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Abstract
In acute ischemic stroke due to large-vessel occlusion (LVO), the clinical outcome after endovascular thrombectomy (EVT) 
is influenced by the extent of autoregulatory hemodynamic impairment, which can be derived from blood oxygenation level–
dependent cerebrovascular reactivity (BOLD-CVR). BOLD-CVR imaging identifies brain areas influenced by hemodynamic 
steal. We sought to investigate the presence of steal phenomenon and its relationship to DWI lesions and clinical deficit in 
the acute phase of ischemic stroke following successful vessel recanalization.
From the prospective longitudinal IMPreST (Interplay of Microcirculation and Plasticity after ischemic Stroke) cohort study, 
patients with acute ischemic unilateral LVO stroke of the anterior circulation with successful endovascular thrombectomy 
(EVT; mTICI scale ≥ 2b) and subsequent BOLD-CVR examination were included for this analysis. We analyzed the spatial 
correlation between brain areas exhibiting BOLD-CVR-associated steal phenomenon and DWI infarct lesion as well as the 
relationship between steal phenomenon and NIHSS score at hospital discharge.
Included patients (n = 21) exhibited steal phenomenon to different extents, whereas there was only a partial spatial overlap 
with the DWI lesion (median 19%; IQR, 8–59). The volume of steal phenomenon outside the DWI lesion showed a posi-
tive correlation with overall DWI lesion volume and was a significant predictor for the NIHSS score at hospital discharge.
Patients with acute ischemic unilateral LVO stroke exhibited hemodynamic steal identified by BOLD-CVR after success-
ful EVT. Steal volume was associated with DWI infarct lesion size and with poor clinical outcome at hospital discharge. 
BOLD-CVR may further aid in better understanding persisting hemodynamic impairment following reperfusion therapy.

Keywords Ischemic stroke · Large-vessel occlusion · Cerebrovascular reactivity · Steal phenomenon · BOLD-CVR · DWI · 
Endovascular thrombectomy · Reperfusion failure
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Introduction

Acute ischemic large-vessel occlusion (LVO) stroke is char-
acterized by proximal occlusion of a large cerebral vessel 
(e.g., internal carotid artery or middle cerebral artery) and 
has a profound hemodynamic impact on distal brain tissue, 
i.e., hypoperfusion and tissue ischemia. [1] Hypoperfu-
sion and consecutive tissue damage is a dynamic process in 
the acute ischemic phase which is influenced by collateral 
recruitment and autoregulation [1–4]. Timely restoration of 
cerebral blood flow by endovascular thrombectomy (EVT) 
is the most effective maneuver for salvaging ischemic brain 
tissue that is not already irreversibly lost [5–8]. However, 
in some cases, no improvement or even worsening of clini-
cal status despite successful vessel recanalization can be 
observed. It is hypothesized that the mechanisms underly-
ing this reperfusion failure are attributable to remaining 
macro- and/or microvascular dysfunction and subsequent 
persisting hemodynamic impairment within the ischemic 
territory [9–11].

In recent years, several neuroimaging techniques have 
been employed investigating microvasculature and hemo-
dynamic tissue responses following acute ischemia and 
subsequent endovascular revascularization to predict tissue 
fate [10, 12, 13]. Hyper- and hypoperfusion tissue status 
observed with perfusion-weighted magnetic resonance 
imaging (MRI) have been both associated with poor clini-
cal outcome. For instance, hypoperfusion despite success-
ful EVT is thought to result from insufficient capillary 
reflow induced by different mechanisms (e.g. microvas-
cular occlusion with microclots or neutrophils) [13–16]. 
Hyperperfusion, most likely, comes from persisting altered 
cerebrovascular autoregulation [13, 17]. A better charac-
terization of hemodynamic tissue state in these patients 
would help to further understand the mechanisms underly-
ing reperfusion failure.

