 0.440) but not for the other metabolites
(choline: » = — 0.335, P = 0.061; lactate: » = 0.069,
P = 0.709; creatine: » = — 0.023, P = 0.900), as shown in
the scatter plots of Figure 5b. These results remained true
even after controlling for age and lesion volume (NAA:
r = — 0.437; choline: » = — 0.325, P = 0.085; lactate:
r = 0.044, P = 0.820; creatine: » = 0.025, P = 0.899). No
between-group differences were found in lactate and creatine
concentrations (lactate: P = 0.256; creatine: 2 = 0.550). The
decrease of NAA and increase of lactate concentration were
correlated with lesion volume (NAA: » = — 0.472; lactate:
r = 0.366) but not for choline and creatine. Figure 6 showed
the voxel-wise neurometabolites concentrations between early
and late hyperacute patients. The NAA and lactate signals
were more variable in the late hyperacute group compared to
the early hyperacute group, indicating increased neuro-
metabolic heterogeneity within the lesion. Taken together, we
showed that the lesional NAA concentration served as the
most sensitive biomarker of time post symptom onset in
hyperacute stroke patients.

Figure 7 shows the ROC curves that evaluate the
the neurometabolites
obtained by MRSI could discriminate between 0-6 hours
and 6-24 hours groups in hyperacute stroke patients. Group

extent to which measurements

separation using combined neurometabolites including
NAA, creatine, and choline yielded an AUC of 0.90 (95%
confidence interval [CI] = 79%-100%; WAIC: 16.51).
This model also exhibited the lowest WAIC, indicating the
best balance of flexibility and fit. It is noted that adding the
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FIGURE 7: Receiver operating characteristic curves of Bayesian
logistic ridge regression for separation between early (0-
6 hours) and late hyperacute (6-24 hours) ischemic stroke
patients.

lactate signal did not improve the separation performance,
which yielded an AUC of 0.90 (95% CI = 80-100%;
WAIC: 17.70).

Discussion
In this study, we applied fast high-resolution 3D MRSI to

reveal temporal changes of neurometabolites in human ische-
mic stroke at multiple time scales. We found that the NAA
and creatine concentrations in the ischemic lesion reduced
from acute to subacute stroke patients. Our results revealed
that the NAA concentration within the DWI lesion was cor-
related with post-onset time within the hyperacute stage
(<24 hours) of ischemic stroke patients. We also showed that
the discrimination capability between early hyperacute
(<6 hours) from late hyperacute (6-24 hours) stage patients
was improved when incorporating NAA, choline, and crea-
tine. As a noninvasive neurometabolic imaging technique, the
potential of MRSI has long been recognized for identifying
salvageable ischemic tissue and revealing the metabolic
changes during brain ischemia and ongoing tissue injury.®”
12,14,15,24,25,31-38

The first serial MRS study in 1990 of ischemic stroke
patients at 3 days to 10 weeks post onset'” stimulated interest
in assessing neurometabolic signal changes within the ische-
mic brain tissue during stroke progression. However, early
MRSI techniques, such as single-voxel MRS or 2D MRSI,
are limited by the low spatial resolution, long acquisition
time, and partial coverage of the tissue. These limitations had
impeded their clinical use for stroke imaging. Building on the
previous work,'" in this study, we leveraged high-resolution
3D MRSI imaging on a cohort of ischemic stroke patients
across both acute and subacute stages. Spatial maps of multi-
ple neurometabolites including NAA, lactate, choline, and
creatine were acquired at 2.0 x 3.0 x 3.0 mm® nominal res-
olution, allowing good delineation of their concentrations
within the whole lesion area and minimizing the influence of
the partial volume effects.

We revealed that NAA concentrations seem to be sensi-
tive to the progression of ischemic damage in stroke. NAA,
one of the most prominent signals in brain MRS data, is a
marker of the functional integrity of neuronal mitochondrial
metabolism®’. In ischemic stroke, the reduction in NAA con-
centration within the lesion has been a consistent observation,
indicating neuronal/axonal loss or mitochondrial dysfunction.
Hours after stroke onset, rapid decreases in NAA within the
infarct core have been detected in both human and animal

. 1424
studies,

generally attributed to neuronal damage. Our
work showed a decline in NAA concentration (about 17.5%)
from the early (<6 hours) to late hyperacute (6-24 hours)
phases, close to the findings in previous study which observed
about 24% decline in NAA from 0-6 hours to 6-24 hours’".

More importantly, we reveal a linear correlation between
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NAA concentration and onset time within the first 24 hours
of a stroke.

