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Abstract— Objective: The purpose of this work is to develop a 

multispectral imaging approach that combines fast high-
resolution 3D magnetic resonance spectroscopic imaging (MRSI) 
and fast quantitative T2 mapping to capture the multifactorial 
biochemical changes within stroke lesions and evaluate its 
potentials for stroke onset time prediction. Methods: Special 
imaging sequences combining fast trajectories and sparse 
sampling were used to obtain whole-brain maps of both 
neurometabolites (2.0×3.0×3.0 mm3) and quantitative T2 values 
(1.9×1.9×3.0 mm3) within a 9-minute scan. Participants with 
ischemic stroke at hyperacute (0–24h, n=23) or acute (24h–7d, 
n=33) phase were recruited in this study. Lesion N-acetylaspartate 
(NAA), lactate, choline, creatine, and T2 signals were compared 
between groups and correlated with patient symptomatic duration. 
Bayesian regression analyses were employed to compare the 
predictive models of symptomatic duration using multispectral 
signals. Results: In both groups, increased T2 and lactate levels, as 
well as decreased NAA and choline levels were detected within the 
lesion (all p<0.001). Changes in T2, NAA, choline, and creatine 
signals were correlated with symptomatic duration for all patients 
(all p<0.005). Predictive models of stroke onset time combining 
signals from MRSI and T2 mapping achieved the best performance 
(hyperacute: R2=0.438; all: R2=0.548). Conclusion: The proposed 
multispectral imaging approach provides a combination of 
biomarkers that index early pathological changes after stroke in a 
clinical-feasible time and improves the assessment of the duration 
of cerebral infarction. Significance: Developing accurate and 
efficient neuroimaging techniques to provide sensitive biomarkers 
for prediction of stroke onset time is of great importance for 
maximizing the proportion of patients eligible for therapeutic 
intervention. The proposed method provides a clinically feasible 

 
Z. Meng is with School of Biomedical Engineering, Shanghai Jiao Tong 

University, Shanghai, China. R. Guo is with Beckman Institute for Advanced 
Science and Technology, University of Illinois at Urbana-Champaign, Urbana, 
IL, USA, and is also with Siemens Medical Solutions USA, Inc., Urbana, IL, 
USA. T. Wang is with Radiology Department, Shanghai Fifth People’s 
Hospital, Shanghai, China. B. Bo and Z. Lin, are with School of Biomedical 
Engineering, Shanghai Jiao Tong University, Shanghai, China. Y. Li is with 
Beckman Institute for Advanced Science and Technology, University of Illinois 
at Urbana-Champaign, Urbana, IL, USA, and is also with National Center for 
Supercomputing Applications, University of Illinois at Urbana-Champaign, 
Urbana, IL, USA. Y. Zhao is with Beckman Institute for Advanced Science and 
Technology, University of Illinois at Urbana-Champaign, Urbana, IL, USA, 
and is also with Department of Electrical and Computer Engineering, 
University of Illinois at Urbana-Champaign, Urbana, IL, USA. X. Yu is with 
Department of Biomedical Engineering, Case Western Reserve University, 
Cleveland, OH, USA. D. J. Lin is with Department of Neurology, 

tool for the assessment of symptom onset time post ischemic stroke, 
which will help guide time-sensitive clinical management.   
 

Index Terms— ischemic stroke; magnetic resonance 
spectroscopic imaging; T2 mapping; stroke onset time 
 

I. INTRODUCTION 
ETERMING the temporal onset of ischemic stroke is 
critical to establishing the therapeutic window – currently 

4.5 hours for thrombolysis, and 6 hours for intra-arterial 
recanalization – on which treatment selection depends [1]. 
Approximately 30% of stroke patients present with an unknown 
time of onset, rendering them ineligible for thrombolytic 
therapy [2]. Therefore, developing neuroimaging techniques to 
provide sensitive biomarkers for prediction of symptom onset 
time to maximize the proportion of patients eligible for 
therapeutic intervention is of great importance.  