Blood oxygenation-level dependent cerebrovascular 
reactivity (BOLD-CVR) may be suited as an emerging, 
clinically applicable, hemodynamic imaging technique 
capable to evaluate vessel reactivity and remaining vaso-
dilatory reserve as the result of flow redistribution under 
a controlled hypercapnic challenge [18–20]. Of particular 
interest are brain areas exhibiting BOLD-CVR-associated 
steal phenomenon in the post-reperfusion period, indicat-
ing persisting severely impaired cerebrovascular autoregu-
latory loss [21, 22]. Recently, we have enabled a clinical 
infrastructure for advanced MRI investigations in patients 
presenting with acute ischemic unilateral LVO stroke after 
reperfusion therapy (IMPreST prospective cohort study, 
https:// www. stroke. uzh. ch/ en. html).

We therefore studied the presence of BOLD-CVR iden-
tified steal, i.e., a paradoxical BOLD signal drop during 

hypercapnia [19], and its association with diffusion-
weighted imaging (DWI) lesions, as well as clinical out-
come after acute ischemic unilateral LVO stroke following 
successful endovascular thrombectomy.

Materials and Methods

Study Population

From the prospective IMPreST (Interplay of Microcir-
culation and Plasticity after ischemic Stroke) longitudi-
nal observational cohort study, we selected all patients 
with acute ischemic unilateral LVO stroke of the ante-
rior circulation that were successfully treated with EVT 
(modified Thrombolysis In Cerebral Infarction—mTICI—
scale ≥ 2b [23]) and received BOLD-CVR examination. 
The IMPreST study is a prospective study designed to 
explore the correlation between different imaging modali-
ties for microcirculation and its association with clinical 
outcome in patients with acute ischemic unilateral LVO 
stroke. Inclusion criteria were: (1) ≤ 72 h first-ever clini-
cal ischemic stroke at hospital admission; (2) occlusion 
of M1/M2-segment of the middle cerebral artery, and/
or intracranial internal carotid artery, and perfusion defi-
cits with cortical involvement; (3) 18 years or above; 
(4) living independent before stroke (modified Ranking 
Scale—mRS—≤ 3 [24]); (5) written informed consent of 
the patient or when the patient is not able to participate 
in the consenting procedure, the written authorization of 
an independent doctor who is not involved in the research 
project to safeguard the interests of the patients (in that 
case, post hoc written informed consent of the patient or 
next of kin had to be obtained). Exclusion criteria were 
the following: (1) major cardiac, psychiatric and/or neu-
rological diseases; (2) early seizures; (3) known or sus-
pected non-compliance, drug and/or alcohol abuse; (4) 
contra-indications for MRI; and (5) documented evidence 
that the patient does not want to participate in any sci-
entific study. After EVT was evaluated and, eventually, 
conducted, the included patients received standard mul-
timodality MRI at predefined time points (i.e., ≤ 72 h, at 
day 7 ± 3, at day 90 ± 14) from stroke symptom onset. The 
multimodal MR examination included 3D T1-MPRAGE, 
DWI, intravoxel incoherent motion (IVIM) imaging, 
susceptibility-weighted imaging (SWI), BOLD-CVR, 3D 
Time-Of-Flight (TOF) MR angiography, and 2D phase-
contrast imaging using the 3D coordinates determined by 
non-invasive optimal vessel analysis (NOVA) software 
(VasSol Inc.), dynamic susceptibility contrast (DSC) MR 
perfusion. Given the objective of this work, we consid-
ered only BOLD-CVR and DWI data acquired in patients 

https://www.stroke.uzh.ch/en.html
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successfully treated with EVT during the first examination 
session (i.e., ≤ 72 h from stroke symptom onset).

Ethics

The research ethic committee of the Canton Zurich, Swit-
zerland (Kantonale Ethikkommission Zürich; KEK-ZH-
NR. 2019–00750) approved the IMPreST prospective 
observational cohort study. Written informed consent was 
obtained from each participant before inclusion. The study 
was conducted in accordance with the ethical standards as 
laid down in the 1964 Declaration of Helsinki and its later 
amendments.

Image Acquisition Protocol

The imaging study was performed at 3-Tesla Skyra MRI 
scanner (Siemens Healthineers, Forchheim, Germany) 
with a 32-channel head matrix coil after the patients have 
been enrolled in the study. The exact scanning protocol 
of the investigated sequences — BOLD-CVR, DWI, 3D 
T1-MPRAGE — can be reviewed in the Supplementary 
information section.

