
ORIGINAL RESEARCH • NEURORADIOLOGY

The ischemic penumbra represents tissue with ischemia 
that is potentially salvageable if successful reperfusion 

can be obtained, which is the rationale for recanaliza-
tion procedures in patients with acute stroke (1,2). In 

vivo quantification of penumbra, using either CT per-
fusion or MR diffusion or perfusion mismatch, has fa-
cilitated the identification of patients who are likely to 
respond favorably to revascularization therapy (3). A 

Background: A target mismatch profile can identify good clinical response to recanalization after acute ischemic stroke, but does not 
consider region specificities.

Purpose: To test whether location-weighted infarction core and mismatch, determined from diffusion and perfusion MRI  
performed in patients with acute stroke, could improve prediction of good clinical response to mechanical thrombectomy  
compared with a target mismatch profile.

Materials and Methods: In this secondary analysis, two prospectively collected independent stroke data sets (2012–2015 and  
2017–2019) were analyzed. From the brain before stroke (BBS) study data (data set 1), an eloquent map was computed through 
voxel-wise associations between the infarction core (based on diffusion MRI on days 1–3 following stroke) and National Institutes 
of Health Stroke Scale (NIHSS) score. The French acute multimodal imaging to select patients for mechanical thrombectomy 
(FRAME) data (data set 2) consisted of large vessel occlusion–related acute ischemic stroke successfully recanalized. From acute 
MRI studies (performed on arrival, prior to thrombectomy) in data set 2, target mismatch and eloquent (vs noneloquent) infarction 
core and mismatch were computed from the intersection of diffusion- and perfusion-detected lesions with the coregistered eloquent 
map. Associations of these imaging metrics with early neurologic improvement were tested in multivariable regression models, and 
areas under the receiver operating characteristic curve (AUCs) were compared.

Results: Data sets 1 and 2 included 321 (median age, 69 years [IQR, 58–80 years]; 207 men) and 173 (median age, 74 years [IQR,  
65–82 years]; 90 women) patients, respectively. Eloquent mismatch was positively and independently associated with good clinical  
response (odds ratio [OR], 1.14; 95% CI: 1.02, 1.27; P = .02) and eloquent infarction core was negatively associated with good  
response (OR, 0.85; 95% CI: 0.77, 0.95; P = .004), while noneloquent mismatch was not associated with good response (OR, 
1.03; 95% CI: 0.98, 1.07; P = .20). Moreover, adding eloquent metrics improved the prediction accuracy (AUC, 0.73; 95% CI: 
0.65, 0.81) compared with clinical variables alone (AUC, 0.65; 95% CI: 0.56, 0.73; P = .01) or a target mismatch profile  
(AUC, 0.67; 95% CI: 0.59, 0.76; P = .03).

Conclusion: Location-weighted infarction core and mismatch on diffusion and perfusion MRI scans improved the identification of pa-
tients with acute stroke who would benefit from mechanical thrombectomy compared with the volume-based target mismatch profile.
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Rankin Scale score, cognitive function, spatial neglect, motor 
function, or impairment of speech (12–19). By transposing the 
relevance of topography to the penumbra, we could presume 
that a small volume of penumbra located within an eloquent 
area could lead to significant clinical recovery after successful  
reperfusion, while a larger volume of penumbra within a nonelo-
quent area might not impact the outcome. This concept is sup-
ported by a recent study (20) that has not yet standardized the 
measurement of eloquence and was limited to a specific group of 
patients with a large infarction core volume.

Based on these considerations, penumbra and infarction  
core “location” could improve identification of good clinical  
response to recanalization strategies compared with the “volume”  
approach of the conventional mismatch profile. To test this 
concept, we rigorously mapped the eloquent brain areas by 
using an initial large data set of patients with stroke (21). 
Then, in a second independent stroke data set (6), we used 
such a map to quantify the eloquent infarction core and 
mismatch (ie, estimated penumbra), whose predictive values 
were compared with the standard volume-based mismatch 
profile. Thus, our aim was to test whether location-weighted 
infarction core and mismatch from diffusion and perfusion 
MRI of patients with acute stroke could improve prediction 
of good response to thrombectomy compared with the target 
mismatch profile.

Materials and Methods

Patients
This is a secondary analysis based on a combination of two pro-
spective studies approved by the institutional ethics committee, 
the primary objectives of which were unrelated to the present 
article; these are (a) the brain before stroke (BBS) study (21) that 
we refer to as data set 1 and (b) the French acute multimodal im-
aging to select patients for mechanical thrombectomy (FRAME) 
study (6) that we refer to as data set 2. Inclusion and exclusion 
criteria are summarized in Table 1.