Magnetic resonance spectroscopic imaging (MRSI) provides 
a powerful tool for non-invasive measurement of the 
neurometabolic changes induced by stroke, which provide a 
direct index of the progression of brain tissue injury over time 
[3], [4]. With 1H-MRSI, we can simultaneously measure the 
multiple metabolites involved in the cascading metabolic 
effects that ischemia induces, including decreased N-
acetylaspartate (NAA) as a marker of neuronal loss and 
increased lactate as a marker of anaerobic glycolysis and tissue 
acidosis [4]. Quantitative T2 mapping provides sensitive 
biomarkers to the subtle pathological changes in acute stroke, 
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which showed improved accuracy in predicting time post 
symptom onset (< 3h) than fluid-attenuated inversion recovery 
(FLAIR) imaging [5]. 

However, both 3D MRSI and quantitative T2 mapping suffer 
from long acquisition times, low spatial resolutions, and narrow 
tissue coverage, which significantly limited their clinical 
applications in acute stroke [3], [6]–[8]. In clinical practice, the 
most commonly used MRSI technique is the chemical shift 
imaging (CSI) sequence, which typically acquires a single slice 
with a resolution at around 10 mm in 15 minutes [4], [6], [9]. 
The state-of-the-art fast MRSI techniques have shown imaging 
capabilities of achieving resolutions around 5 mm in around 25-
minute scan times [10], which does not fully address the clinical 
needs for stroke metabolic imaging. For quantitative T2 
mapping, spin echo (SE)-based methods require the acquisition 
of a sequence of T2-weighted images with different echo times 
(TEs), leading to over 10-minute acquisition times. Turbo spin 
echo (TSE)-based methods are often used in the clinical settings 
due to their high imaging speeds. However, imperfections in the 
refocusing pulses used and the resulting stimulated echoes 
would bias the T2 estimation using a simple exponential curve 
fitting of TSE data [11]–[13]. Therefore, till now combined fast 
high-resolution 3D MRSI and quantitative T2 mapping have not 
been successfully demonstrated in the clinical settings and its 
potential clinical value for stroke imaging has not been explored. 

Here we presented a multispectral imaging approach that 
combines fast high-resolution 3D MRSI (2.0 × 3.0 × 3.0 mm3; 
8 min) and fast quantitative T2 mapping (1.9 × 1.9 × 3.0 mm3; 
69 sec) to capture the multifactorial biochemical changes within 
the ischemic lesions. In data acquisition, the SPectroscopic 
Imaging by exploiting spatiospectral CorrElation (SPICE) 
[14]–[21] sequence with rapid echo planar spectroscopic 
imaging (EPSI) trajectory and sparse sampling was used for fast 
MRSI; and a TSE sequence with parallel imaging and only 
three TEs was used for fast quantitative T2 mapping. In data 
processing, a subspace-based method was used for 

reconstruction of metabolite signals and a model-based method 
was used for correcting T2 estimation bias. We demonstrated 
the feasibility of concurrent whole-brain mapping of NAA, 
lactate, choline, creatine, and quantitative T2 within about 9-
minute scanning time in the clinical settings. Moreover, the 
potentials of such a multispectral imaging technique for the 
prediction of symptomatic duration of ischemia has been 
shown, in a cohort of 56 acute stroke patients. The combination 
of signals from high-resolution MRSI and quantitative T2 
mapping achieved good performance in predicting stroke onset 
time, which has good potential to help guide clinical 
management of stroke. 

II. METHODS 

A. Data Acquisition 
To enable MRSI and T2 mapping in a clinically feasible time, 

the SPICE sequence and TSE sequence were used, which, as 
illustrated in Fig. 1, use fast-scanning trajectories and sparse 
sampling to achieve high imaging speeds.  