During the BOLD MRI sequence, a standardized carbon 
dioxide  (CO2) stimulus was applied using the RespirAct™ 
(Thornhill Research Institute, Toronto, Canada), that 
allows for precise  CO2 end-tidal pressure  (PetCO2) tar-
geting while maintaining normal levels of  O2 (iso-oxia) 
[25]. Our standardized  CO2 protocol consisted of an initial 
100 s at the patient-specific resting  PetCO2, after which 
 PetCO2 was increased to 10 mmHg for 80 s, and a return 
to resting  PetCO2 for 120 s;  PetO2 was maintained at the 
patient-specific resting value for the entire duration of the 
examination.

As specified above, BOLD-CVR imaging and DWI 
data were collected in a single examination session within 
72 h from stroke symptom onset. The quality of the single 
BOLD-CVR imaging data was evaluated considering head 
motion artifacts and the consistency of the  CO2 stimulus. 
Specifically, examination were discarded from our analysis if 
the mean frame-wise displacement between adjacent acqui-
sition volumes was > 2 mm [26] or if the  CO2 step change 
was < 6 mmHg.

Image Processing

Morphological and functional images were first processed 
singularly to calculate parameter maps. BOLD-CVR 
maps were obtained according to the previously described 
Zurich analysis pipeline [27] using MATLAB2019 (The 
MathWorks, Inc., Natrick, USA) and SPM12 (Wellcome 
Trust Centre for Neuroimaging, Institute of Neurology, 
University College London). BOLD-CVR was calculated 

voxel-per-voxel as percentage of BOLD signal change 
divided by the absolute change in  PetCO2 (% ΔBOLD/
mmHg). Apparent diffusion coefficient (ADC) maps were 
automatically calculated from DWI data. All the resulting 
maps were then co-registered to the individual anatomical 
T1 space (intra-individual co-registration) using SPM12. 
Lastly, we extrapolated quantitative values from the co-
registered parameter maps for different region of interests 
(ROIs) — i.e., whole brain (WB), grey matter (GM) and 
white matter (WM), ipsilateral and contralateral hemisphere, 
and major vascular territories (anterior cerebral artery, ACA; 
middle cerebral artery, MCA; posterior cerebral artery, 
PCA). ROIs of the vascular territories were provided by 
the recently published atlases by Liu et al. [28] To better 
investigate brain areas under steal, we selected for each 
patient the relevant voxels showing negative response in the 
BOLD-CVR map. First, we considered all voxels with < 0% 
BOLD signal change/mmHg  CO2. Then, using our healthy 
atlas as reference, a Z-score map [29] of the BOLD-CVR 
map was generated and the voxels with Z-score < 2 were 
excluded. In this way, only those negative voxels that dif-
fered significantly from the healthy cohort were considered 
(Supplementary Fig. 1). Additionally, for each patient, the 
deep learning-based algorithm by Liu et al. was used to auto-
matically segment stroke lesion from DWI data (DWI infarct 
stroke lesion) [30].

Statistical Analysis

The statistical analysis of this study was carried out with 
the statistical program R studio (Posit Software, PBC for-
merly R Studio, version 02.07.2022). First, we described 
for each patient the mean BOLD-CVR values as well as 
the volumetric distribution of BOLD-CVR associated 
steal phenomenon in the different vascular territories and 
within the DWI infarct stroke lesion. Secondly, we looked 
at the spatial correlation between BOLD-CVR associated 
steal phenomenon and DWI infarct lesion by calculating 
the percentage of tissue exhibiting steal phenomenon that 
was also included in the infarct lesion. We defined therefore 
DWI-positive steal phenomenon-positive respectively DWI-
negative steal phenomenon-positive brain tissue areas, and 
we performed a Spearman’s correlation analysis to study 
the correlation between DWI-negative steal phenomenon-
positive brain tissue and DWI infarct lesion. Groin Punc-
ture-to-MR time (in hours, defined as time between start 
of EVT and first MR study session) and pre-EVT NIHSS 
were considered as covariates because we think that the first 
can be possible confounder correlating with steal phenom-
enon and DWI-lesion size and the second a surrogate of the 
extent of the initial penumbral tissue. Lastly, we modeled 
an ordinal logistic regression model [31–33] to study the 
effect of the presence of DWI-negative steal-positive brain 
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tissue on NIHSS values at discharge. We considered DWI 
lesion volumes as covariate because we think that this can 
be a possible confounder correlating with NIHSS values at 
discharge and steal phenomenon as well as age and pre-EVT 
NIHSS values as relevant baseline prognostic factors [34]. 
To check if the proportional odds assumption was satisfied, 
we used the Brant-Wald test.

