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Abstract Leukoaraiosis (LA) is associated with structural
and functional cerebrovascular impairment, which may com-
promise the capacity of ischemic tissue to maximize reperfu-
sion after intravenous thrombolysis (IVT). We aimed to deter-
mine whether severe LA is correlated with reperfusion ineffi-
ciency, which contributes to infarct growth and poor function-
al outcome. We analyzed data from our consecutive acute
ischemic stroke (AIS) patients who had acquired baseline
and 24-h follow-up diffusion- and perfusion-weighted imag-
ing. Reperfusion was defined as reduction of ≥70 % of hypo-
perfusion lesion at 24 h from baseline. Severe LAwas defined
as Fazekas score 2 or 3 on FLAIR images. We investigated the
relationship between severity of LA and reperfusion status.
Multivariate statistical analysis was carried out for modeling
the independent predictors of reperfusion, infarct growth, and
functional outcome. Finally, 79 patients were included, among
them 30 (37.97 %) had severe LA. Reperfusion was observed
in 41 (51.89 %) patients, the proportion of reperfusion was
very similar in patients with and without severe LA (53.33 vs
51.02 %, p=1.000). Large artery occlusion was the only in-
dependent unfavorable predictor for reperfusion (OR=0.202,
95 % confidence interval, 0.060–0.673; p=0.014). Multiple
linear regression analysis revealed that severe LA was inde-
pendently associated with infarct growth (standardized coef-
ficients = 0.191, p = 0.040). Severe LA was also an

independent predictor of poor outcome (mRS ≥ 3)
(OR = 4.004, 95 % confidence interval, 1.267–12.656,
p=0.018) after adjusting for reperfusion and baseline severity
of stroke. Severe LA was associated with infarct growth and
poor outcome independent of reperfusion status, which may
expand the notion that LA contributes the intrinsic vulnerabil-
ity of brain tissue to acute ischemic insults. The burden of LA
may not serve as an imaging indicator of reperfusion ineffi-
ciency after IVT for AIS patients.
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Introduction

As a marker of chronic hypoperfusion, leukoaraiosis (LA),
also known as white matter hyperintensities (WMH), has been
associated with early neurologic deterioration and unfavorable
functional outcome after acute ischemic stroke (AIS) [1, 2],
but its potential mechanism is uncertain. One proposed path-
ophysiologic explanation is that extensive LA links to large
lesion size and increased susceptibility of infarct growth after
AIS [3, 4]. However, it is not clear whether this adverse con-
nection could be modulated by reperfusion process.

Previous studies found that the degree of LAwas inversely
correlated with the patency of collateral flow [4, 5], which
could provide retrograde blood flow for cerebral reperfusion
when the main feeding artery was occluded. Subjects with
severe LA also exhibited increased hypercoagulability [6],
platelet activation [7], oxidative stress, and inflammation [8],
which may facilitate the formation of microemboli contribut-
ing to the failure of reperfusion. In addition, cerebrovascular
reactivity and dynamic autoregulation function have been sug-
gested to be compromised in severe LA [9, 10], which was
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consistent with the histopathological findings of vascular
changes featured with arteriolosclerosis, tortuous arterioles,
venous collagenosis, and endothelium dysfunction [11–13].
Hence, it seems conceivable to speculate that chronic cerebro-
vascular injury marked by LAwould render the ischemic brain
tissue response inefficiently to the limited blood flow restored
from collateral circulation or re-opened arteries, and then con-
tributes to infarct expansion and worse clinical outcome.

Actually, for AIS patients with severe LA, the clinical out-
come is still discouraging even after reperfusion therapy [14,
15]. If the burden of LA truly negates the beneficial effects of
reperfusion therapy via improving reperfusion, current prac-
tice of intravenous thrombolysis (IVT) or endovascular
thrombectomymay be seriously re-evaluated for patients with
severe LA. Therefore, the purpose of the present study was to
determine whether severe LA associates with reperfusion in-
efficiency after IVT, and then contributes to infarct growth and
poor outcome.