The SPICE sequence used the EPSI trajectory to provide 
rapid spatial and temporal encodings simultaneously, while the 
TSE sequence used the multiple refocused echoes for increased 
number of spatial encodings in each excitation. More 
specifically, the EPSI trajectory in the SPICE sequence used 
110 spatial encodings with a large echospacing (1.76 ms), 
which provided an acceleration factor of 110 compared with 
typical CSI readouts. The TSE sequence was implemented with 
a turbo factor of 8, that is, 8 lines of k-space were encoded after 
each excitation, providing 8 times higher imaging efficiency 
than the conventional single-TE SE sequences. Sparse sampling 
was employed in both sequences. For the SPICE sequence, only 
central k-space was fully sampled to preserve signal-to-noise 
(SNR) for the metabolites while peripheral k-space was 
sparsely sampled using spatiotemporal CAIPIRINHA sampling 
with under-sampling factors of 3 in ky and 12 in (kz, t)-space 
[22]. For the TSE sequence, a factor of 3 under-sampling was 
used in ky, and only 3 TEs (18, 36, 62 ms) were acquired to 
encode the T2 relaxation, which was much fewer than the 
typical T2 mapping sequences with more than 10 TEs. We 
selected TE values shorter than 80 ms in order to capture the T2 
decay of brain tissues with the shortest T2 value of around 80 
ms for the white matter. 

In addition to rapid and sparse sampling, the SPICE sequence 
also has several other special data acquisition features that help 
improve imaging efficiency and robustness, which include: a) 
removal of water and lipid suppression pulses, b) use of free 
induction decay (FID)-based acquisition with short repetition 
time (TR) (160 ms) and ultrashort TE (1.6 ms), which 
significantly enhance imaging speed and SNR efficiency, and c) 
embedding navigators for tracking subject motion and field 
drifts during the scan. As a result, the SPICE sequence was able 
to achieve: 2.0 × 3.0 × 3.0 mm3 nominal resolution, covering a 
field of view (FOV) of 240 × 240 × 72 mm3 in 8-minute scan 
time for metabolic imaging. For T2 mapping, our TSE sequence 
was able to achieve 1.9 × 1.9 × 3.0 mm3 resolution in only 69 
seconds (TR = 5030 ms, FOV = 240 × 240 × 72 mm3), in 

 
Fig. 1. Data acquisition scheme for fast 3D MRSI and quantitative T2 mapping. 
(A) Sequence design. The SPectroscopic Imaging by exploiting spatiospectral 
CorrElation (SPICE) sequence uses an echo planar spectroscopic imaging 
(EPSI) trajectory for rapid encoding. The turbo spin echo (TSE) sequence uses 
multiple spin echoes to provide an increased number of k-space encodings in 
each excitation. (B) k-space sampling pattern. SPICE uses a variable-density 
sampling strategy, with central (k, t)-space fully sampled and peripheral (k, t)-
space sparsely sampled. The TSE sequence uses a factor of 3 under-sampling 
in ky direction, and only three TEs (echo times) were acquired.  
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contrast to conventional clinical T2 mapping scans that often 
require more than 10 minutes [23]. 

B. Data Processing 

1) Neurometabolites Mapping 
The data acquisition scheme for fast high-resolution 

metabolic imaging may lead to low SNR and spectral aliasing 
artifacts if not properly handled. To avoid these problems, we 
used a union-of-subspaces model to incorporate subspace 
learning [14], [16], [18]–[20]. Specifically, the spatiotemporal 
signals measured by the SPICE sequence were modeled by: 

𝜌(𝒓, 𝑡) = ∑ ∑ 𝑢!,#(𝒓)𝑣!,#(𝑡)$
#%&

'
!%&                  (1) 

where +𝑣!,#(𝑡),  and +𝑢!,#(𝒓),  denote the 𝑙 th spectral basis 
function and its corresponding spatial coefficient of the 𝑛 th 
molecule (e.g., water, lipids, and metabolites). With pre-learned 
spectral basis functions, this model can significantly reduce the 
degrees-of-freedom needed to represent the spatiotemporal 
distributions, thus enabling the processing methods to 
overcome the sparse sampling and noise issues. Specifically, 
the water and lipid basis functions were estimated from a set of 
high-resolution non-water-suppressed MRSI data; and the 
metabolite basis functions were estimated from a set of low-
resolution, water-suppressed MRSI data [18], [24], [25]. With 
the pre-learned water and lipid subspaces and coil sensitivity 
maps, the sparsely sampled data in peripheral (k, t)-space (for 
water and lipid signals only) can be recovered. Reconstruction 
of the desired metabolite signals from the noisy data was 
accomplished by utilizing the learned metabolite subspaces:  

𝑈0( = arg	min
)!