Results

Between October 2019 and February 2022, twenty-six 
patients with acute ischemic unilateral LVO stroke consecu-
tively included in the IMPreST prospective study received 
BOLD-CVR examination within 72 h from stroke symp-
tom onset. Of these, 5 patients were excluded due to exces-
sive head movement during MR examination. Twenty-one 
patients were included in analysis (Fig. 1) and their baseline 
characteristics can be reviewed in Table 1.

In the MR examination session after successful reperfu-
sion therapy, we found high variability of the presence of 
steal phenomenon in the affected MCA and ACA territory of 
the included patients, with a median volume of 22 mL (IQR, 

8–64). Table 2 summarizes the volumetric distribution of 
BOLD-CVR steal for all the included patients. Interestingly, 
steal-affected regions were heterogeneously distributed both 
within and outside the DWI lesion. On average, only 19% 
(INR, 8–59) of DWI lesion overlapped the steal area; respec-
tively only 26% (IQR, 14–39) of steal volume was part of the 
DWI lesion (Supplementary Fig. 2). Within the DWI lesion, 
on average, severely impaired BOLD-CVR values were 
observed (mean ± SD; 0.042 ± 0.058 ΔBOLD%/mmHg). The 
comparison between DWI lesion size and steal phenomenon 
volume outside the DWI lesion can be reviewed in Fig. 2A. 
A Spearman’s correlation analysis showed a positive partial 
correlation between DWI lesion volume and BOLD-CVR 
steal volume found outside the stroke lesion (correlation 
coefficient, r, 0.77; P value < 0.001). This correlation was 
maintained also after adjusting for Groin Puncture-to-MR 
time and pre-EVT NIHSS as confounding variables (r 0.76; 
P value < 0.001). The extent of steal phenomenon outside 
the DWI lesion did not show any significant dependency 
with respect to time from the start of EVT to the first MR 
examination session (r -0.20; P value 0.411) and pre-EVT 
NIHSS scale (r 0.36; P value 0.126).

Fig. 1  Study flow chart. LVO 
indicates large-vessel occlusion 
stroke; IMPreST, Interplay of 
Microcirculation and Plasticity 
after ischemic Stroke; EVT, 
endovascular thrombectomy; 
mTICI, modified Thrombolysis 
in Cerebral Infarction; MR, 
magnetic resonance; BOLD-
CVR, blood oxygen level 
dependent cerebrovascular reac-
tivity; DWI, diffusion-weighted 
imaging



Translational Stroke Research 

1 3

At hospital discharge, the median NIHSS score value 
was 2 (IQR, 1–7). Fifteen patients had a NIHSS score equal 
or less than 3 (median, min–max; 1, 0–3), the remaining 
six patients more than 3 (median, min–max; 9, 7–18). The 
comparison of NIHSS at hospital discharge and DWI lesion 
size as well as steal phenomenon volumes outside the DWI 
lesion are presented in Fig. 2B.

Unadjusted ordinal regression analysis showed that the 
volume of BOLD-CVR defined steal found outside the DWI 
lesion was significantly associated with NIHSS score at dis-
charge (regression coefficient 0.053; 95%-CI 0.023 to 0.092; 
P value 0.002). After adjusting for DWI lesion size, pre-
EVT NIHSS values, and age the trend of the association was 
maintained but was not significant (Table 3), most likely due 
to the small sample size. In Fig. 3, BOLD-CVR and DWI 
findings of four example patients are presented.