Dani et al. have investigated neurometabolite concentra-
tions in ischemic tissue within 24 hours of onset in ischemic
stroke with single-slice multivoxel MRS,'* reporting a 10.6%
difference in NAA between the early and late hyperacute
patients identically grouped as in our study. The discrepancy
with our results might be related to the inclusion of merely
hypo-perfused tissue arising from the limited spatial resolu-
tion (>10 mm). Such partial volume effects are substantially
reduced by the high-resolution achieved with SPICE, improv-
ing the sensitivity for detecting subtle changes in neuro-
metabolic signals of pathological brain tissues. We also
observed a significant decrease in NAA from acute to sub-
acute stages, consistent with the findings of a previous longi-
tudinal study.'® The further decline of NAA from acute to
subacute stages has been attributed to accumulating neuronal
damage, which continues up to 12 days postischemic stroke
in humans.'®**

Creatine and phosphocreatine are markers of energy
metabolism in neuronal and glial cells, constituting a cellular
energy buffering and phosphate transport system.® In our cur-
rent study, creatine did not show significant reduction from
early to late hyperacute time windows but did show a
sustained decrease from hyperacute to acute as well as sub-
acute time windows. In line with this, other studies have con-
sistently found a general decrease of creatine in the ischemic
lesion from acute stage till up to 3 months after stroke.'®"
The vulnerability to hypoxia is different for different cell
types. In the rodent stroke model, delayed depletion of crea-
tine was found following NAA depletion after permanent
occlusion.”* The greater and more rapid reduction in NAA
level in infarction may indicate a higher susceptibility to
ischemia for neurons. Creatine is present in both neurons and
glial cells, and glial cells are known to be more resistant to
ischemia.”® This issue might explain the observation of del-
ayed reduction in creatine concentrations within the infarc-
tion in our work and in previous studies.*>**

Choline is a marker of cellular membrane turnover,
through its involvement in membrane synthesis and degra-
dation.®® Previous findings about the changes of choline
concentrations in stroke range from no difference,'?
increased®® or decreased®® choline levels within stroke
lesions. Discrepancies might be related to individual vari-
ability, various time windows post onset and small sample
size. Our work found decreased lesional choline concentra-
tions in hyperacute and acute stages but not in subacute
stage of stroke patients. These findings are in line with pre-
vious longitudinal study that showed a reduced choline level
within the lesion during the first 2 weeks but not over
3 months in stroke.'® More interestingly, a decreased cho-
line signal from early to late hyperacute stroke was observed,
which might be due to the disrupted metabolic pathway for

the membrane maintenance due to the energy breakdown
post occlusion.

Dynamic lactate changes in ischemic stroke are variable
in literature. A reduction of lactate in the DWI lesion from
1 to 5 days post symptom onset has been shown in a longitu-
dinal study of ischemic stroke patients.'® On the other hand,
persistently elevated lactate signals within the infarction have
been shown weeks or even months after stroke.’>¢ In this
study, a large variability was found in lactate concentrations
across different patients within different time windows post
stroke onset, leading to nonsignificant group differences. The
lactate production within hyperacute stage post stroke onset
mainly reflects the anaerobic glycolysis in potentially viable
neurons or glia cells.** In the later stage of stroke, elevated
lactate signals have been attributed to infiltrating inflamma-
tory cells such as macrophages, which begin to appear at
3 days

months.

post infarction

10,36

and gradually disappear over
This might also explain the persistence of lactate
signals into the chronic stage.”” The time course of acidosis
due to ischemia and its spontaneous clearance are critical to
cell death.?” Therefore, the lactate level within the acute
DWI-defined lesion has provided prognostic information for
both

patients.

clinical outcome and final infarct size in stroke

1836 In our work, higher lactate concentrations were
correlated with larger infarct volume in hyperacute stroke
patients. The lactate signal might not provide a reliable bio-
marker for time post onset assessment because of its compli-
cated pathological processes, which result in the continuous

signal elevations across different stages of stroke.

Limitations

This study requires validation with a larger and more diverse
samples covering a wider range of time points, especially in
the critical early period. Longitudinal data were severely lim-
ited in the current study. The inclusion of patients with a
relatively narrow range of presenting deficit (NIHSS <12)
increase the chance of type I error and underestimate the
effect of association between the imaging measures and
onset time. Exploration of a wider range of deficits would be
desirable, as far as local imaging procedures enable MR
imaging to be delivered safely within the clinical stream.
Further work is required to contextualize the metabolic
maps by perfusion imaging, which would reveal inter-
individual differences in the degree of ischemia that are
bound to interact with the extent of metabolic distress.
Finally, given the considerable heterogeneity of ischemic
stroke patients, variation with factors such as lesion anatomy
and degree of perfusion deficit or reperfusion should be sur-
veyed across their full range.*’

Conclusion
This study shows that the neurometabolite concentrations
within the ischemic lesion might be time-dependent in stroke



patients. The changes of neurometabolites seem to provide

good discrimination between ischemic stroke patients for

early and late hyperacute (i.e., before and after 6 hours) time

windows. Fast 3D MRSI provides a clinically feasible tool for

the assessment of neuronal and glia cell loss postischemic

stroke.
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