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ORIGINAL RESEARCH
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Leukoaraiosis May Confound the Interpretation of CT
Perfusion in Patients Treated with Mechanical Thrombectomy

for Acute Ischemic Stroke
X S. Rudilosso, X C. Laredo, X C. Vivancos, X X. Urra, X L. Llull, X A. Renú, X V. Obach, X Y. Zhao, X J.L. Moreno, X A. Lopez-Rueda,

X S. Amaro, and X Á. Chamorro

ABSTRACT

BACKGROUND AND PURPOSE: Leukoaraiosis frequently coexists in patients with acute stroke. We studied whether leukoaraiosis could
confound the interpretation of CTP findings in patients treated with mechanical thrombectomy.

MATERIALS AND METHODS: We analyzed 236 patients with stroke treated with mechanical thrombectomy and studied with CTP, of
whom 127 (53.8%) achieved complete reperfusion. Periventricular white matter hyperintensities on MR imaging and hypodensities on
NCCT were assessed through the Fazekas score. CTP-predicted nonviable tissue was defined as relative CBF �30%, and final infarct volume
was quantified in DWI. We estimated mean MTT, CBV, and CBF in the asymptomatic hemisphere. In patients achieving complete reper-
fusion, we assessed the accuracy of nonviable tissue to predict final infarct volume using the intraclass correlation coefficient across
periventricular hyperintensity/hypodensity Fazekas scores and variable relative CBF cutoffs.

RESULTS: MTT was longer (Spearman � � 0.279, P � .001) and CBF was lower (� � �0.263, P � .001) as the periventricular hyperintensity
Fazekas score increased, while CBV was similar across groups (� � �0.043, P � .513). In the subgroup of patients achieving complete
reperfusion, nonviable tissue–final infarct volume reliability was excellent in patients with periventricular hyperintensity Fazekas score
grade 0 (intraclass correlation coefficient, 0.900; 95% CI, 0.805– 0.950), fair in patients with periventricular hyperintensity Fazekas scores 1
(intraclass correlation coefficient, 0.569; 95% CI, 0.327– 0.741) and 2 (intraclass correlation coefficient, 0.444; 95% CI, 0.165– 0.657), and poor
in patients with periventricular hyperintensity Fazekas score 3 (intraclass correlation coefficient, 0.310; 95% CI, �0.359 – 0.769). The most
accurate cutoffs were relative CBF �30% for periventricular hyperintensity Fazekas score grades 0 and 1, relative CBF �25% for periven-
tricular hyperintensity Fazekas score 2, and relative CBF �20% for periventricular hyperintensity Fazekas score 3. The reliability analysis
according to periventricular hypodensity Fazekas score grades on NCCT was similar to that in follow-up MR imaging.

CONCLUSIONS: In patients with stroke, the presence of leukoaraiosis confounds the interpretation of CTP despite proper adjustment of
CBF thresholds.

ABBREVIATIONS: FIV � final infarct volume; ICC � intraclass correlation coefficient; IQR � interquartile range; MT � mechanical thrombectomy; NVT � nonviable
tissue; PVH � periventricular hyperintensity/hypodensity Fazekas score; rCBF � relative CBF

The main utility of perfusion images obtained from patients

with acute ischemic stroke is the identification and quantifi-

cation of areas of nonviable tissue (NVT) and areas of ischemic

penumbra that represent hypoperfused but still salvageable tis-

sue.1,2 These focal alterations in patients eligible for acute stroke

therapies can be evaluated by dynamic contrast-enhanced CT and

MR imaging acquisitions,3,4 the former being the most com-

monly used technique worldwide for the assessment of cerebral

perfusion in patients with acute stroke.5 However, a great variability
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exists not only in image acquisition and postprocessing techniques