Subjects and Methods

Study Subjects

We retrospectively reviewed our prospectively collected data-
base for consecutive patients with AIS received thrombolytic
therapy between September 2009 and June 2015. We then
enrolled patients who (1) had a diagnosis of ischemic stroke
confirmed by diffusion-weighted imaging (DWI) within ante-
rior circulation; (2) received IVT within 6 h from symptom
onset; (3) underwent admission and follow-up multimodal
MRI; (4) had perfusion-weighted imaging (PWI) lesion vol-
ume ≥10 ml and ≥120 % of the DWI lesion volume; and (5)
had premorbid modified Rankin scale (mRS) score ≤2; we
excluded (1) patients who were treated with combined
endovascular thrombectomy and IVT and (2) patients whose
assessment of lesion volume was not possible due to extensive
hemorrhagic conversion, massive brain edema, brain surgery
(hemicraniectomy), or severe motion artifact. Intravenous
rtPA (Alteplase 0.9 mg/kg up to a maximum of 90 mg) was
used with 10 % of the total dosage as a bolus and the rest over
1 h.

We retrieved demographic, clinical, laboratory, and imag-
ing data including age, sex, comorbid conditions such as his-
tory of hypertension, diabetes mellitus, hyperlipidemia, coro-
nary heart disease, atrial fibrillation and transient ischemic
attack (TIA) or stroke; time interval from stroke onset to im-
aging and IVT treatment; National Institutes of Health Stroke
Scale (NIHSS) score, systolic blood pressure (SBP), diastolic
blood pressure (DBP), serum platelet, and glucose level before
IVT; and mRS score after 3 months. Poor outcome was de-
fined asmRS ≥3 at 3months, while good outcome asmRS <3.

MRI Acquisition

All subjects underwent multi-model MRI on a 3.0T system
(Signa Excite HD, General Electric Medical System,
Milwaukee, WI) equipped with an 8 channel–phased array
head coil, including DWI, PWI, Fluid-attenuated-inversion-
recovery (FLAIR), and time-of-flight magnetic resonance an-
giography (TOF-MRA). FLAIR parameters were
TR=9000 ms, TE=150 ms, inversion time=2250 ms, and
slice thickness = 5.0 mm. DWI parameters were repetition
time [TR] = 4000 ms, echo time [TE] = 69.3 ms, b
value=1000 s/mm2, slice thickness=5.0 mm, and interslice
gap=1.0 mm. PWI were obtained using the standard bolus
passage of contrast method by injecting gadolinium
(0.1 mmol/kg dose via power injector). PWI parameters were
TR=1500 ms, TE= 30 ms, and slice thickness = 5.0 mm.
TOF-MRA consisted of three slabs with TR = 20 ms,
TE=3.2 ms, flip angle=15°, and slice thickness=1.4 mm.

Image Analysis

Baseline and 24-h follow-up DWI and PWI data were
reprocessed and calculated with commercial software
(MIStar; Apollo Medical Imaging Technology, Melbourne,
VIC, Australia). Quantitative perfusion maps of Tmax (the
time until the residue function reaches its peak) were generat-
ed and Tmax ≥6 s was defined as hypoperfusion lesion. ADC
<600×106 s/mm2 was defined as infarct lesion. Reperfusion
ratio= (baseline hypoperfusion lesion volume−24-h hypoper-
fusion lesion volume) / baseline hypoperfusion lesion volume.
Reperfusion was defined as reperfusion ratio ≥70 % [16].
Infarct growth was calculated as the increased infarct lesion
volume at 24 h from baseline. Large artery occlusion was
defined as occlusion located in the responsible M1 segment
of the middle cerebral artery (MCA) or internal carotid artery
(ICA) identified on baseline MRA. LA severity was rated vi-
sually by using the Fazekas scale on FLAIR images [17], and
severe LAwas defined as either (early) confluent deep WMH
(Fazekas score 2 or 3) or irregular periventricular WMH ex-
tending into the deep white matter (Fazekas score 3). DWI,
PWI, and MRA data were investigated by Q.C. The classifica-
tion of LA severity was completed by two observers separate-
ly, and disagreement was resolved by consensus. A single
trained observer (S.Y.) evaluated and classified the LA severity
of all 79 patients twice, at an interval of 3 months apart.
Another observer (S.Z.) independently made the evaluation
once. They were blinded to all other imaging and clinical data.