The BBS study prospectively recruited 428 participants 
with suspected ischemic stroke from June 2012 to February 

target mismatch profile is now being used to identify candi-
dates for intravenous thrombolysis (4) or mechanical throm-
bectomy (5) in an extended time window. Even within the 
first 6 hours, patients with a target mismatch profile are more 
likely to recover after mechanical thrombectomy (6). Like-
wise, the largest treatment effect has been observed in the 
randomized controlled trials that selected patients based on 
target mismatch (7) compared with those that did not use 
perfusion as an inclusion criterion (8). The mismatch con-
cept could even help extend the indications of recanalization 
to specific conditions, including strokes with a large core 
volume (9), distal occlusions (10), or very late presentations 
(11). However, a target mismatch profile treats all brain areas 
equally even though brain functions differ regionally.

Indeed, several studies have demonstrated that the specific lo-
cations of irreversible infarcts, as assessed by follow-up diffusion 
MRI, were associated with clinical outcome, including modified 

Abbreviations
AUC = area under the receiver operating characteristic curve, BBS = 
brain before stroke, FRAME = French acute multimodal imaging  
to select patients for mechanical thrombectomy, NIHSS = National  
Institutes of Health Stroke Scale, OR = odds ratio

Summary
A location-weighted mismatch and infarction core model based on dif-
fusion and perfusion MRI improved the identification of patients with 
acute stroke who would benefit from mechanical thrombectomy.

Key Results
 ■ In this secondary analysis of two prospectively collected indepen-

dent data sets of 321 and 173 patients with stroke, mismatch in 
eloquent location at MRI was positively associated (odds ratio 
[OR], 1.14; P = .02) with early neurologic improvement after suc-
cessful mechanical thrombectomy, while eloquent infarction core 
was negatively associated (OR, 0.85; P = .004).

 ■ Both location-weighted eloquent mismatch and infarction core 
improved good response prediction compared with clinical predic-
tors alone (area under the receiver operating characteristic curve 
[AUC], 0.73 vs 0.65; P = .01) and the volume-based target mis-
match profile (AUC, 0.67; P = .03).

Table 1: Inclusion and Exclusion Criteria of the BBS (Data Set 1) and FRAME (Data Set 2) Studies

Study Inclusion Criteria Exclusion Criteria
BBS Older than 18 years with a clinical diagnosis of minor-to-

severe supratentorial cerebral infarct (NIHSS scores 1–25) 
24–72 hours after onset

Severe dementia; psychiatric troubles matching axis 1 of the 
Diagnostic and Statistical Manual of Mental Disorders, 
fourth edition (42), criteria except for major depression; 
coma; pregnancy or breastfeeding; prestroke mRS score ≥1; 
infratentorial stroke; contraindications to MRI

FRAME Older than 18 years with DWI/PWI or CT perfusion; 
mechanical thrombectomy initiated within 6 hours after 
onset; occlusion of the internal carotid artery or the first 
or second segment of the middle cerebral artery

Any terminal illness with expected survival less than 1 year; 
evaluation of multimodal imaging profile for management; 
estimated prestroke mRS score >1; more than >90 minutes 
delay between imaging and femoral puncture; patients under 
guardianship or analogous situations

Note.—BBS = brain before stroke, DWI = diffusion-weighted imaging, FRAME = French acute multimodal imaging to select patients 
for mechanical thrombectomy, mRS= modified Rankin Scale, NIHSS = National Institutes of Health Stroke Scale, PWI = perfusion-
weighted imaging.
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2015. For data set 1 (BBS), we used diffusion MRI and clin-
ical scores 24–72 hours following onset to map the eloquent 
brain areas by voxel-wise testing the associations between 
the final infarction and the National Institutes of Health 
Stroke Scale (NIHSS) score.

The FRAME study prospectively recruited 218 consecu-
tive participants, from January 2017 to February 2019, who 
presented with large vessel occlusion–related acute ischemic 
stroke and underwent acute MRI (performed on arrival) 
and were subsequently treated with mechanical thrombec-
tomy within the first 6 hours after onset, regardless of the 
perfusion results (ClinicalTrials.gov no. NCT03045146) 
(6). We used data set 2 (FRAME) to test the predictive 
value of standard mismatch (volume-based) versus location-
weighted mismatch using the eloquent map from data set 1 
(BBS). Because clinical evolution is strongly associated with 
reperfusion (22,23), we selected only patients who were suc-
cessfully recanalized, defined by a modified thrombolysis in 
cerebral infarction score of 2b, 2c, or 3 (86% [187 of 218] 
of the study sample).

Imaging protocol details are shown in Table S1 (online).