but also in intrinsic features of cerebral perfusion.6 In fact, in physi-

ologic conditions and in acute focal ischemia, brain perfusion is not

the same in all its areas because it depends on the neuronal activity of

different regions,7,8 where perfusion patterns may be different in pa-

tients with similar sites of occlusion and times from stroke onset to

imaging acquisition.9 This variability in perfusion features may de-

pend mostly on the efficiency of intrinsic compensatory mechanisms

such as the collateral blood supply10 or vasodilation and oxygen ex-

traction at capillary levels.11 Moreover, brain perfusion might also

depend on the extent of leukoaraiosis, which is an age-related patho-

logic process strongly associated with cardiovascular risk factors and

stroke.12 A recent study conducted on a large cohort of patients with

acute stroke showed that hypoperfusion in the periventricular areas

was related to the grade of leukoaraiosis, but a quantitative analysis

was not assessed.13

Therefore, leukoaraiosis may be associated with hypoperfu-

sion and may cause an overestimation of the NVT in ischemic

stroke, confounding the interpretation of CTP in patients eligible

for reperfusion therapy. In this study, we aimed to quantify the

cerebral perfusion parameters according to the grade of leu-

koaraiosis in a cohort of patients with large-vessel stroke treated

with mechanical thrombectomy (MT) and to assess the accuracy

of the estimation of infarct core based on variable CBF thresholds.

MATERIALS AND METHODS
Patients
This is a retrospective single-center study of 236 patients with

large-vessel ischemic stroke in the anterior circulation treated

with MT within 3.9 hours (interquartile range [IQR], 2.6 – 6.0

hours) from stroke onset who had pretreatment multimodal CT

imaging and brain MR imaging at follow-up from March 2010 to

December 2017 (Fig 1). Reperfusion after MT was quantified with

the modified TICI scale.14

The local Clinical Research Ethics Committee from the Hos-

pital Clínic of Barcelona approved the study protocol (HCB/

2019/0077) under the requirements of Spanish legislation in the

field of biomedical research, the regulation (European Union)

2016/679 of the European Parliament and of the Council of April

27, 2016 on the protection of persons with regard to the process-

ing of personal data and on the free movement of such data, the

standards of Good Clinical Practice, as well as with the Helsinki

Declaration of 1975 and 1983. Patient consent was not required

due to the retrospective nature of the study design.

Neuroimaging Techniques
Multimodal imaging included, on admission, an NCCT, an an-

gio-CT of the cervical and intracranial arteries, and a CTP. CTP was

performed within a median of 166 minutes (IQR, 88–265 minutes)

of stroke onset with a Somatom Definition Flash 128-section dual-

source CT system (Siemens, Erlangen, Germany) with a 98-mm z-

coverage and 31 time points (total acquisition time, 60 seconds); 50

mL of nonionic iodinated contrast was administered intravenously at

5 mL/s using a power injector. CTP imaging parameters were 80

kV(peak), 250 mAs, 1.5-second rotation, and 2-mm thickness. CTP

maps were calculated with MIstar (Apollo Medical Imaging Tech-

nology, Melbourne, Australia), which uses singular-value decompo-

sition without delay correction and automatically performs motion

correction and selects an arterial input function from an unaffected

artery and venous output function from a large draining vein. We

generated the following perfusion maps: MTT, CBV, and CBF. The

NVT was segmented automatically on the CBF maps and defined as

a relative threshold of CBF (rCBF) �30% of the unaffected whole

contralateral hemisphere.

MR imaging was performed at a median of 31 hours (IQR,

21– 62 hours) after multimodal CT on a 1.5T scanner and in-

cluded a DWI sequence obtained with b-values of 0 and 1000,

5-mm section thickness, and 128 � 128 matrix. FLAIR images

were obtained with TR � 9000 ms, TE � 114 ms, FOV � 240

mm, and slice thickness � 5 mm. The final infarct volume

(FIV) was calculated with a semiautomatic segmentation of the

acute ischemic lesion on DWI sequences using Amira software

(www.amira.com) as previously described.15

Neuroimaging Analysis in the Whole Cohort
Analyzing independently NCCT and FLAIR MR imaging se-

quences, 1 trained investigator (S.R.) used the Fazekas scale16

to calculate the extent of leukoaraiosis in the asymptomatic

hemisphere only, thus avoiding the confounding effect of acute

ischemic lesions. According to the neuroimaging technique,

white matter changes were evaluated as periventricular hyper-

intensities on MR imaging and periventricular hypodensities

on NCCT (periventricular hyperintensity/hypodensity Faze-

kas score [PVH]). In accordance with this scale, grade 0 de-

fined the absence of white matter changes, grade 1 included

caps or pencil-thin lining, grade 2 defined a smooth halo, and

FIG 1. Flow chart of the study cohort.
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grade 3 defined irregular periventricular lesions extending into

the deep white matter.