Statistical Analysis

All numeric variables were expressed as mean±SD and me-
dian (interquartile range). Fisher exact test was used to com-
pare the dichotomous variables between groups, whereas
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independent samples 2-tailed t test or Mann–Whitney U test
were used for the continuous variables, as appropriate.
Pearson or Spearman correlation analysis was used depending
on the normality of the distribution. Variables with a p value of
<0.1 in univariate analyses were included in the multivariate
analysis except for the severity of LAwhich would be forced
into multivariate analysis. A backward elimination multiple
linear regression model was developed for analysis of inde-
pendent association between severity of LA and the volume of
infarct growth. Because the volume of infarct growth did not
conform to normal distribution, it was log-transformed before
being introduced to the model. Binary logistic regression anal-
ysis was carried out for modeling the independent predictors
of reperfusion and poor outcome. A level of p<0.05 was
considered statistically significant. All statistical analyses
were performed by IBM SPSS Statistics 21.

Results

A total of 90 patients were eligible for inclusion criteria, and
11 patients were excluded due to the following reasons: com-
bined endovascular and IVT therapy (n=3), hemorrhagic con-
version or massive edema on the follow-up images (n=3),
hemicraniectomy (n=2), and poor image quality due to severe

motion artifact (n=3). Thus, the remaining 79 patients were
included for the final analysis. Demographic, clinical, and
laboratory data were not different between included and ex-
cluded patients, except that the baseline NIHSS score was
higher in excluded patients (median 8 vs 15, p=0.021).

Among the included patients, 30 (37.97 %) had severe LA.
The inter-observer and intra-observer reliabilities about the
classification of LA severity were excellent (intraclassk=0.868
and 0.894, respectively). The demographic, clinical, and imag-
ing characteristics dichotomized by severe LA were demon-
strated in Table 1. In univariate analysis, there was no signifi-
cant difference of baseline NIHSS score, baseline and follow-
up infarct, and hypoperfusion lesion volume between groups
with and without severe LA. However, patients with severe LA
had doubled proportion of patients with poor outcome at
3 month (60 vs 28.6 %, p=0.009).

Relationship between Severity of LA and Reperfusion

Table 1 showed that there was no significant difference of
reperfusion status between groups with and without severe
LA in univariate analysis. Binary logistic regression model
revealed that large artery occlusion was the only independent
unfavorable predictor for reperfusion (OR=0.202, 95 % con-
fidence interval, 0.060–0.673; p=0.014), when the severity of

Table 1 Demographic, clinical, and imaging characteristics dichotomized by the severity of LA

Entire cohort
(n= 79)

With severe LA
(n = 30)

Without severe LA
(n= 49)

p value

Age, year 69.99 ± 11.76 77.33 ± 8.67 65.49 ± 11.18 <0.001*

Female sex 25(31.65) 9(30) 16(32.65) 1.000
Hypertension 56(70.89) 27(90) 29(59.18) 0.004*
Diabetes mellitus 12(15.19) 5(16.67) 7(14.29) 0.759
Hyperlipidemia 28(35.44) 8(26.67) 20(40.82) 0.233
TIA or stroke history 15(18.98) 7(23.33) 8(16.32) 0.557
Coronary heart disease 6(7.59) 2(6.67) 4(8.16) 1.000
Atrial fibrillation 37(46.84) 12(40) 25(51.02) 0.364
Clinical variables
Baseline NIHSS score 8(5–14) 10(5–15) 7(4–14) 0.209a