‖𝑑 − ℱ(𝑈(𝑉()‖** +𝜆(‖𝐷𝑈(‖**         (2) 

where 𝑉(  and 𝑈(  represent the spectral basis functions of 
metabolites and the corresponding spatial coefficients, and 𝜆( 
is the regularization parameter. Finally, spectral quantification 
of the reconstructed metabolite signals was done utilizing an 
improved LCModel-based method by exploiting the union-of-
subspaces model, incorporating both spatial and spectral priors 
[18]. 

2) Quantitative T2 Mapping 
In practice, there always exist B1 inhomogeneity and 

imperfection in the 180° refocusing pulses used in the TSE 
sequence. As a result, the T2-weighted data obtained would not 
follow a simple exponential model of T2 relaxation and the T2 
values estimated with only 3 TEs would contain significant 
errors.  To address this problem, we corrected the estimation 
bias via a model-based approach incorporating a set of pre-
acquired calibration data [26]. More specifically, we modelled 
the deviation between the measured and reference T2 decays as 
an echo time shift using the following model: 

𝜌+,-.(𝒓, 𝑇) = 𝜌/,0(𝒓, 𝑇)𝑒
1"#(𝒓,#)#((𝒓)            (3) 

where 𝜌+,-.(𝒓, 𝑇)  and 𝜌/,0(𝒓, 𝑇)  are the measured and 
reference T2-weighted images, respectively. The reference 
images are assumed to follow the ideal exponential T2 
evolution; Δ𝑇  is the TE shift accounting for the deviation 
caused by nonideal experimental conditions. To estimate the TE 
shift, first we generated the calibration T2 map, 𝑇*,2-34(𝒓), of the 

calibration data with 15 TEs (18 to 142 ms, on healthy subjects), 
𝜌2-34(𝒓, 𝑇) , utilizing a dictionary matching method. The 
dictionary was created by Bloch simulation [8], considering 
both T2 evolution and B1 field inhomogeneity. The generated 
calibration T2 maps were then used to synthesize the reference 
T2-weighted images of the calibration dataset,	𝜌/2-3(𝒓, 𝑇), using 
the following model: 

𝜌/2-3(𝒓, 𝑇) = 𝜌2-34(𝒓, 𝑇5)𝑒
1 #)#*
#(,+,-.(/)       (4) 

The TE-correction maps of the three measured TEs (18, 36, 62 
ms), Δ𝑇(𝒓, 𝑇) , were consequently generated by comparing 
𝜌/2-3(𝒓, 𝑇) and 𝜌2-34(𝒓, 𝑇): 

𝛥𝑇(𝒓, 𝑇) = 	− ln F60+,-(𝒓,9)
6+,-.(𝒓,9)

G ∙ 𝑇*,2-34(𝒓)     (5) 

After obtaining the TE-correction maps, we utilized the mean 
of the TE-correction maps as the TE-shifts for the measured 
TSE data, since the TE-correction values were spatially smooth 
and relatively consistent for different data. Finally, the bias-
corrected T2 maps were generated via a typical exponential 
fitting method using the shifted TE values. 

C. Experiments 
To demonstrate the feasibility and potential of the proposed 

methods, in vivo experiments were carried out on healthy 
subjects and ischemic stroke patients. All MR scans were 
performed on a 3T Siemens Skyra MRI scanner (Siemens, 
Erlangen, Germany) with a 20-channel head and neck coil. 

To validate the feasibility of the proposed approach on 
healthy subjects, nineteen adults (age ranged from 25 to 64 
years; 13 females) were recruited and underwent MRI scans 
using the SPICE and TSE sequences. The calibration data for 
T2 bias correction were acquired using the same TSE sequence 
with 15 TEs (TE = [18:9:142] ms). 3D MPRAGE (TR/TE/TI = 
2400/2.13/1100 ms, resolution = 1 × 1 × 1 mm3, FOV = 256 
mm, slice number = 192) scan was also acquired for anatomical 
imaging. 