Estimation of Eloquent Voxels in Data Set 1 (BBS)
Because we aimed to predict good response to recanalization 
in acute stroke in terms of rapid improvement of the NIHSS 
score, we first mapped regions associated with higher NIHSS 
scores if affected by the infarct at postacute MRI (performed 
between day 1 and day 3 following stroke). For that purpose, 
infarction masks of data set 1 (BBS) were drawn from diffusion 
MRI studies and registered to the standard Montreal Neuro-
logic Institute 152 template according to previously described 
procedures (18). The brain-behavior relation between infarc-
tion location and NIHSS score (β map) was estimated with 
lesion- symptom mapping using support vector regression 
(24), a multivariate technique that addresses the limitations of 
conventional mass univariate lesion-symptom mapping tech-
niques (25). The technique has been well validated (26–29) 
and associates the location of a lesion (infarct) with a clinical 
score (NIHSS) on a voxel-by-voxel basis, while accounting for 
intervoxel correlations (24). Only voxels for which at least 10 
patients had a lesion were tested. Significant values were ob-
tained using 1000 permutations of the dependent measures. 
Overall, infarcted voxels associated with a high NIHSS score 

Figure 1: (A) Schematic shows the pipeline to estimate the eloquent area map. (B) Schematic shows the pipeline to estimate the sum of β  
values inside the eloquent mismatch and the sum of β values inside the eloquent infarction core. NIHSS = National Institutes of Health Stroke Scale, 
SVR-LSM = support vector regression–lesion-symptom mapping.
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within 24–72 hours and a significance threshold of P < .005 
were defined as eloquent (Fig 1A).

Prediction of Good Response after Successful Recanalization 
in Data Set 2 (FRAME)

Imaging analysis.—In data set 2 (FRAME), acute infarction 
core masks and hypoperfused masks were created from diffusion-  
and perfusion-weighted images as already described (6,30). 
The mismatch voxels were those located in the hypoperfused  
mask but not in the infarction core. Target mismatch was  
defined according to the EXTEND-IA (Extending the Time 
for Thrombolysis in Emergency Neurological Deficits–Intra-
Arterial) trial threshold (7), with a mismatch ratio greater than 
1.2, mismatch volume greater than 10 mL, and ischemic core 
volume less than 70 mL.

Infarction core and mismatch masks were registered to the 
standard template using advanced normalization tools (31). 
Their total volumes were calculated within the template space 
and then separated as eloquent or noneloquent core and mis-
match (whose sum was equivalent to the total volume of each 
tissue type) based on the intersection with the eloquent map 
computed from data set 1 (BBS). Then, as each individual voxel 
was more associated or less associated with the NIHSS score, we 
took such weight into account by computing the sum of β values 
within each mask (Fig 1B).

Clinical definition of outcome.—Good response was defined  
as an NIHSS score of 0 or 4-point improvement the day  
after mechanical thrombectomy because this threshold of early 
neurologic improvement was found to be the best surrogate for 
longer-term disability (32,33).

Statistical Analysis
Baseline characteristics are provided as numbers and percent-
ages or medians with IQRs and were compared between patients  
with “good” versus “poor” responses by using the χ2 test or  
Wilcoxon Mann-Whitney U test, as appropriate.

To test the prognostic value of eloquent mismatch, univariable  
analysis was performed and five multivariable logistic regres-
sion models were constructed. Model 1 included prespecified  
clinical variables with prognostic value based on the literature 
(34): age, baseline NIHSS score, recombinant tissue-type plas-
minogen activator, history of diabetes mellitus, systolic blood 
pressure, and time from onset to the end of mechanical throm-
bectomy. Model 2 included variables in model 1 plus a target 
mismatch profile. Model 3 included variables in model 1 plus  
eloquent mismatch and eloquent infarction core (sum of  β values  
within each mask) instead of target mismatch, while model 
4 included variables in model 1 plus noneloquent mismatch 
and noneloquent infarction core (sum of β values within each 
mask). Model 5 combined variables in model 1 plus target 
mismatch, eloquent mismatch, and eloquent infarction core. 
As a secondary analysis, we also tested these models in pa-
tients with a large infarction volume (>70 mL). For internal 
validation, we used the 10-fold cross-validation procedure to 
correct the area under the receiver operating characteristic 

curve (AUC) of each model. The bootstrap technique with 
2000 replications was performed to estimate the two-sided 
95% CIs of each AUC. The DeLong test was used for the 
comparison of AUCs between models. Then, we used the 
Youden index to find the optimal cutoff and to determine 
the performance values of location-weighted mismatch, 
which we compared with those of target mismatch. To check 
the collinearity among variables, the Spearman correlation 
test was performed for each combination of quantitative 
variables. All tests were two sided and a P value less than .05 
was considered indicative of a statistically significant differ-
ence. Analyses were conducted using R version 4.0.3 (The 
R Foundation).

Results

Patient Characteristics
Regarding data set 1 (BBS), among the 428 recruited partici-
pants with suspected ischemic stroke, 107 were excluded from 
the analysis for reasons summarized in the flowchart (Fig 2A). 
Among the 321 included patients, the median age was 69 years 
(IQR, 58–80 years), the median NIHSS score was 4 (IQR, 2–7), 
and 207 (64%) were men. Other baseline patient characteristics 
are shown in Table 2.