Discussion

Our study shows that BOLD-CVR associated steal phenom-
enon can be detected in the affected hemisphere of patients 
with acute ischemic unilateral LVO stroke despite success-
ful EVT, which reflects microcirculatory autoregulatory 
impairment and may therefore indicate reperfusion failure. 
Brain areas with steal phenomenon only showed a partial 
spatial agreement with DWI infarct lesions, whereas steal 
phenomenon was also observed in brain tissue outside the 
DWI lesion. The brain tissue volume exhibiting steal phe-
nomenon outside the infarct — DWI — lesion correlated 
strongly with the volume of DWI derived infarct lesion and 
was a significant predictor for a poorer clinical status at hos-
pital discharge.

To the best of our knowledge, we could not identify simi-
lar studies measuring CVR after acute reperfusion therapy in 
a similar cohort of patients, and therefore a direct comparison 
of our results with already existing findings is not possible 
to date. However, some clinical studies reported the findings 
observed with other imaging techniques [35–39]. A dynamic 
growth of DWI lesion after revascularization procedures has 
been observed reflecting reperfusion failure [35, 39]. Infarct 
growth contributes to the final infarct volume, correlates with 
clinical outcome and has been associated with DWI lesion 
size pre-EVT as well as mTICI grade < 2b and hypoperfu-
sion post-EVT [35]. These findings enhance the importance 
of identifying prognostic factors that are associated with 
reperfusion failure and can therefore predict infarct lesion 
evolution after EVT. A recent work of Potreck et al. [37] 
studied tissue response after successful EVT with combined 
perfusion and permeability MR imaging and showed distinct 
post-reperfusion pathophysiological tissue responses that 
were associated with different clinical courses. In general, 

Table 1  Baseline characteristics

ICA indicates internal carotid artery; MCA, middle carotid artery; 
NIHSS, National Institutes of Health Stroke Scale; mRS, modified 
Ranking Scale; mTICI, modified Thrombolysis in Cerebral Infarction; 
IVT, intravenous thrombolysis; EVT, endovascular thrombectomy; 
MR, magnetic resonance; DWI, diffusion-weighted imaging

Baseline demographics All (n = 21)

Age
Mean ± SD 69 ± 15
Year group
 < 50 3 (14%)
50–70 8 (38%)
 > 70 10 (48%)
Sex
M 9 (43%)
F 12 (57%)
Diseased vessel
ICA 2 (10%)
MCA (M1/M2 segment) 11 (52%)
Both 8 (38%)
Clinical score at hospital admission
NIHSS
Median [IQR] 10.00 [8.00–16.00]
mRS
Median [IQR] 4.00 [3.00–5.00]
Comorbidities
Atrial fibrillation 4 (20%)
Smoking history 5 (24%)
Hypertension 13 (55%)
Dyslipidemia 8 (40%)
Obesity 3 (15%)
Diabetes 1 (5%)
Acute reperfusion therapy
IVT 10 (50%)
EVT 21 (100%)
Symptom-to-needle time
 < 4.5 h 12 (57%)
 > 4.5 h 2 (10%)
Wake-up stroke 7 (33%)
mTICI grade
2b 5 (24%)
2c 3 (14%)
3 13 (62%)
Symptom-to-MR time
 < 24 h 3 (30%)
24–48 h 11 (40%)
48–72 h 7 (30%)
DWI infarct lesion [mL]
Median [IQR] 26.30 [14.58–52.84]
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hypoperfusion occurred more often in patients with unfa-
vourable clinical outcome compared to hyperperfusion or 
unchanged perfusion. BOLD-CVR imaging, thanks to its 
capability to study vessel reactivity, offers the potential to 
provide additional information about microvascular function-
ality. We focused our analysis on brain regions exhibiting 
BOLD-CVR identified steal because we thought this could 
represent irreversible tissue damage and/or brain areas sub-
jected to reperfusion failure. Based on the current knowl-
edge on the pathophysiological mechanisms of reperfusion 
failure [9, 14, 16], we hypothesized that steal phenomenon 
could reflect on of the following: (1) exhausted regional vas-
odilatory reserve induced by microvascular occlusion with 
microclots, microvascular occlusion with recruited neutro-
phils, and/or vessel constriction; (2) loss of cerebrovascular 
autoregulation. Most of the knowledge about reperfusion fail-
ure mechanisms came from pre-clinical studies. Recently, 
Binder et al. [40] investigated the role of leptomeningeal col-
laterals in reperfusion failure in a rodent stroke model and 
reported a loss of vascular tone (i.e., loss of autoregulation) 
in the distal MCA branch segments after reperfusion which 
was associated with a worse clinical outcome.