Onset to treatment 255.01 ± 86.59 258.45 ± 81.88 252.98 ± 90.03 0.789
SBP, mm Hg 155.55 ± 21.78 160.23 ± 24.21 152.63 ± 19.82 0.134
DBP, mm Hg 84.04 ± 12.77 83.30 ± 15.13 84.50 ± 11.20 0.689
Glucose, mmol/l 7.65 ± 2.17 8.11 ± 2.60 7.36 ± 1.83 0.142
Platelet (109/l) 177.87 ± 56.74 185.8 ± 58.95 173.20 ± 55.43 0.353
Poor outcome, mRS ≥3 32(40.51) 18(60) 14(28.57) 0.009*

Imaging variables
Baseline infarct lesion volume, ml 4.6(1.71–17.19) 5.05(2.7–12.99) 3.9(1.37–24.05) 0.657a

Baseline hypoperfusion lesion volume, ml 62(21.5–110.74) 68.1(20.95–110.04) 62(21.89–112.45) 0.976a

24 h infarct lesion volume, ml 17.07(5.6–44.8) 26.4(7.91–42.25) 11.2(4.90–51.42) 0.335a

24-h hypoperfusion lesion volume, ml 9.9(0–55.7) 9.6(0–42.48) 11.3(0–61.55) 0.604a

Volume of infarct growth, ml 8.49(2.87–28.9) 17.17(4.19–33.10) 5.12(2.71–28.60) 0.168a

Reperfusion ratio,% 75.59(19.30–100) 80.35(25.04–100) 71.68(17.65–100) 0.901a

Reperfusion, % 41(51.89) 16(53.33) 25(51.02) 1.000

LA leukoaraiosis, TIA transient ischemic attack, NIHSS National Institutes of Health Stroke Scale, SBP systolic blood pressure, DBP diastolic blood
pressure, mRS, modified Rankin scale
* p< 0.05
aMann–Whitney U test
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LA was forced into analysis (OR=1.132; 95 % confidence
interval, 0.349–3.677; p=0.836) (Supplementary Table I).

Relationship between Severity of LA and Infarct Growth

Univariate analysis demonstrated that the median volume of
infarct growth was inclined to be larger in patients with severe
LA, compared to patients without severe LA (17.17 vs 5.12ml,
p=0.168). After adjusting for baseline systolic blood pressure,
baseline NIHSS score, baseline infarct volume, and reperfu-
sion, multiple linear regression analysis confirmed the inde-
pendent association between severe LA and large infarct
growth (standardized coefficients=0.191, p=0.040) (Table 2).

Relationship between Severity of LA and Functional
Outcome

Patients with poor outcome were older and had higher rate of
severe LA, higher admission systolic blood pressure, higher
baseline NIHSS score, larger baseline and follow-up infarct
volume, and lower proportion of reperfusion in univariate anal-
ysis (Supplementary Table II). Severe LA was an independent
predictor for poor outcome at 3 month (odds ratio, 4.004; 95 %
confidence interval, 1.267–12.656; p=0.018) after adjusting for
above covariates in binary logistic regression model (Table 3).
Reperfusion was also negatively associated with poor outcome
(odds ratio, 0.235; 95 % confidence interval, 0.071–0.780;
p=0.018). Even for patients with severe LA, reperfusion was
still independently associated with good outcome (OR=4.225;
95 % confidence interval, 1.282–14.085; p=0.018).

Discussion

To our knowledge, there is no previous work which has inves-
tigated the direct relationship between the burden of LA and
reperfusion status after IVT. In this study, we firstly found that
the severity of LA did not affect the level of reperfusion after
IVT. Surprisingly, we further found that pre-existing severe LA

was associated with infarct growth and poor outcome.
Therefore, we posited that the relationship between severe
LA and poor outcome was independent of reperfusion status.

