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and GM proportions were calculated for each compartment. Results: Fifty patients were eligible for the study. Median delay between symptom onset and baseline MRI was 140 min. The percentage of WM was significantly greater in the following compartments: initial mismatch (52.5 vs. 47.5%, p = 0.003), final infarct (56.7 vs. 43.3%, p < 0.001) and lesion growth (58.9 vs. 41.2%, p < 0.001). No significant difference was found between GM and WM percentages within the initial DWI lesion, DWI reversal and salvaged mismatch compartments. Conclusions: Ischemic lesions may extend preferentially within the WM. Specific therapeutic strategies targeting WM ischemic processes may deserve further investigation.

Introduction

The different vulnerability of the white matter (WM) and gray matter (GM) compartments to ischemia reflects their distinct thresholds of cerebral blood flow (CBF) and metabolism [START_REF] Bristow | MR perfusion and diffusion in acute ischemic stroke: human gray and white matter have different thresholds for infarction[END_REF][START_REF] Simon | Calgary Stroke Program: A novel method to derive separate gray and white matter cerebral blood flow measures from MR imag-ing of acute ischemic stroke patients[END_REF][START_REF] Arakawa | Ischemic thresholds for gray and white matter: a diffusion and perfusion magnetic resonance study[END_REF] . Neuroprotective and reperfusion ther-apies aim to salvage the ischemic penumbra. Given the differences in vulnerability to ischemia between GM and WM, it is relevant to quantify ischemic damage separately in each component.

In stroke studies, brain tissue segmentation into GM or WM is usually based on probabilistic maps [START_REF] Arakawa | Ischemic thresholds for gray and white matter: a diffusion and perfusion magnetic resonance study[END_REF][START_REF] Falcao | The resistance to ischemia of white and gray matter after stroke[END_REF][START_REF] Tisserand | Is white matter more prone to diffusion lesion reversal after thrombolysis?[END_REF] , but this does not take into account the inter-individual variability. Furthermore, T1-weighted images are more appropriate for defining these 2 components [START_REF] Koga | The existence and evolution of diffusionperfusion mismatched tissue in white and gray matter after acute stroke[END_REF] .

The purpose of this study was to compare the baseline and outcome of ischemic lesions within both GM and WM components using individual segmentation based on T1-weighted images.

Methods

Patients and Clinical Data

We analyzed a European multicenter, prospective database of patients who underwent sequential MRI for acute ischemic stroke (AIS) (I-KNOW). Several previously published reports are based on this cohort [START_REF] Alawneh | Infarction of 'non-corenon-penumbral' tissue after stroke: multivariate modelling of clinical impact[END_REF][START_REF] Carrera | Predicting infarction within the diffusion-weighted imaging lesion: does the mean transit time have added value?[END_REF][START_REF] Hermitte | Very low cerebral blood volume predicts parenchymal hematoma in acute ischemic stroke[END_REF][START_REF] Cheng | Influence of stroke infarct location on functional outcome measured by the modified Rankin scale[END_REF] . The inclusion criteria were National Institutes of Health Stroke Scale (NIHSS) score ≥ 4, diffusion-weighted images (DWI; b = 1,000 s/mm 2 ) and perfusion-weighted images (PWI) consistent with an acute anterior circulation ischemic stroke and admission MRI completed within 6 h for patients treated with intravenous tPA or within 12 h if conservative treatment was proposed. No patient received intra-arterial therapy. Exclusion criteria were lacunar or posterior circulation stroke, unknown time of onset and intracerebral hemorrhage on admission MRI. Additional inclusion criteria were applied for the present retrospective analysis: a relevant PWI/DWI mismatch ratio of 1.2 or more [START_REF] Davis | EPITHET Investigators: Effects of alteplase beyond 3 h after stroke in the echoplanar imaging thrombolytic evaluation trial (EPITHET): a placebo-controlled randomised trial[END_REF][START_REF] Albers | DEFUSE Investigators: Magnetic resonance imaging profiles predict clinical response to early reperfusion: the diffusion and perfusion imaging evaluation for understanding stroke evolution (DEFUSE) study[END_REF][START_REF] Ogata | EPITHET and DEFUSE Investigators: The effects of alteplase 3 to 6 hours after stroke in the EPITHET-DEFUSE combined dataset: post hoc case-control study[END_REF][START_REF] Campbell | Translational perspectives on perfusion-diffusion mismatch in ischemic stroke[END_REF] and available T1-weighted images for individual tissue segmentation.