To demonstrate the feasibility and potential of the proposed 
approach for prediction of stroke symptom onset time in the 
clinical setting, 56 acute ischemic stroke patients (age ranged 
from 34 to 88 years; 18 females) were included in this study. 
Patients were included if they had a clinically confirmed 
ischemic stroke and presented with known duration of 
symptomatic ischemia. Exclusion criteria included the presence 
of contraindication for MRI, evidence of haemorrhagic 
transformation, or significant non-stroke lesions on structural 
MRI. All patients underwent MRI and MRSI within 1 week 
after stroke symptom onset (symptomatic ischemia duration 
ranged from 2.25 to 135 hours). This study was approved by the 
Institutional Review Board of the Fifth People’s Hospital of 
Shanghai (Shanghai, People’s Republic of China). All 
participants or their guardians provided written informed 
consents. The standard scan protocol included 3D MPRAGE 
(TR/TE/TI = 2400/2.13/1100 ms, resolution = 1 × 1 × 1 mm3, 
FOV = 256 mm, slice number = 192), diffusion weighted 
imaging (DWI) (TR/TE = 4300/[74, 125] ms, resolution = 1.3 
× 1.3 × 4 mm3, FOV = 240 mm, slice number = 25, b = 0 and 
1000 s/mm2), and FLAIR imaging (TR/TE/TI = 9000/89/2500 
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ms, resolution = 0.5 × 0.5 × 2 mm3, FOV = 240 mm, slice 
number = 82).  

D. Data Analysis 
For the healthy subjects, we performed region of interest 

(ROI)-based analysis to compare the mean T2 values and 
neurometabolite levels in gray matter and white matter tissues. 
The ratios between neurometabolite levels in gray matter and 
white matter were also calculated. Anatomical images were 
coregistered to the MRSI and T2 maps using affine linear 
transformation with 12 degrees of freedom embedded in 
FMRIB’s Linear Image Registration Tool [27], respectively. 
Gray matter and white matter masks were generated based on 
the coregistered anatomical images using unified segmentation 
method embedded in the Statistical Parametric Mapping brain 
imaging analysis software (SPM12). Independent sample t-tests 
were used for the comparisons. 

For stroke patients, the ischemic lesion was manually 
delineated on the DWI images by an experienced 
neuroradiologist (T.W. with 10 years of experience). For each 
patient, T2 images, as well as the lesion masks, were all 
coregistered to the MRSI maps using affine linear 
transformation. Regions for contralateral comparison were 
created by transforming the lesion masks to standard MNI152 
space, flipping along the midline, and transforming back to the 
native image space. All the registration results were inspected 
by an experienced neuroradiologist. 

The patients were divided into a hyperacute (0 – 24h, n = 23) 
and an acute (24h – 7d, n = 33) group [28], [29]. For each 
patient, the mean T2 value and neurometabolite levels were 
calculated within the DWI lesion and contralateral region. For 
comparisons between lesional and contralateral regions, paired 
t-tests were performed for the region-wise analyses. To 
investigate the sensitivity of the lesional multispectral signals 
to the stroke symptomatic duration, we performed both group-
level comparison and correlation analysis. The group-level 
comparisons were performed between hyperacute and acute 
groups using independent samples t-tests. Pearson correlation 
analyses were performed to analyze the correlation between the 
multispectral signals and duration, in which the log-
transformed duration was used to reduce the skewness of data. 
Bonferroni correction was used for multiple comparisons. 

To compare the predictive models of symptomatic duration 
based on our multimodal imaging data (neurometabolites and 
quantitative T2), we used Bayesian linear regression employing 
incrementally increasing numbers of inputs [30]. The widely 
applicable information criterion (WAIC) was used for model 
selection [31], [32]. All the statistical analyses were carried out 
using R software (version 4.0.5) and SPSS 26 (IBM). The 
Bayesian analysis was implemented with Bayesreg in 
MATLAB [33].  

III. RESULTS 

A. 3D MRSI and Quantitative T2 Mapping in Healthy Subjects 
The feasibility of our proposed 3D MRSI and quantitative T2 

mapping was validated in 19 healthy subjects (age: 40.3±12.1 
years). As shown in Fig. 2(A), the estimation of T2 values were 
significantly improved after bias correction. The mean T2 
values measured in white matter and gray matter after 
correction were 81.5±0.3 ms and 112.6±3.6 ms, respectively, 
in line with those reported in the literatures (79.6±0.6 ms for 
white matter and 110.0 ± 2.0 ms for gray matter) [34]. 