It has long been speculated that the susceptibility of infarct
growth in advanced LA may be due to impairment of capa-
bility of ischemic brain tissue to maximize reperfusion with
limited blood flow restored spontaneously or by means of
recanalization therapy. However, we did not find the relation-
ship between severity of LA and the level of reperfusion. A
couple of previous studies have adjusted recanalization status
as covariates when investigating the independent relationship
between the severity of LA and the size of infarct lesion or
clinical outcome [4, 14]. But substantial evidences demon-
strated that reperfusion outperformed recanalization in
predicting infarct growth and outcomes after AIS [18].
Approximately one quarter of AIS patients with successful
recanalization may fail to get adequate reperfusion [19].

The modulation process of reperfusion is complex and elu-
sive, which depends on the elaborate coordination of micro-
vascular reactivity and focal metabolic condition in addition to
the status of recanalization. Severe LAmay represent compro-
mised vasoreactivity and endothelium dysfunction, which
seems plausible to account for limited vasodilation in response
to reduced blood flow [20], thus leading to reperfusion insuf-
ficiency. But an alternative scenario is that enhanced vasodi-
lation may also happen in certain vessels with reduced vascu-
lar tone in severe LA patients, even giving rise to excessive
reperfusion as the blood pressure was greatly elevated in acute
phase of AIS. One may also argue that the disparity of reper-
fusion capability might manifest shortly after acute ischemic
event before the cerebrovascular reactivity or autoregulation
function is re-equalized by acute ischemic damage to the vas-
cular wall [21], while reperfusion assessed 24 h after onset
may be too late to detect the distinction. However, the com-
parative baseline hypoperfusion lesion size measured in pa-
tients with and without severe LA also made this explanation
less likely. Actually, our results were supported by previous
findings that hypoperfusion volume was not different within
24 h after onset in patients with intracranial large artery occlu-
sion when stratified by LA severity [4].

Table 2 Multiple linear regression analysis for volume of infarct
growth

Variable Standardized coefficients p value

Intercept 0.323

Female sex 0.171 0.068

Severe LA 0.191 0.040*

Baseline NIHSS score 0.224 0.027*

Baseline infarct volume 0.466 <0.001*

Reperfusion −0.218 0.018*

LA leukoaraiosis, NIHSS National Institutes of Health Stroke Scale
* p< 0.05

Table 3 Multivariate regression analysis of independent predictors for
poor outcome

Variable OR 95 % CI p value

Severe LA 4.004 1.267–12.656 0.018*

Baseline NIHSS score 1.175 1.065–1.296 0.001*

Reperfusion 0.235 0.071–0.780 0.018*

Hyperlipidemia 0.312 0.089–1.088 0.068

LA leukoaraiosis, OR odds ratio, CI confidence interval, NIHSS National
Institutes of Health Stroke Scale
* p< 0.05

442 Transl. Stroke Res. (2016) 7:439–445



We found that severe LA was independently associated
with large infarct growth, which was consistent with a
previous study which demonstrated that the burden of
LA indicated the susceptibility of initially ischemic brain
tissue progress to final irreversible infarcts [3]. We further
revealed that this relationship between severe LA and in-
farct expansion was independent of reperfusion status,
which indicated that LA itself may contribute the intrinsic
vulnerability of brain tissue to ischemic injury. The pre-
existing diffuse cerebral and vascular pathology in pa-
tients with severe LA may reduce its ischemic tolerance
[11, 22]. Another possible mechanism is that acute cere-
bral ischemia and reperfusion injury may exacerbate the
pre-existing disruption of the blood brain barrier (BBB) of
severe LA patients [23, 24]. Increased permeability of the
BBB would aggravate the process of edema, inflamma-
tion, and cytotoxicity, prompting infarct growth or even
hemorrhagic transformation [25].