For each patient, the NIHSS score was assessed at admission and information on age, gender, time from symptom onset to imaging and use of tPA was recorded. The regional ethics committee approved the study, and informed consent was obtained from all patients or their next of kin.

MRI Protocol

At the time of admission, all patients underwent DWI (3 or 12 directions; repetition time >6,000 s, field of view 24 cm, matrix 128 × 128, slice thickness 3 or 5 mm), fluid-attenuated inversion recovery (FLAIR; repetition time 8,690 ms, echo time 109 ms, inversion time 2,500 ms, flip angle 150°, field of view 21 cm, matrix 224 × 256, 24 sections, section thickness 5 mm, slice gap 1 mm) imaging, T2 * -weighted gradient echo and T1-weighted spin echo imaging (repetition time 498 ms, echo time 11 ms, flip angle 70°, field of view 172 cm, matrix 384 × 512, 24 sections, section thickness 5 mm, slice gap 1 mm), time of flight magnetic resonance angiography and PWI (echo time 30-50 ms, repetition time 1,500 ms, field of view 24 cm, matrix 128 × 128, 18 slices, thickness 5 mm with 1 mm gap, gadolinium contrast at 0.1 mmol/kg). A repeat MRI using the same sequences was performed 3 h after the first scan. Follow-up examinations were acquired at 1 month without PWI.

Image Processing and Analysis Stroke Lesion Segmentation and Definitions

Masks of the acute ischemic lesion on DWI (b = 1,000 s/mm 2 images) were generated semi-automatically by an independent reader using in-house developed software. Post-processing was performed on perfusion data using in-house developed software (Penguin software, MATLAB 2010b; MathWorks Inc., Natick, Mass., USA). After motion correction, perfusion maps were generated using the single value deconvolution method [START_REF] Ostergaard | High resolution measurement of cerebral blood flow using intravascular tracer bolus passages. Part II: experimental comparison and preliminary results[END_REF] with an arterial input function placed on the contralateral middle cerebral artery. Hypoperfusion was defined as voxels with T max ≥ 4 s [START_REF] Campbell | Translational perspectives on perfusion-diffusion mismatch in ischemic stroke[END_REF][START_REF] Olivot | Optimal Tmax threshold for predicting penumbral tissue in acute stroke[END_REF] .

The final infarct was mapped on 1-month FLAIR images, excluding pre-existing microangiopathy lesions. Four raters, to whom only acute T2-FLAIR, DWI and ADC images were available, manually outlined the final ischemic lesion. Next, the 4 sets of lesion masks were combined to create a final common lesion mask comprising voxels marked by at least 2 readers. Figure 1 shows an example of the different lesion masks.

Recanalization was evaluated after 3 h using the arterial occlusive lesion (AOL) classification [START_REF] Khatri | IMS-I Investigators: Revascularization end points in stroke interventional trials: recanalization versus reperfusion in IMS-I[END_REF] by a rater blinded to clinical data and then dichotomized into absent (AOL 0-1) or present (AOL 2-3).

GM and WM Segmentation Tissue segmentation was performed using Statistical Parametric Mapping 8 (SPM8; Wellcome Trust Centre for Neuroimaging, University College London, London, UK; http://www.fil.ion.ucl. ac.uk/spm/). GM, WM and cerebrospinal fluid (CSF) were segmented on each patient's individual T1-weighted sequence using SPM8 with a threshold of 0.5 [START_REF] Koga | The existence and evolution of diffusionperfusion mismatched tissue in white and gray matter after acute stroke[END_REF][START_REF] Cocosco | A fully automatic and robust brain MRI tissue classification method[END_REF] . An example of individual segmentation obtained in this study is shown in figure 2 .