Regarding data set 2 (FRAME), among the 218 enrolled 
participants, 187 underwent successful reperfusion with modi-
fied thrombolysis in cerebral infarction scores of 2b, 2c, or 3. 
Twelve patients who had only CT perfusion studies or inad-
equate MRI perfusion images were excluded. Two patients 
without NIHSS scores at day 1 were also excluded. Of the 173 
patients included in the analysis, 120 (69%) were classified as 
having a good response after reperfusion (Fig 2B). The me-
dian age was 74 years (IQR, 65–82 years), the median NIHSS 
score was 17 (IQR, 12–21), and 90 (52%) were women. Other 
baseline patient characteristics are shown in the first column 
of Table 3.

Map of Eloquent Areas in Association with NIHSS Score 
after Acute Stroke
In patients in data set 1 (BBS), brain areas (voxels) in most 
of the middle cerebral arterial territory (35) were lesioned in 
more than 10 patients and could have been included for the 
lesion-symptom mapping analysis using support vector regres-
sion, but some areas of the primary motor cortex (especially 
territories dedicated to motor functions of hips, legs, and feet, 
as well as the left hand) were not lesioned in more than 10 
patients and, thus, could not be analyzed. We found that, al-
though infarcts were distributed bilaterally and symmetrically 
and concentrated in the deep gray matter (Fig 3A), the voxels 
that showed the strongest associations with high NIHSS scores 
(ie, higher β values) were predominantly located on the left 
side (Fig 3B). Eloquent voxels, after keeping only those whose 
associations were significant at the P < .005 threshold, were 
distributed in the lower part of the bilateral precentral gyrus 
and corona radiata, dominantly on the left side of the striatum, 
caudate nucleus, insular cortex, external capsule, and deep 
white matter (Fig 3C, 3D).
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Penumbra Imaging of Patients with Large Vessel Occlusion–
related Acute Ischemic Stroke within the First 6 Hours
In patients in data set 2 (FRAME), both infarction core and 
mismatch were distributed symmetrically and bilaterally (Fig 4). 

Overall, the median volume of the infarction core was 22.0 mL 
(IQR, 10.2–73.0 mL), and the median volume of mismatch was 
91.6 mL (IQR, 53.9–133.0 mL), resulting in 76% (132 of 173) 
of patients fulfilling the criteria of target mismatch (Table 3).  
The intersection of these volumes with the eloquent map  
described in the previous paragraph showed that the median  
volume of eloquent mismatch was 17.8 mL (IQR, 9.6–25.1 mL),  
which was 19.4% (17.8 of 91.6) of the total mismatch, while 
the remaining 75.6 mL (IQR, 42.4–101.4 mL) involved less 
eloquent voxels. Therefore, both the volume-based infarction 
core and mismatch, as well as the location-weighted infarction 
core and mismatch, could be assessed individually and provided  
different quantifications.

Prediction of Good Response to Recanalization
In data set 2 (FRAME), patients with a good response to 
mechanical thrombectomy were less likely to have diabe-
tes (12% vs 26%, P = .03), had lower systolic blood pres-
sure (median, 145 mm Hg vs 160 mm Hg; P < .001), 
and were more likely to have received recombinant tis-
sue-type plasminogen activator in addition to the me-
chanical thrombectomy procedure (76% vs 57%, P = .02) 
compared with patients with a poor response (Table 3).  
In terms of the imaging profile, those with a good response had 
more target mismatch (82% vs 62%, P = .007), which corre-
sponded to a smaller infarction core volume (median, 18.0 mL  

Figure 2: Flowcharts of patient inclusion and exclusion for (A) data set 1 (brain before stroke) and (B) data set 2  
(French acute multimodal imaging to select patients for mechanical thrombectomy). NIHSS = National Institutes of Health Stroke 
Scale, mTICI = modified thrombolysis in cerebral infarction.

Table 2: Baseline Characteristics of Patients in Data Set 1 
(BBS)

Variable Value (n = 321)
Age (y)* 69 (58–80)
Sex
 M 207 (64)
 F 114 (36)
Hypertension 214 (67)
Hypercholesterolemia 149 (46)
Diabetes mellitus 53 (17)
Active smoking 145 (45)
NIHSS score* 4 (2–7)
Time from onset to MRI (h)* 46 (31–58)
Infarction volume (mL)* 14.4 (2.6–42.0)
Recanalization procedure (thrombolysis 

and/or thrombectomy)
151 (47)