 
Fig. 2.  (A) Quantitative T2 values in white matter (blue) and gray matter (red) 
acquired from 19 healthy subjects, before and after bias correction using our 
proposed method. (B) The relative ratios of NAA, choline, and creatine levels 
in gray matter over white matter acquired from 19 healthy subjects, in 
comparison with literature values. 
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Representative neurometabolites maps including NAA, choline 
and creatine of one healthy subject were displayed in Fig. 2(B). 
The gray matter and white matter ratios of NAA, choline and 
creatine were 1.07 ± 0.05, 0.99 ± 0.04, and 1.20 ± 0.06, 
respectively, which are consistent with those in the literatures 
(0.98 ±	0.08 for NAA, 0.83 ±	0.17 for choline, and 1.20 ±	0.15 
for creatine) [10]. 

B. 3D MRSI and Quantitative T2 Mapping in Acute Stroke 
Patients 

High-resolution 3D neurometabolite and T2 maps from a 
representative acute stroke patient (duration of symptomatic 
ischemia: 54.27 h) are shown in Fig. 3. The 3D spectra clearly 
showed reduced NAA and increased lactate levels along with 
an increase of T2 value in the lesion. Representative 
neurometabolite and quantitative T2 maps from six different 
ischemic stroke patients with onset time from 2.25 to 107 hours 
are shown in Fig. 4 in the order of increasing time after onset, 
along with the corresponding DWI and FLAIR images. A 
decrease in NAA, and an increase in both lactate and T2 values 
can be observed within the lesion compared to the contralateral 
side. The increase in T2 and decrease in NAA along with 

patients’ symptom onset time are also apparent in these cross-
sectional data.  

The comparisons of the changes in neurometabolite levels 
and T2 values between the hyperacute and acute groups are 
shown in Fig. 5. In both groups, the lesional T2 values were 
higher than those in the contralateral region (p < 0.001). In the 
hyperacute group, decreased NAA and increased lactate levels 
were shown in the lesion (all p < 0.001). In the acute group, 
decreased lesional NAA, choline, and creatine as well as 
increased lesional lactate were shown (all p < 0.001). The 
lesional T2 value of the hyperacute group was lower compared 
to acute group (p < 0.001). The lesional creatine level of the 
hyperacute group was higher compared to acute group (p = 
0.001). The difference in lesional NAA, choline, and lactate 
levels between hyperacute and acute groups did not reach 
significant level (NAA: p = 0.086; choline: p = 0.103; lactate: 
p = 0.149).  

C. Correlation between Neurometabolites and Quantitative T2 
Values with Symptom Onset Time 

The correlations of several biomarkers with symptom onset 
time are shown in Fig. 6. As can be seen, increased T2 value and 
decreased NAA, choline and creatine levels were all 

 
Fig. 3. 3D T2 maps (spatial resolution of 1.9 × 1.9 × 3.0 mm3) and 3D metabolite maps (nominal spatial resolution of 2.0 × 3.0 × 3.0 mm3) of an acute ischemic 
stroke patient (post-stroke onset time: 54.27 h). The T2 maps were obtained in a 69-second scan and the metabolite maps in an 8-minute scan using the proposed 
method. The representative spectra were obtained from the marked region (consecutively across the peripheral to central lesion regions). The color bar for spectra 
shows the amplitude of the metabolite signal. Representative multimodal images are illustrated in axial, sagittal and coronal views (from top to bottom). The color 
bar for the T2 maps shows the T2 value in ms. The color bar for the metabolite maps shows NAA, lactate, choline, or creatine levels in institutional units. 
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significantly correlated with the duration of symptomatic 
ischemia (T2: r = 0.639, p < 0.001; NAA: r = - 0.381, p = 0.004; 
choline: r = - 0.408, p = 0.002; creatine: r = - 0.585, p < 0.001). 
Taken together, the lesional T2, NAA, choline, and creatine 
levels all showed their sensitivity to the duration of ischemic 
damage. 