For each patient, all morphological images, perfusion maps and corresponding lesion masks were co-registered to the initial ADC map using SPM8 and MATLAB (MathWorks Inc., Natick, Mass., USA), and the accuracy of co-registration was visually assessed.

Compartment Definitions

Six tissue compartments were defined: initial ischemic lesion on DWI, initial PWI-DWI mismatch (voxels with T max ≥ 4 s but not included in the initial DWI lesion), final infarct, lesion growth (i.e., the difference between the baseline DWI lesion and the final FLAIR lesion), DWI lesion reversal (i.e. voxels included in the initial DWI lesion but not in the final FLAIR lesion) and salvaged mismatch (i.e. voxels with T max ≥ 4 s included in the initial mismatch but not in the final FLAIR lesion). The volumes and percentages of GM and WM were calculated for each compartment using a voxel-counting algorithm.

Statistical Analysis

All continuous variables were checked for normal distribution. Continuous variables are presented as mean ± SD or median and interquartile range (IQR) when variables are not normally distributed, and categorical variables are presented as number (percentage). GM and WM volumes were not normally distributed. We compared the volume in a lesion using the Wilcoxon signed rank test for paired observations. The relationship between lesion growth and percentage of WM in the initial PWI-DWI mismatch was determined using Pearson correlation and linear regression. Subgroup analyses were performed according to recanalization status. All p values were 2-tailed, and values <0.05 were considered significant. Statistical analyses were performed using SAS (version 9.3, SAS Institute Inc., Cary, N.C., USA).

Results

Out of the I-KNOW cohort of 168 patients, 50 were eligible for the present study. Causes for exclusion were incomplete data set (n = 29), missing or poor quality T1-weighted images (n = 46), PWI-DWI mismatch <1.2 or PWI images with artifacts (n = 37) and co-registration inaccuracies (n = 6). We found no imbalance between included and excluded patients regarding baseline clinical parameters (i.e. age, gender and NIHSS score at admission). The median age was 71 (IQR 56-77) years, and 29 of the patients (58%) were men. The median NIHSS score at admission was 10 (IQR 6-14), and the median time from symptom onset to first imaging was 140 min (IQR 107.5-170.5 min). The initial occlusion level was distal (>M1) in 25 patients (50%) and proximal ( ≤ M1) in 20 patients (40%) but could not be assessed in 5 patients.

The median initial DWI lesion and final FLAIR lesion volumes were 10.76 ml (IQR 4.64-19.51 ml) and 13.89 ml (IQR 4.08-28.06 ml), respectively. The median initial mismatch, growth compartment and DWI reversal vol- We found no significant difference between the GM and WM percentages within the initial DWI lesion. WM percentages were significantly greater than GM percentages in the following compartments: initial mismatch (52.5 vs. 47.5%, p = 0.003), lesion growth (58.9 vs. 41.2%, p < 0.001) and final infarct (56.7 vs. 43.3%, p < 0.001). Figure 3 shows an example of WM being greater in the lesion growth compartment. GM and WM percentages were not significantly different in the DWI reversal or in the salvaged mismatch compartments.

The percentage of WM in the initial mismatch was not correlated with the percentage of WM in the lesion growth compartment (β = -0.225; SE = 0.289; p = 0.439; R = -0.113; fig. 4 ).

Thirty-eight patients (76%) received intravenous tPA. Of the 28 patients assessed for recanalization at 3 h, only 10 patients (36%) exhibited recanalization. Patients without recanalization (n = 18) had significantly greater WM percentages in the final infarct (59.2 vs. 40.8%, p = 0.008) and lesion growth compartments (60.1 vs. 39.9%, p = 0.002).