Note.—Except where indicated, data are numbers of patients, 
with percentages in parentheses. BBS = brain before stroke, 
NIHSS = National Institutes of Health Stroke Scale.
* Data are medians, with IQRs in parentheses.
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[IQR, 8.7–52.9 mL] vs 44.9 mL [IQR, 18.1–128.0 mL];  
P = .001), but we found no evidence of a larger volume of 
mismatch (median, 96.4 mL [IQR, 60.7–135.6 mL] vs 81.8 
mL [IQR, 44.2–116.7 mL]; P = .08). Interestingly, when 
considering location-weighted metrics rather than raw vol-
umes, patients with a good response had larger volumes of 
eloquent mismatch (median, 19.1 mL [IQR, 11.7–27.4 mL] 
vs 11.8 mL [IQR, 4.7–20.9 mL]; P < .001) but no differ-
ence in volumes of noneloquent mismatch (median, 78.7 mL 
[IQR, 46.0–105.6 mL] vs 68.3 mL [IQR, 34.3–95.6 mL]; 
P = .19) compared with those with a poor response. These 
results support the concept that when salvageable tissue in-

volves clinically relevant (eloquent) regions, a larger increase 
in NIHSS score is expected. The same was true when consid-
ering sums of β values that account for the individual weights 
of each voxel. In contrast, a larger volume of infarction core, 
which is supposed to be irreversible (or poorly reversible), was 
always associated with a poor response regardless of its loca-
tion (Table 3).

In the primary multivariable analyses (Table 4), a volume-
based profile of target mismatch was associated with good 
clinical response (odds ratio [OR], 3.37; 95% CI: 1.36, 8.34;  
P = .009 in model 2) independent of the prespecified clini-
cal predictors (model 1). When replacing target mismatch 

Table 3: Baseline Characteristics of Patients in Data Set 2 (FRAME)

Variable
All Patients  
(n = 173)

Good Response  
Group (n = 120)

Poor Response  
Group (n = 53) P Value

Clinical
 Age (y) 74 (65–82) 73 (64–82) 76 (70–83) .15*
 Sex†

  F 90 (52) 60 (50) 30 (57) .52‡

  M 83 (48) 60 (50) 23 (43)
 Hypertension† 101 (58) 71 (59) 30 (57) .88‡

 Hypercholesteremia† 47 (27) 34 (28) 13 (25) .74‡

 Diabetes mellitus† 28 (16) 14 (12) 14 (26) .03‡§

 Active smoking† 26 (15) 15 (13) 11 (21) .24‡

 Baseline NIHSS score 17 (12–21) 16 (12–20) 19 (10–24) .46*
 Blood glucose level (mM) 6.6 (5.8–7.7) 6.5 (5.6–7.4) 7.0 (6.4–8.5) .004§

 Internal carotid artery occlusion† 20 (12) 13 (11) 7 (13) .85‡

Thrombectomy and thrombolysis
 rtPA† 121 (70) 91 (76) 30 (57) .02‡§

 Time from stroke onset to end of MT procedure (min) 256 (207–336) 252 (205–318) 291 (209–364) .13*
 General anesthesia† 71 (41) 45 (38) 26 (49) .21‡

 SBP at arrival in the catheterization laboratory (mm Hg) 150 (135–170) 145 (130–160) 160 (145–176) <.001*||

Imaging (diffusion and perfusion MRI)
 Target mismatch† 132 (76) 99 (82) 33 (62) .007‡§

Core
 Volume of infarction core (mL) 22.0 (10.2–73.0) 18.0 (8.7–52.9) 44.9 (18.1–128.0) .001*§

 Volume of eloquent infarction core (mL) 5.5(2.3–17.4) 5.1 (2.0–13.1) 15.7 (2.7–29.9) .006*§

 Volume of noneloquent infarction core (mL) 15.1 (5.7–58.0) 10.9 (4.8–33.0) 21.9 (14.4–99.5) .001*§

 Sum of β values in eloquent infarction core (×103) 18.7 (7. 7–59.2) 17.6 (6.8–44.3) 52.5 (9.2–100.5) .006*§

 Sum of β values in noneloquent infarction core (×103) 42.8 (14.6–130.0) 28.9 (11.8–89.0) 64.9 (39.4–206.2) .002*§

Mismatch
 Volume of mismatch (mL) 91.6 (53.9–133.0) 96.4 (60.7–135.6) 81.8 (44.2–116.7) .08*
 Volume of eloquent mismatch (mL) 17.8 (9.6–25.1) 19.1 (11.7–27.4) 11.8 (4.7–20.9) <.001*||

 Volume of noneloquent mismatch (mL) 75.6 (42.4–101.4) 78.7 (46.0–105.6) 68.3 (34.3–95.6) .19*
 Sum of β values in eloquent mismatch (×103) 60.7 (33.0–85.8) 65.4 (40.5–92.9) 40.0 (16.1–71.8) <.001*||

 Sum of β values in noneloquent mismatch (×103) 158.6 (92.9–225.3) 161.9 (105.0–234.5) 148.2 (55.3–206.8) .049*§