 
Fig. 4. Multimodal images from six representative stroke patients with different symptom durations from hyperacute to acute stages. The color bar for T2 mapping 
shows the T2 value in ms. The color bar for metabolite maps shows NAA, lactate, choline, or creatine levels in institutional units. Lesions were contoured by red 
lines. 
 

 
Fig. 5. Comparisons of mean T2 values and neurometabolite levels between 
DWI lesion and contralateral regions in hyperacute and acute stroke patients. 
Each data point represents one patient data. ** = p < 0.01, *** = p < 0.001 
with Bonferroni-corrected t-test. 

 
Fig. 6. Scatter plots of the correlations between lesional T2 values and 
neurometabolite levels with symptomatic ischemia duration for all stroke 
patients. All results are adjusted with age. Time (h) is log-transformed to 
reduce the skewness of data distribution. 
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D. Prediction of Symptom Onset Time using Multispectral 
Signals 

We investigated whether the combination of neurometa-
bolites and T2 values could improve the prediction of 
symptomatic duration for hyperacute stroke (n = 23) as well as 
for all patients (n = 56). The results are shown in Fig. 7. In the 
hyperacute group, the best prediction performance (R2 = 0.438, 
WAIC = 25.630) was achieved when combining all imaging 
biomarkers, in comparison with MRSI (R2 = 0.397, WAIC = 
25.243) or T2 alone (R2 = 0.218, WAIC = 23.848). Across all 
patients, we also achieved the best prediction performance (R2 
= 0.548, WAIC = 65.990) when combining all imaging 
biomarkers, in comparison with MRSI (R2 = 0.459, WAIC = 
69.791) or T2 alone (R2 = 0.437, WAIC = 67.755). Additionally, 
the winning models also exhibited the lowest WAIC, indicating 
the best balance of flexibility and fit. 

IV. DISCUSSION 
The multifactorial nature of stroke pathology motivates a 

multispectral imaging approach, to characterize the lesion 
across multiple dimensions that directly index the complex 
underlying neurochemical changes, with high spatial 
resolution, and within short acquisition times. To the best of our 
knowledge, the current study is the first to demonstrate the 
feasibility of combined high-resolution 3D MRSI and 
quantitative T2 mapping of stroke patients in the clinical setting. 
Our proposed clinically applicable approach enables 
investigation of the pathophysiological interactions between the 
development of vasogenic oedema, tissue acidosis, and 
neuronal/glial cells damage within lesion and yields improved 
diagnostic and prognostic accuracy.   

Previous MRS/MRSI techniques in stroke studies were 
constrained by limited imaging volume, poor resolution, and 
long acquisition time, which largely impeded their clinical 
applications [8]. Specifically, most of the current practically 
used MRS/MRSI methods take more than 15-minute scan times 
and the voxel sizes are usually around 1 cm3, constraining their 
applications in clinical stroke studies. Building on the previous 
work [35], in this study, we leveraged high-resolution 3D MRSI 
along with quantitative T2 mapping on a cohort of ischemic 
stroke patients across hyperacute and acute stages to explore the 
feasibility of such a multimodal imaging approach in stroke 
clinical settings. Multiple neurometabolite maps including 

NAA, lactate, choline, and creatine were acquired at a nominal 
spatial resolution of 2 × 3 × 3 mm3 using the SPICE sequence, 
which could minimize the partial volume effects, provide high 
SNR, and allow good delineation of neurometabolite maps 
within the lesion area. It is worth to mention that our MRSI data 
are T1-weighted due to the short TR used for fast scanning. 
Even with the T1 effect, we still observed strong contrast of both 
NAA and lactate within the lesion in our current study. Further 
research is necessary to remove the T1-weighted effect if 
desired for prediction of stroke onset time. 