Discussion

In line with previous studies [START_REF] Bristow | MR perfusion and diffusion in acute ischemic stroke: human gray and white matter have different thresholds for infarction[END_REF][START_REF] Simon | Calgary Stroke Program: A novel method to derive separate gray and white matter cerebral blood flow measures from MR imag-ing of acute ischemic stroke patients[END_REF][START_REF] Arakawa | Ischemic thresholds for gray and white matter: a diffusion and perfusion magnetic resonance study[END_REF][START_REF] Falcao | The resistance to ischemia of white and gray matter after stroke[END_REF][START_REF] Tisserand | Is white matter more prone to diffusion lesion reversal after thrombolysis?[END_REF][START_REF] Koga | The existence and evolution of diffusionperfusion mismatched tissue in white and gray matter after acute stroke[END_REF] , but using individual GM and WM segmentation based on T1-weighted scans, our results confirm the need to assess changes in GM and WM at the acute stage of ischemic stroke separately. WM constitutes approximately 50% of human brain [START_REF] Zhang | A universal scaling law between gray matter and white matter of cerebral cortex[END_REF] . Thus, the differing evolution of ischemic injuries between GM and WM can be attributed to differ- ences in structure and metabolism [START_REF] Matute | Protecting white matter from stroke injury[END_REF] . In our study, WM percentages were significantly larger in the initial mismatch, final infarct and lesion growth compartments, but no baseline difference was found between GM and WM in the initial ischemic core. We selected patients presenting with a PWI/DWI ratio >1.2 [START_REF] Davis | EPITHET Investigators: Effects of alteplase beyond 3 h after stroke in the echoplanar imaging thrombolytic evaluation trial (EPITHET): a placebo-controlled randomised trial[END_REF][START_REF] Albers | DEFUSE Investigators: Magnetic resonance imaging profiles predict clinical response to early reperfusion: the diffusion and perfusion imaging evaluation for understanding stroke evolution (DEFUSE) study[END_REF][START_REF] Ogata | EPITHET and DEFUSE Investigators: The effects of alteplase 3 to 6 hours after stroke in the EPITHET-DEFUSE combined dataset: post hoc case-control study[END_REF][START_REF] Campbell | Translational perspectives on perfusion-diffusion mismatch in ischemic stroke[END_REF] , excluding small mismatch volumes in order to minimize co-registration and spatial resolution problems. In our study, the mismatch compartment had a significantly greater proportion of WM, suggesting that WM predominates within salvageable tissue. Previous studies using PET or MRI have also suggested that the amount of salvageable tissue is greater within WM [START_REF] Falcao | The resistance to ischemia of white and gray matter after stroke[END_REF][START_REF] Tisserand | Is white matter more prone to diffusion lesion reversal after thrombolysis?[END_REF][START_REF] Koga | The existence and evolution of diffusionperfusion mismatched tissue in white and gray matter after acute stroke[END_REF] . This difference is likely due to different ischemic thresholds between GM and WM [START_REF] Bristow | MR perfusion and diffusion in acute ischemic stroke: human gray and white matter have different thresholds for infarction[END_REF][START_REF] Simon | Calgary Stroke Program: A novel method to derive separate gray and white matter cerebral blood flow measures from MR imag-ing of acute ischemic stroke patients[END_REF][START_REF] Arakawa | Ischemic thresholds for gray and white matter: a diffusion and perfusion magnetic resonance study[END_REF][START_REF] Payabvash | Regional ischemic vulnerability of the brain to hypoperfusion: the need for location specific computed tomography perfusion thresholds in acute stroke patients[END_REF] as documented by lower CBV, CBF and ADC infarct thresholds in WM [START_REF] Bristow | MR perfusion and diffusion in acute ischemic stroke: human gray and white matter have different thresholds for infarction[END_REF][START_REF] Arakawa | Ischemic thresholds for gray and white matter: a diffusion and perfusion magnetic resonance study[END_REF] .

Ischemic penumbra is a dynamic concept; the infarct grows with time at the expense of the penumbra [START_REF] Baron | Mapping the ischaemic penumbra with PET: implications for acute stroke treatment[END_REF] . As the percentage of WM was significantly more important not only in the mismatch but also in the final infarct and lesion growth compartments, the infarct growth within WM might only reflect the distribution of the mismatch. However, we did not find a significant correlation between the percentage of WM in the mismatch and in the lesion growth, suggesting that the differing evolution be-tween GM and WM might not be only due to the initial mismatch distribution.