Neuroimaging Analysis in Patients with Complete
Reperfusion
The relationship between the grade of leukoaraiosis and the FIV

was analyzed only in patients with complete reperfusion after MT

(modified TICI 3) to reduce the confounding effect of variable

infarct growth in patients with incomplete reperfusion after MT.

In this subgroup, we assessed the intraclass correlation coefficient

(ICC) and the volumetric bias between the NVT and the FIV accord-

ing to the PVH on MR imaging and also explored ICC values across

different rCBF thresholds (rCBF �30%,

25%, 20%, and 15%). Then, to assess the

usefulness of evaluating the grade of leu-

koaraiosis on the pretreatment imaging,

the same reliability analyses were con-

ducted using the subgroups based on the

NCCT-derived PVHs. Finally, to assess

the internal validity of the study, we re-

peated the main imaging analysis in pa-

tients with complete reperfusion using a

different software package (syngo.via CT

Neuro Perfusion VB30; Siemens). We cal-

culated the ICC and the volumetric bias

according to the PVH on MR imaging and

different rCBF thresholds (rCBF �30%

and 20%).

Statistics
Categoric variables were compared us-

ing the �2 test if suitable, and alterna-

tively using the Fisher exact test. Contin-

uous variables with normal distribution

were described by mean and SD, while

continuous variables without normal

distribution and ordinal variables were

described by median and IQR. Means

between 2 groups were compared using

the Student t test, and medians between

2 groups were compared using the

Mann-Whitney U or Kruskal-Wallis test

as appropriate. The agreement between

MR imaging and NCCT PVHs was eval-

uated with a linear-weighted � statistic.

The relationship between the MTT,

CBV, and MTT values in the asymptom-

atic hemisphere with the Fazekas score

was evaluated using the Spearman � cor-

relation coefficient. The ICC was inter-

preted as previously described (ICC �

0.4, poor reliability; ICC, 0.4 – 0.75,

from fair-to-good reliability; ICC �

0.75, excellent reliability).17 Volumetric

bias was defined as the difference be-

tween the predicted and final infarct

(NVT-FIV) across PVH groups. All sta-

tistical analyses were performed using

SPSS 23.0 (IBM, Armonk, New York). We considered as statisti-

cally significant P values � .05, and all hypotheses were 2-sided.

RESULTS
Leukoaraiosis and Hemodynamic Correlates in the Whole
Population
The main demographic, clinical, and radiologic features of the

whole study cohort (n � 236) and of patients with complete rep-

erfusion at the end of MT (n � 127) are shown in Table 1. PVHs

of the whole cohort evaluated on posttreatment MR imaging and

pretreatment NCCT are shown in Fig 2. Overall, the agreement

FIG 2. PVHs on MR imaging and noncontrast CT.

Table 1: General clinical and radiologic characteristics of the whole population and in
patients with complete reperfusion

Whole Cohort
(n = 236)

mTICI 3 Subgroup
(n = 127)

Age (mean) (SD) (yr) 68.7 (14.6) 68.8 (14.2)
Female sex (No.) (%) 116 (49.2) 62 (49.2)
Baseline NIHSS score (median) (IQR) 11 (17–21) 16 (9–20)
Hypertension (No.) (%) 132 (55.9) 68 (53.5)
Diabetes mellitus (No.) (%) 34 (14.4) 21 (16.5)
Atrial fibrillation (No.) (%) 70 (29.7) 37 (29.1)
Previous stroke (No.) (%) 22 (9.3) 11 (8.7)
Time from symptom onset to CTP study

(median) (IQR) (min)
167 (88–270) 150 (77–281)

Time from CTP to MRI study (median)
(IQR) (hr)

34.9 (22.5–61.3) 30.9 (20.9–62.2)

TOAST (No.) (%)33

Atherosclerotic 35 (14.8) 22 (12.7)
Cardioembolic 120 (50.8) 63 (49.6)
Undetermined 67 (28.4) 36 (28.3)
Infrequent 14 (6) 6 (4.7)

mTICI score (No.) (%)
0 21 (8.9) 0 (0)
1 7 (3) 0 (0)
2a 18 (7.6) 0 (0)
2b 63 (26.7) 0 (0)
3 127 (53.8) 127 (100)