LA severity was also revealed to be a pivotal predictor
of post-stroke outcome. The presence of decreased neuro-
nal network connectivity due to demyelination, loss of
axons, and cortical thinning would impair plasticity and
inhibit recovery for patients with severe LA [11, 26], be-
sides the large infarct expansion. Furthermore, LA is a
well-known risk factor for premorbid or post-stroke cog-
nitive impairment and depression [27, 28], which would
also adversely affect patients’ compliance with treat-
ment and rehabilitation programs. A recent study also
gave support to this finding, which revealed that severe
periventricular LA was associated with poor motor func-
tion outcome, whereas deep LA grade was inversely cor-
related with cognitive function outcome following inpa-
tient convalescent rehabilitation after adjusting for initial
severity and age [29]. Future translational implication
may focus on the relationship between the decreased neu-
ronal network connectivity due to severe LA and cogni-
tive or motor function.

Actually, several studies have associated the burden of
LA with poor outcome after AIS, even if they have re-
ceived recanalization therapy (IVT or endovascular
thrombectomy) [14, 15], which might indicate that im-
proving reperfusion level could not adequately reverse
the unfavorable destination for patients with severe LA.
However, it is worth noting that this situation should not
discourage any efforts to gain reperfusion for these pa-
tients, because both severity of LA and reperfusion were
the two major independent predictors of clinical outcome.
According to our data, the odds ratio (OR) was 4.225 for
poor outcome of severe LA patients who failed to get
reperfusion, compared with their counterparts achieving
reperfusion. In a sense, successful reperfusion is more
urgently needed for those patients with severe LA to
achieve good outcome.

The strengths of our study are the evaluation of reper-
fusion performed at a relative fixed interval (24 h after
IVT) with high-resolution PWI. By taking reperfusion sta-
tus into account, our result that the negative effect of LA
itself on outcome was independent of reperfusion re-
sponse may expand on the evidence of intrinsic vulnera-
bility of LA to ischemia. Besides, we classified the sever-
ity of LA on FLAIR images by the widely used BFazekas
scale,^ which is easy to learn and fast to handle, with
excellent inter- or intra-rater agreement. By comparison,
volumetric measurement of LA lesions is time-intensive,
whereas CT-based visual grading systems have the lower
sensitivity than FLAIR images could offer. Furthermore,
the DWI-based definition of infarct volume in the present
study was much more reliable than the previously used
computed tomography perfusion (CTP)-based quantifica-
tion of infarct core.

Our study also has several limitations. Firstly, although
we prospectively collected data using a stroke registry,
our study had a retrospective design, which might pose
selection bias. In order to control measurement error of
reperfusion and infarct growth, we also excluded the pa-
tients with mismatch <120 % or PWI lesion volume
<10 ml, which would limit the generalizability of our
results. Secondly, we did not set the patients with absolute
absence of LA as controls, which may limit the power to
detect the effects of LA. However, it is difficult to con-
duct such comparison for the extremely high prevalence
of LA (96.2 % in our data vs 94.6 % as reported) in
ischemic stroke patients [30]. Thirdly, we could not eval-
uate recanalization status of each individual for the occlu-
sion site of some patients was invisible on admission
MRA. Theoretically, the results of no relationship be-
tween severity of LA and reperfusion could not be attrib-
uted to the confounding effect of recanalization, since it
tends to bias the positive results other than negative ones.
Finally, the study was performed at a single center with
modest sample size. The complex interaction between
chronic cerebrovascular injury marked by LA and reper-
fusion process also needs further investigation in larger
cohorts.

Conclusion

Severe LA did not have an effect on the achievement of
reperfusion, and its association with infarct growth and
poor outcome was independent of reperfusion status after
IVT. This finding may expand the notion that LA contrib-
utes the intrinsic vulnerability of brain tissue to acute
ischemic insults. LA could not serve as an imaging indi-
cator of reperfusion inefficiency after IVT for AIS
patients.
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