These results are consistent with the post-ischemic cascade differing between WM and GM components [START_REF] Matute | Protecting white matter from stroke injury[END_REF][START_REF] Ho | Is white matter involved in patients entered into typical trials of neuroprotection?[END_REF] . Initially, increased resistance of WM to ischemia can be supported by protective mechanisms due to GABA receptor and adenosine accumulation [START_REF] Falcao | The resistance to ischemia of white and gray matter after stroke[END_REF][START_REF] Dohmen | Adenosine in relation to calcium homeostasis: comparison between gray and white matter ischemia[END_REF] , but after the mechanisms of the ischemic cascade are triggered, both axons and oligodendrocytes exhibit rapid structural changes, including cytoskeletal breakdown of axons and oligodendrocyte swelling [START_REF] Dewar | Drug development for stroke: importance of protecting cerebral white matter[END_REF] . WM injuries may also in part result from the destruction of white fiber tracts related to irreversibly damaged GM regions, but this issue could not be evaluated on the standard MRI sequences available.

In addition to reperfusion therapies, the development of neuroprotective strategies is an important issue in stroke treatment [START_REF] Saver | FAST-MAG Investigators and Coordinators: Prehospital use of magnesium sulfate as neuroprotection in acute stroke[END_REF] . Although many positive trials have investigated neuroprotective molecules in animal models, none have translated effectively to humans [START_REF] Matute | Protecting white matter from stroke injury[END_REF][START_REF] Saver | FAST-MAG Investigators and Coordinators: Prehospital use of magnesium sulfate as neuroprotection in acute stroke[END_REF] . One reason could be the inability of the molecules to prevent WM damage [START_REF] Ho | Is white matter involved in patients entered into typical trials of neuroprotection?[END_REF] . Most of these molecules have been tested in rodents, in which GM represents only ∼ 80% of the brain volume versus 50% in humans [START_REF] Zhang | A universal scaling law between gray matter and white matter of cerebral cortex[END_REF] . Thus, they were probably more efficient at preventing GM damage than WM damage, and neuroprotective tri- 296 als have been found to focus less on protecting WM [START_REF] Matute | Protecting white matter from stroke injury[END_REF][START_REF] Ho | Is white matter involved in patients entered into typical trials of neuroprotection?[END_REF] .

We did not find any difference between GM and WM volumes in the reversible abnormalities (salvaged mismatch and diffusion lesion reversal compartments). Similarly, Koga et al. [START_REF] Koga | The existence and evolution of diffusionperfusion mismatched tissue in white and gray matter after acute stroke[END_REF] found an equal proportion of GM and WM salvaged at 3 months. Conversely, Tisserand et al. [START_REF] Tisserand | Is white matter more prone to diffusion lesion reversal after thrombolysis?[END_REF] analyzed large reversal acute DWI (RAD) lesions (>10 ml) and showed that WM was more prone to early diffusion lesion reversal after thrombolysis. This difference might be explained by the smaller median RAD volume in our study and by the fact that the frequency and amount of DWI reversal are still unclear and remain a matter of debate [START_REF] Campbell | EPITHET-DEFUSE Investigators: The infarct core is well represented by the acute diffusion lesion: sustained reversal is infrequent[END_REF][START_REF] Sakamoto | Early ischaemic diffusion lesion reduction in patients treated with intravenous tissue plasminogen activator: infrequent, but significantly associated with recanalization[END_REF] .

Few studies have evaluated the differences between GM and WM based on individual segmentation [START_REF] Bristow | MR perfusion and diffusion in acute ischemic stroke: human gray and white matter have different thresholds for infarction[END_REF][START_REF] Simon | Calgary Stroke Program: A novel method to derive separate gray and white matter cerebral blood flow measures from MR imag-ing of acute ischemic stroke patients[END_REF] . In most AIS studies, segmentation of the GM and WM is generally based on a probabilistic map [3-6, 21, 23] because T1-weighted images are not part of a standard stroke MRI protocol [START_REF] Tisserand | Is white matter more prone to diffusion lesion reversal after thrombolysis?[END_REF][START_REF] Koga | The existence and evolution of diffusionperfusion mismatched tissue in white and gray matter after acute stroke[END_REF] . To the best of our knowledge, this is the first study to analyze the differences between GM and WM using T1-weighted images, which are considered the reference for anatomical tissue segmentation. However, the main limitations of this approach are the need to set a probability threshold to classify voxels into one of the 3 categories (GM, WM or CSF) and potential partial volume effects related to the thickness of the T1-weighted axial slices. Three-dimensional high-resolution T1 acquisitions would have been more appropriate for accurate segmentation but would have been too time consuming in the acute stroke setting.