Collateral status (median) (IQR) 2 (1–3) 2 (2–3)
CBF (median) (IQR) (mL/100 g/min) 2.4 (2.2–2.6) 2.4 (2.2–2.6)
CBV (median) (IQR) (mL/100 g/min) 24.3 (20.5–26.9) 24.3 (20.5–26.5)
MTT (median) (IQR) (sec) 6.0 (5.5–6.5) 6.1 (5.5–6.6)
NVT (median) (IQR) (mL) 19.3 (8.0–34.5) 16.0 (7.4–33.0)
FIV (median) (IQR) (mL) 19.6 (7.4–51.0) 14.0 (3.6–58.4)

Note:—mTICI indicates modified TICI.
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between the evaluations on MR imaging and NCCT was good

(� � 0.69; 95% CI, 0.62– 0.76). Higher PVHs were associated with

longer MTT (Spearman � � 0.279, P � .001) and lower CBF (� �

�0.263, P � .001) but were not correlated with CBV values (� �

�0.043, P � .513), as shown in Fig 3 and On-line Table 1. There

was no correlation between CBF, CBV, and MTT values in the

asymptomatic hemisphere and NVT (P � .573, P � .251, and P �

.978, respectively) or FIV (P � .902, P � .207, and P � .522,

respectively). NVT was similar in patients with different grades of

reperfusion (P � .657), but the FIV was

inversely related to TICI subgroups (� �

�0.450, P � .001).

CTP Prediction of FIV in Relation to
the Extent of Leukoaraiosis in
Patients with Complete
Reperfusion after MT
In patients with complete reperfusion at

the end of MT (n � 127), the agreement

between NVT and FIV using the rCBF

�30% cutoff was inversely correlated

with PVH (� � �0.199, P � .001): ICC

was excellent (ICC, 0.900; 95% CI,

0.805– 0.950) for patients with PVH 0

graded on MR imaging, remained fair

for patients with PVH 1 (ICC, 0.569;

95% CI, 0.327– 0.741) and PVH 2 (ICC,

0.444; 95% CI, 0.165– 0.657), and was

poor for patients with PVH 3 (ICC,

0.310; 95% CI, �0.359 – 0.769). The

analysis of CTP prediction of the FIV

based on the NCCT PVH evaluation

showed results similar to those of the

MR imaging– based analysis as shown in

Fig 4 and in On-line Table 2. Median

volumetric bias was similar among MR

imaging– derived PVH subgroups re-

gardless of the technique used to grade

leukoaraiosis (Table 2). Two representa-

tive cases illustrating these observations

are shown in Fig 5.

A comprehensive threshold-find-

ing analysis across different CTP-de-

rived rCBF cutoffs was implemented to

evaluate whether the extent of leukoarai-

osis affected the prediction of FIV. In this

exploratory analysis, the rCBF �30%

threshold showed the highest ICC be-

tween NVT and FIV in patients with

PVHs 0 and 1, whereas the rCBF �25%

and rCBF �20% thresholds had a higher

ICC than rCBF �30% for patients with

PVHs 2 and 3, regardless of the neuro-

imaging technique used for the evalu-

ation of leukoaraiosis (Fig 4). The

rCBF �15% cutoff was less reliable for

each grade of leukoaraiosis. The corre-

lation between NVT-FIV ICC and

PVH was less strong for rCBF �25% (� � �0.153, P � .002)

and rCBF �20% (� � �0.129, P � .01) thresholds compared

with the rCBF �30% threshold, while no significant correla-

tion was found for the rCBF 15% threshold (� � �0.074, P �

.139). Complete data of this analysis are shown in the On-line

Table 2. Of note, the distribution of collateral scores and time

to recanalization was not different among PVH categories as

shown in On-line Table 3.

In the comparative analysis of different commercial software

FIG 3. Boxplot analysis of CTP maps in the asymptomatic hemisphere according to the PVH score
on MR imaging in the whole population (N � 236).