Note.—Except where indicated, data are medians, with IQRs in parentheses. FRAME = French acute multimodal imaging to select patients 
for mechanical thrombectomy, MT = mechanical thrombectomy, NIHSS = National Institutes of Health Stroke Scale, rtPA = recombinant 
tissue-type plasminogen activator, SBP = systolic blood pressure.
* Wilcoxon Mann-Whitney U test.
† Data are numbers of patients, with percentages in parentheses.
‡ χ2 test.
§ P < .05 indicates statistical significance.
|| P < .001 indicates statistical significance.
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by location-weighted metrics (model 3), more eloquent mis-
match (sum of β values) was independently and positively 
associated with a good response (OR, 1.14; 95% CI: 1.02, 
1.27; P = .02), while more eloquent infarction core (sum of β 
values) was negatively associated with a good response (OR, 
0.85; 95% CI: 0.77, 0.95; P = .004). As a negative control 
condition, we found no evidence of an association between 
noneloquent mismatch and good clinical response (OR, 1.03; 
95% CI: 0.98, 1.07; P = .20). The strength of association for 

the noneloquent infarction core was reduced compared with 
eloquent voxels but was still significant (OR, 0.95; 95% CI: 
0.92, 0.997; P = .03), probably because voxels dichotomized 
as noneloquent (with significance set at P < .005) could still 
convey some clinical functions as captured by the NIHSS. As 
another control, we combined the volume-based metric (tar-
get mismatch) and location-weighted metrics; only the lat-
ter remained significantly and independently associated with 
good clinical response (model 5).

Figure 3: Maps for data set 1 (brain before stroke). (A) Prevalence map shows infarction core. Only voxels for which more than 10 patients had a lesion were rep-
resented and included in the lesion-symptom mapping using support vector regression. (B) β map shows lesion-symptom relations between infarction and the National 
Institutes of Health Stroke Scale score calculated from lesion-symptom mapping using support vector regression. (C) P value map. (D) Eloquent area map, defined after 
thresholding the P value map at P < .005. L = left, R = right.

Figure 4: Prevalence maps of (A) infarction core and (B) mismatch in patients in data set 2 (French acute multimodal imaging to select patients for mechanical  
thrombectomy) show symmetrical and bilateral distribution. L = left, R = right.
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In terms of predictive performance (Fig 5), we found no 
evidence of a difference in AUC values between model 1 and 
model 2 with target mismatch (AUC, 0.65 [95% CI: 0.56, 
0.73] vs 0.67 [95% CI: 0.59, 0.76]; P = .27), while add-
ing the location-weighted metrics in model 3 led to a better 
prediction (AUC, 0.73; 95% CI: 0.65, 0.81) compared with 
the clinical information alone in model 1 (P = .01) and also 
compared with volume-based target mismatch in model 2 (P 
= .03). We found no evidence that the noneloquent metrics 
(model 4) changed the predictive performance (AUC, 0.66; 
95% CI: 0.57, 0.75; P = .68 vs model 1 and P = .39 vs model 
2) (Fig 5). By using 36.3 ×103 as a cutoff for the sum of β val-
ues to dichotomize a significant versus nonsignificant amount 

of eloquent mismatch, we showed that we could anticipate 
good response with a higher positive predictive value, nega-
tive predictive value, and specificity compared with the target 
mismatch definition (Fig 6, Table 5).

Subgroup Analysis of Patients with a Large Infarction  
Core Volume (>70 mL)
In our subgroup analysis of 36 patients who had a large in-
farction core volume (>70 mL), location-weighted metrics 
could not improve the identification of good response com-
pared with clinical information (AUC, 0.71 [95% CI: 0.53, 
0.87] in model 1 vs 0.75 [95% CI: 0.57, 0.90] in model 3; 
P = .83), which could be due to small sample size.

Table 4: Logistic Regression Models for Prediction of Early Neurologic Improvement

Variable Odds Ratio P Value
Univariable Analysis
 Age (+5 y) 0.92 (0.81, 1.04) .18
 Onset to end of MT (+10 min) 0.97 (0.94, 1.01) .12
 rtPA (yes) 2.71 (1.35, 5.47) .005*
 Baseline NIHSS score (+1 point) 0.99 (0.94, 1.04) .59
 Diabetes mellitus 0.35 (0.15, 0.8) .01
 SBP at arrival of MT (+1 mm Hg) 0.82 (0.72, 0.94) .003†