Co-registration of DWI and PWI images allows a more precise estimation of mismatch volumes and is important for accurate assessment of lesion volume changes over time [START_REF] Ogata | EPITHET and DEFUSE Investigators: The effects of alteplase 3 to 6 hours after stroke in the EPITHET-DEFUSE combined dataset: post hoc case-control study[END_REF][START_REF] Nagakane | EPITHET Investigators: EPITHET: positive result after reanalysis using baseline diffusion-weighted imaging/perfusion-weighted imaging co-registration[END_REF] . However, co-registration analyses may be hampered by several limitations including errors due to motion artefacts or structural changes such as hemorrhagic transformation or tissue shrinkage [START_REF] Nagakane | EPITHET Investigators: EPITHET: positive result after reanalysis using baseline diffusion-weighted imaging/perfusion-weighted imaging co-registration[END_REF] and lower spatial resolution after co-registration.

The limitations of our study mainly relate to the retrospective nature of the analysis in a heterogeneous and limited sample. Absolute volumes were relatively small, and the clinical significance of the difference in WM versus GM proportions remains debatable. I-KNOW was not designed to assess the efficacy of intravenous thrombolysis, and treatment allocation was not randomized or otherwise controlled. Thus, no conclusion can be made about the effect of treatment with intravenous thrombolysis. We could not take into account some possible confounding factors, such as the effects of recanalization, and no conclusion could be drawn regarding the response to thrombolysis because the number of patients in each group was too small to reach significance. So, larger prospective cohorts are required to confirm these results in patients treated with reperfusion therapies.

In conclusion, the present results suggest that ischemic lesions may extend preferentially within WM. The development of therapeutic strategies targeting WM ischemic injuries may deserve further investigation.
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Fig. 1 .

 1 Fig. 1. Example of lesion masks after co-registration to the initial ADC map. a Lesion masks were outlined on the initial DWI, PWI (T max map, threshold 4 s) and 1-month follow-up FLAIR. b Next, all images (T max map and FLAIR) and corresponding lesion masks were co-registered to the initial DWI (ADC map). Note the lower in-plane spatial resolution of the FLAIR images after co-registration.

Fig. 2 .

 2 Fig. 2. Individual T1 segmentation. From the original T1-weighted image ( a ), GM (light gray, left) and WM (white, right) masks were obtained after segmentation ( b ) and co-registration to the initial ADC map ( c ).

Fig. 3 .

 3 Fig. 3. Example of lesion growth. Mask of the initial DWI lesion ( a ), final FLAIR lesion ( b ) and the lesion growth compartment ( c , DWI mask subtracted from the FLAIR mask) superimposed on GM/WM segmentation maps after co-registration, showing that the extension of the ischemic lesion predominates in the WM.

Fig. 4 .

 4 Fig. 4. Scatterplot of percentage of WM in the lesion growth plotted against percentage of WM in the initial PWI-DWI mismatch. Data are presented with regression line and 95% CIs.

Table 1 .

 1 Percentage of GM and WM in the different compartments

	Compartment	GM, %	WM, %	p value
	Initial DWI lesion	49.2 (35.6-60.3)	50.9 (39.7-64.4)	0.420
	Final FLAIR infarct	43.3 (35.6-48.7)	56.7 (51.3-64.4)	<0.001
	Lesion growth	41.2 (30.4-52.0)	58.9 (48.0-69.7)	<0.001
	Diffusion reversal	49.1 (0.71-3.12)	50.9 (30.2-63.6)	0.523
	Initial PWI-DWI mismatch	47.5 (42.1-40.8)	52.5 (49.2-57.9)	<0.01
	Salvaged mismatch	48.5 (43.7-52.4)	51.5 (47.6-56.3)	0.156
	Data are presented as median (IQR).		
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