FIG 4. ICC analysis of the predicted final infarct volume on CTP according to different rCBF
cutoffs and the grade of leukoaraiosis assessed by the PVH on follow-up MR imaging and on
pretreatment NCCT in the subgroup of patients with complete reperfusion after mechanical
thrombectomy (n � 127). Of note, the agreement in patients without leukoaraiosis was excellent
for rCBF �30% and rCBF �25% cutoffs and remained good for rCBF �20% and rCBF �15%. In
patients with leukoaraiosis, across increasing PVHs, the overall reliability of CTP decreased and
more restrictive thresholds (mostly rCBF �25% and rCBF �20%) had better agreement than the
commonly used rCBF �30%.
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packages, the agreement of NVT estimation using the rCBF

�30% threshold between MIstar and syngo.via software was good

(ICC, 0.664; 95% CI, 0.469 – 0.782). A representative example is

shown in the On-line Figure. With syngo.via, there was still an

inverse correlation with PVHs for both rCBF �30% (� � �0.275,

P � .001) and rCBF �20% (� � �0.119, P � .018). The rCBF

�20% cutoff showed a higher ICC compared with rCBF �30% in

patients with PVH �0 as shown in On-line Table 4.

DISCUSSION
In this study, we investigated whether the presence and severity of

leukoaraiosis confounded the interpretation of CTP findings for

the prediction of final infarct volume in patients with complete

reperfusion following MT. The main result of the study was that

the extent of leukoaraiosis altered the prediction of final infarct

volume following MT but was not correlated to overestimation of

the final infarct volume. Although the use of more restrictive

rCBF thresholds may improve the estimation of tissue viability in

patients with a high grade of leukoaraiosis, the accuracy of CTP

was reduced in these patients. Finally, the study also found that

NCCT was a reliable imaging technique to identify those patients

whose extent of leukoaraiosis could compromise the accuracy of

CTP interpretation.

The estimation of infarct core by means of a relative CBF

threshold lower than 30% (rCBF �30%) is broadly accepted to

define NVT in acute stroke.18-20 In our study, the reliability of the

rCBF �30% threshold decreased in relation to an increased

FIG 5. Representative cases of patients with acute ischemic stroke treated with mechanical thrombectomy. A, A 38-year-old patient with
low-grade leukoaraiosis (PVH 0). B, A 79-year-old patient with high-grade leukoaraiosis (PVH 3). Both patients had a left middle cerebral artery
stroke due to M1 occlusion and had complete reperfusion (modified TICI score of 3) after mechanical thrombectomy. The CTP-predicted NVT
on CBF was similar to final infarct volume in patient A (NVT � 17.9 mL, FIV � 22.2 mL), while in patient B, CTP-predicted NVT overestimated the
FIV (NVT � 11.2 mL, FIV � 0.8 mL).

Table 2: Baseline traits and volumetric differences among PVH scores on MRI in patients achieving complete reperfusion after
mechanical thrombectomy (n � 126)

PVH 0 PVH 1 PVH 2 PVH 3 P Value
Age (mean) (SD) (yr) 59.0 (16.7) 68.0 (12.2) 76.6 (7.7) 72.9 (15.3) �.001
Baseline NIHSS score (median) (IQR) 16 (11–19) 16 (11–20) 18 (8–20) 17 (13–21) .921
Time from symptom onset to CTP study (median) (IQR) (min) 154 (89–233) 168 (92–296) 135 (64–263) 185 (73–385) .871
CBF (median) (IQR) (mL/100 g/min) 2.4 (2.2–2.7) 2.4 (2.1–2.6) 2.5 (2.2–2.7) 2.4 (2.2–2.8) .558
CBV (median) (IQR) (mL/100 g/min) 25.4 (22.9–28.1) 23.9 (21.0–26.1) 23.1 (19.4–26.9) 22.6 (18.0–28.0) .205
MTT (median) (IQR) (sec) 5.7 (5.3–6.3) 6.0 (5.4–6.3) 6.2 (5.8–6.7) 6.4 (6.3–7.1) .021
Collateral status (median) (IQR) 2 (2–3) 2 (2–3) 2 (2–3) 2 (1–2) .174
NVT (median) (IQR) (mL) 15.4 (7.3–32.0) 16.0 (7.8–36.3) 15.4 (3.5–31.4) 23.1 (15.1–33.9) .411
FIV (median) (IQR) (mL) 15.0 (3.5–32.4) 12.8 (5.3–19.8) 14.3 (2.8–40.0) 13.6 (1.3–25.8) .826
Volumetric biasa (median) (IQR) (mL) using Fazekas score on MRI 4.2 (�18.5–9.8) 1.6 (�3.1–16.4) 0.0 (�18.7–16.0) 12.5 (0.9–30.4) .205
Volumetric biasa (median) (IQR) (mL) using Fazekas score on NCCT 2.6 (�12.1–11.6) 2.3 (�3.5–13.2) 0.5 (�18.7–14.5) 11.4 (�1.1–31.4) .557