 Sum of β values in eloquent infarction core (+10 000) 0.87 (0.81, 0.94) <.001†

 Sum of β values in eloquent mismatch (+10 000) 1.19 (1.08, 1.32) <.001†

 Sum of β values in noneloquent infarction core (+10 000) 0.95 (0.92, 0.98) .003†

 Sum of β values in noneloquent infarction penumbra (+10 000) 1.04 (1, 1.08) .046*
Multivariable analysis
 Model 1: clinical variables
  rtPA (yes) 2.20 (1.04, 4.68) .04*
  Diabetes mellitus 0.36 (0.14, 0.88) .03*
  SBP at arrival of MT (+1 mm Hg) 0.83 (0.72, 0.96) .01*
 Model 2: clinical variables and target mismatch
  Diabetes mellitus 0.35 (0.14, 0.89) .03*
  SBP at arrival of MT (+1 mm Hg) 0.85 (0.73, 0.98) .03*
  Target mismatch (yes) 3.37 (1.36, 8.34) .009*
 Model 3: clinical variables, eloquent mismatch, and eloquent infarction core
  SBP at arrival of MT (+1 mm Hg) 0.82 (0.69, 0.97) .02*
  Sum of β values in eloquent infarction core (+10 000) 0.85 (0.77, 0.95) .004†

  Sum of β values in eloquent mismatch (+10 000) 1.14 (1.02, 1.27) .02*
 Model 4: clinical variables, noneloquent mismatch, and noneloquent infarction core
  SBP at arrival of MT (+1 mm Hg) 0.84 (0.72, 0.98) .03*
  Sum of β values in noneloquent infarction core (+10 000) 0.95 (0.92, 0.997) .03*
  Sum of β values in noneloquent infarction penumbra (+10 000) 1.03 (0.98, 1.07) .20
 Model 5: clinical variables, target mismatch, eloquent mismatch, and eloquent infarction core
  Baseline NIHSS score (+1 point) 1.08 (1.00, 1.17) .047*
  SBP at arrival of MT (+1 mm Hg) 0.81 (0.69, 0.96) .02*
  Target mismatch (yes) 0.64 (0.17, 2.43) .51
  Sum of β values in eloquent infarction core (+10 000) 0.83 (0.72, 0.95) .01*
  Sum of β values in eloquent penumbra (+10 000) 1.15 (1.03, 1.29) .02*

Note.—Data in parentheses are 95% CIs. In multivariable analysis, location-based metrics and only variables significantly associated 
were shown. MT = mechanical thrombectomy, NIHSS = National Institutes of Health Stroke Scale, rtPA = recombinant tissue-type 
plasminogen activator, SBP = systolic blood pressure.
* P < .05 indicates statistical significance.
† P < .005 indicates statistical significance.
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Collinearity
In all the above analyses, the highest correlation coefficient 
was r of 0.59 (ie, <0.8) (Fig S1 [online]), which is an ac-
ceptable level of collinearity according to thresholds from 
the literature (36).

Discussion
Whether location-weighted mismatch could identify patients 
with better responses following mechanical thrombectomy 

has not been fully investigated, even though brain functions 
differ regionally. In our study, by combining a whole-brain 
eloquence map with mismatch profiles of patients success-
fully recanalized, the models showed that eloquent mismatch 
and eloquent infarction core were associated with improve-
ment of NIHSS scores (odds ratio, 1.14 [P = .02] and 0.85 [P 
= .004], respectively), which translated into modest improve-
ment in prediction of good response (area under the receiver 
operating characteristic curve [AUC], 0.73) compared with 
clinical predictors (AUC, 0.65; P = .01) and conventional 
volume-based mismatch (AUC, 0.67; P = .03). The region-
specific assessment may contribute to further refinement 
of the proper management of patients with acute ischemic  
infarction in the future.

Recanalization following acute stroke can drive clinical  
recovery through the salvage of penumbra, albeit with an associ-
ated risk of hemorrhage. An imaging definition of penumbra is 
used to select the patients with a favorable benefit-to-risk ratio 
for recanalization in extended time windows (4,5) or in certain 
conditions, such as strokes with large core volumes (9) or very 
late presentations (11). However, volume-based mismatch might 
be imprecise to predict the chance of a favorable response. In 
comparison with the relevance of topography that has been well 
described in irreversible infarcts (12–19), we could anticipate 
that a small volume of mismatch could be worth rescuing if 
strongly clinically relevant, while rescuing larger but less eloquent 
volumes might not impact the outcome. In line with this con-
cept, we have directly highlighted the additional predictive value 
of location-weighted metrics compared with raw volume-based 
mismatch profiles because eloquent location-weighted metrics 
outperformed the standard mismatch definition. It is also in-
teresting to note that the derived noneloquent metrics provided 
strong negative controls to validate this concept. The relevance 
of such location-weighted metrics will need to be tested in more 
patients with larger infarction core volumes (>70 mL) to deter-
mine whether it can help to improve the safety of mechanical 
thrombectomy in this subpopulation (37).