The TSE sequence is widely used in stroke applications due 
to its time efficiency compared to the conventional SE sequence 
[36]. Previous works usually used TSE with more than 10 TEs 
to achieve accurate quantitative T2 maps, which required a total 
acquisition time more than 10 minutes [37]. To better satisfy 
the clinical need for stroke studies, our TSE sequence used 
parallel imaging and reduced the number of TEs (to only 3) to 
accelerate data acquisition, resulting in a scan time of around 
one minute. The associated T2 estimation bias issue was solved 
using a model-based method, making accurate T2 mapping 
using only 3 TEs possible. This model-based method modelled 
the imperfections/bias as TE shifts and used a set of calibration 
data to pre-determine the shift values for correction. This set of 
calibration data only needs to be collected once for the TSE 
sequence with a specific parameter setup on a specific scanner, 
thus no additional calibration scans are needed for clinical 
applications.  

Using the proposed multispectral imaging approach, we 
found consistently increased T2 values in the lesion of 
hyperacute and acute stroke patients, which has been attributed 
to the development of vasogenic edema typically found up to 
7d post stroke onset [5], [38]. Reduced NAA and choline, along 
with increased lactate levels, were also shown in the lesion of 
both groups. Decreased NAA has been associated with 
neuronal/axonal loss or mitochondrial dysfunction; decreased 
choline might be related to disrupted metabolic pathway for the 
membrane maintenance due to the energy breakdown post 
occlusion [39]. The increased lactate in hyperacute stroke 
reflects the anaerobic glycolysis in potentially viable neuronal 
or glia cells, while infiltrating macrophages might lead to 
persistent lactate increase at a later stage of stroke [40]. As a 
marker of disrupted energy metabolism, the reduction in 
creatine was observed in the acute stroke group. Since creatine 
is present in both neuronal and glial cells, and the glial cells are 
known to be more resistant to ischemia, this might explain the 
delayed reduction in creatine level [41]. 

The lesion T2 increases were associated with symptomatic 
duration in both hyperacute and acute stroke patients, indicating 
its sensitivity to lesion age [5]. The NAA reduction was 
correlated to the duration of symptomatic ischemia in 
hyperacute stroke patients, indicating the time-dependent 
neuronal damage of cerebral infarction. In the acute stroke 
group, the reduction in creatine was significantly correlated 
with the symptom onset time, indicating a time-dependent loss 
of glial cells within this window [42]. When considering all the 
patients, the changes in lesional NAA, choline, creatine, and T2 
were all correlated with lesion age, showing their sensitivity to 

 
Fig. 7. Prediction of symptomatic ischemia duration in (A) hyperacute and (B) 
all stroke patients, respectively. Time (h) is log-transformed to reduce the 
skewness of data distribution. 
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the duration of ischemic damage. When combining 3D 
metabolic and T2 mapping, we obtained the best predictive 
power of symptomatic ischemia duration, indicating an 
improved assessment of pathological changes in ischemic 
tissues as well as a potential guidance of time-sensitive 
therapies post stroke.   

Several limitations should be noted. Although the current 
study demonstrated the feasibility of combined    metabolic and 
T2 mapping, both data were acquired using separate sequences, 
which may cause registration errors.  Development of 
technology for simultaneous acquisitions would avoid any 
potential image registration error. Second, the current T2 
correction method only corrects the spatially low-order bias 
caused by the system imperfections. Including deep learning 
may provide possibility for higher-order correction of the bias. 
Third, the relatively small number of patients studied will need 
to be replicated at larger scale to assure generalisability. Forth, 
denser sampling of the early hyperacute window would be 
valuable, given its interventional relevance. Nonetheless, it is 
noteworthy that in addition to mechanical thrombectomy and 
tissue plasminogen activators (tPA), other interventions such as 
transcranial direct current stimulation have been shown to 
improve functional outcome of the patients following acute 
stroke within 7d post stroke [43].  

V. CONCLUSION 
Using combined fast high-resolution 3D MRSI and T2 

mapping, we captured the concomitant changes in quantitative 
T2 value and NAA, creatine, and choline levels in hyperacute 
and acute cerebral infarctions of ischemic stroke patients. The 
multimodal signals improved the predictions of symptomatic 
ischemia duration in all stroke patients. Our results demonstrate 
the feasibility of combined high-resolution 3D metabolic 
imaging with quantitative T2 mapping in clinical settings and 
show that multimodal image data improves the assessment of 
the duration of cerebral infarction.  
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