a Volumetric bias was defined as NVT (using the rCBF �30% cutoff)-FIV.
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prominence of leukoaraiosis. Thus, the rCBF �30% threshold

was only excellent for the prediction of FIV in patients without

leukoaraiosis (PVH 0). Conversely, in patients with mild (PVH 1)

and moderate (PVH 2) leukoaraiosis, the application of that

threshold had a lower but still fair grade of agreement between

CTP-derived NVT and the FIV on follow-up MR imaging, while

tissue-viability prediction was only seriously hampered in pa-

tients with a severe grade of leukoaraiosis (PVH 3). According to

these results, the rCBF �30% cutoff remained the most reliable in

patients with PVHs 0 and 1. However, in patients with higher

grades of leukoaraiosis, the prediction of tissue viability was only

moderate, even after applying more restrictive thresholds (rCBF

�25% or rCBF �20% cutoffs). Therefore, the burden of leu-

koaraiosis did not reflect overestimation of the infarct core de-

spite an insignificant tendency for higher volumetric bias in the

PVH 3 subgroup, and the worse FIV prediction might also depend

on other factors that may affect hemodynamic measures in pa-

tients with small-vessel disease, such as blood-brain barrier per-

meability derangements,21,22 collateral circulation status,23 and

cerebrovascular reactivity.24,25

In agreement with previous studies, the evaluation of periven-

tricular leukoaraiosis on NCCT scans showed a good grade of

agreement with the evaluation of the Fazekas scale on MR imag-

ing.26,27 Accordingly, our study supports the use of NCCT to

quantify the grade of leukoaraiosis and thus to improve the accu-

racy of the interpretation of CTP maps in potential candidates for

endovascular therapy, especially in extended time windows in

which the presence of severely hypoperfused areas might preclude

the use of reperfusion therapy according to recent randomized

clinical trials.28-30 Although perfusion imaging adds useful data

about tissue viability in stroke assessment, our results highlighted

the limitations of CTP in the prediction of final infarct, and sup-

port the current stroke guideline indications based on NCCT

ASPECTS evaluation for endovascular therapies in the first

6-hour window, while perfusion imaging is required only in ex-

tended time windows. Further studies are warranted to assess the

role of leukoaraiosis on the accuracy of CTP maps in patients with

stroke imaged in late time windows.

The main results of this study were confirmed by using alter-

native commercial software packages. Despite small differences

related to optimal thresholds according to the software used,31 the

accuracy of final infarct prediction was still inversely related to the

grade of leukoaraiosis, and the more restrictive rCBF �20% cut-

offs were shown to be more suitable in patients with a high-grade

of white matter hyperintensities as well.

This study has some limitations. First, the time from CTP to

follow-up MR imaging may affect the accuracy of the FIV predic-

tion due to possible dynamic alterations in the DWI intensity.32

However, our cohort was rather homogeneous because most pa-

tients had undergone MR imaging within 48 hours from MT.

Second, the low prevalence of patients with PVH 3 in this cohort

and the lack of a specific assessment of perfusion parameters in

the white matter and the mirror region of the final infarct could

have underpowered the analysis of CTP maps. Nevertheless, this

cohort study represented faithfully the population eligible for

stroke endovascular therapy at our center, and these findings may

thus be valid for regular use in clinical practice.

CONCLUSIONS
The extent of leukoaraiosis in patients with acute stroke eligible

for MT impairs the accuracy of CTP maps for the prediction of

tissue viability, even despite appropriate adjustment of CBF cut-

offs. Therefore, the variable prevalence of leukoaraiosis in this

clinical setting should be accounted for at the time of the perfu-

sion study evaluation. Further studies assessing the characteristics

of white matter hemodynamics in acute stroke are required to

provide further insight into the efficacy of reperfusion therapies in

patients with this condition.
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