Our results are consistent with a recent study that also 
pointed to the relevance of location-based mismatch specifically 

Figure 5: Receiver operating characteristic curves show the areas under  
the receiver operating characteristic curve (AUCs) with 95% CIs for the logistic 
regression models. Model 1 included only clinical variables, model 2 included 
clinical variables plus target mismatch, model 3 included clinical variables plus 
eloquent location-weighted metrics (sum of β values), and model 4 included clini-
cal variables plus noneloquent location-weighted metrics (sum of β values). The 
DeLong test was used for comparison of AUCs between models. The AUC of 
model 3 was significantly higher than those of models 1, 2, and 4, while the AUC 
of model 4 was not significantly higher than those of models 1 and 2. * P < .05 
indicates statistical significance.

Figure 6: Chart shows the variation of clinical deficit after successful recanalization in data set 2 (French acute multimodal 
imaging to select patients for mechanical thrombectomy, or FRAME) according to the acute imaging profile, dichotomized as 
eloquent mismatch presence or absence (top rows) or target mismatch (TMM) presence or absence (bottom rows). Differences 
in the number of patients with early neurologic improvement (blue) between the groups are indicated with the black connecting 
lines. NIHSS = National Institutes of Health Stroke Scale.
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in patients with a large infarction core volume (17). Herein, 
we extended this conclusion to any type of stroke volume. We 
analyzed a larger group of patients treated with mechanical 
thrombectomy that was decided when blinded to acute per-
fusion imaging (6), which strongly reduces potential selection 
bias. We could also focus on patients known to be successfully 
recanalized, which is crucial for proper validation, as the direc-
tion of the effect is expected to be opposite in patients who have 
undergone recanalization versus those who have not. We further 
strengthen this concept because the previous eloquent map was 
subjectively defined according to the literature with equivalent 
weight for all eloquent regions (20), while we could objectively 
define eloquent voxels from a large independent data set and 
we could even account for the differential weight of each indi-
vidual voxel. Such an eloquent map showed a reasonable distri-
bution, including the lower part of the precentral gyrus, which 
is related to motor function, and corona radiata (38), but also 
predominantly the left language-related areas and left caudate 
nucleus (39). In the future we could also refine maps for right-
handed versus left-handed patients to improve quantification of 
language-related eloquence.

Our study had several limitations. First, to provide proof-
of-concept for such a refined mismatch approach, we “experi-
mentally” focused on variation of clinical deficit after successful 
recanalization as this is directly driven by the rescued penum-
bra. Early NIHSS score improvement will be strongly associ-
ated with long-term disability (32,33,40), but we could not 
directly test if location-weighted mismatch predicts long-term 
disability. Second, voxels for which less than 10 patients had a 
lesion could not be tested for their associations with NIHSS 
scores in the lesion-symptom mapping analysis using support 
vector regression. This was the case for the primary motor cor-
tical areas dedicated to lower extremities and to the left hand 
that were not included in our eloquent map, although they 
are clearly eloquent areas. New eloquent maps with a larger 
number of patients with stroke in these eloquent areas could 
improve the model performance in the future. Third, the data 
sets were not originally collected to address this secondary hy-
pothesis and some analyses might be underpowered. Fourth, 

the two data sets were noncomparable (smaller infarcts in data 
set 1 [BBS]). However, the lesion-symptom mapping using 
support vector regression technique that was used to generate 
the eloquent map identified individual voxels associated with 
NIHSS scores while controlling for lesion volume, in contrast 
to standard voxel-based lesion-symptom mapping approaches 
(25). Finally, this methodology could be more relevant to apply 
to CT perfusion, which is performed at the majority of institu-
tions for acute stroke settings; however, a dedicated study will 
be required to adapt the current methodology to CT perfusion.

In conclusion, although recanalization in ischemic stroke can 
be decided with only minimal imaging information (41), certain 
situations already benefit from individual evaluation of the pen-
umbra (4,5) and may extend in the future to offer safe reperfu-
sion therapies for patients with stroke with a large core volume 
(9), distal occlusions, or very late presentations (11). Herein, we 
provide proof of concept for a revisited mismatch at diffusion 
and perfusion MRI that provides integrated location-based clas-
sification with the potential to help identify new candidates for 
reperfusion in the future.
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Table 5: Diagnostic Accuracy Measures in Data Set 2 (FRAME)

Clinical Response*

PPV NPV Sensitivity Specificity AccuracyGood Poor Total
Target mismatch 74 (71, 78) 48 (35, 60) 83 (78, 87) 36 (26, 45) 68 (62, 74)
 Positive 99 34 133 … … … … …
 Negative 21 19 40 … … … … …
 Total 120 53 173 … … … … …
Eloquent mismatch 78 (73, 86) 53 (42, 64) 82 (77, 86) 47 (37, 57) 71 (65, 77)
 Positive 98 28 126 … … … … …
 Negative 22 25 47 … … … … …
 Total 120 53 173 … … … … …

Note.—Except where indicated, data are percentages, with 95% CIs in parentheses. FRAME = French acute multimodal imaging to select 
patients for mechanical thrombectomy, NPV = negative predictive value, PPV = positive predictive value.
* Data are numbers of patients.
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