In our study, we observed a partial spatial agreement 
between DWI infarct lesion and BOLD-CVR identified 
steal. We can distinguish three different tissue areas: DWI-
positive steal-negative brain tissue, DWI-positive steal-
positive brain tissue, and DWI-negative steal-positive 
brain tissue. In the DWI infarct lesion (“DWI-positive”), 
both steal phenomenon and impaired, but maintained 
BOLD-CVR values were observed. A possible explana-
tion to this finding is that two different tissue classes can 
be present in the DWI lesion: (1) infarcted necrotic tissue 
with disrupted vessels (i.e., no cerebrovascular reactivity) 
that consequently shows BOLD-CVR around zero with 
either slightly positive or slightly negative values [41]; (2) 
tissue not yet irreversible damaged that shows maintained 
cerebrovascular reactivity after successful reperfusion 
[39, 42]. Of major clinical relevance, we observed tissue 
exhibiting a steal phenomenon that was not included in 
the DWI lesion (“DWI-negative”), which could indicate 
tissue not irreversibly damaged but with severely impaired 
hemodynamic characteristics. We found a positive correla-
tion of this DWI-negative steal-positive brain tissue with 
DWI infarct lesion size and a significant association with 
higher NIHSS clinical score at hospital discharge. These 

Table 2  Distribution of BOLD-CVR associated steal phenomenon in the affected hemisphere

BOLD-CVR values are reported with unit [% ΔBOLD/mmHg]; volumes are reported with unit [mL]; BOLD-CVR indicates blood oxygen level 
dependent cerebrovascular reactivity; SP, steal phenomenon; GM, grey matter; WM, white matter; ACA , anterior cerebral artery; MCA, middle 
cerebral artery; PCA, posterior cerebral artery

Subject Mean BOLD-CVR 
in MCA territory

Mean BOLD-CVR 
in ACA territory

Mean ± SD BOLD-
CVR in DWI lesion

DWI infarct 
lesion volume

SP volume in 
ACA + MCA ter-
ritory

SP volume in 
DWI lesion

SP volume 
outside DWI 
lesion

1 0.07 0.11 0.04 ± 0.01 10.18 14.94 3.84 11.09
2 0.09 0.07 0.02 ± 0.01 14.58 42.64 6.42 36.22
3 0.08 0.14 0.06 ± 0.01 47.15 4.40 0.70 3.70
4 0.11 0.09 0.08 ± 0.01 2.02 2.71 0.06 2.65
5 0.06 0.08 0.01 ± 0.01 97.12 189.76 73.84 115.92
6  − 0.03  − 0.01  − 0.03 ± 0.02 117.29 174.03 73.75 100.28
7 0.08 0.06  − 0.03 ± 0.02 72.13 129.37 45.88 83.49
8 0.08 0.06 0.06 ± 0.01 26.30 8.77 1.24 7.54
9 0.12 0.08 0.04 ± 0.01 13.89 4.07 1.34 2.73
10 0.14 0.12 0.08 ± 0.01 4.29 2.59 0.00 2.60
11 0.19 0.23 0.09 ± 0.02 18.00 21.58 2.79 18.78
12 0.15 0.20 0.03 ± 0.03 36.41 42.69 19.34 23.35
13 0.08 0.08  − 0.01 ± 0.01 89.57 83.99 51.79 32.20
14 0.06 0.00 0.03 ± 0.01 17.74 25.79 3.28 22.51
15 0.20 0.14 0.17 ± 0.02 1.33 0.36 0.00 0.36
16 0.06 0.15  − 0.05 ± 0.01 52.84 113.19 46.55 66.64
17 0.04 0.05  − 0.04 ± 0.02 23.30 57.50 17.92 39.57
18 0.13 0.10 0.08 ± 0.01 30.78 18.49 4.97 13.52
19 0.18 0.13 0.13 ± 0.02 16.18 9.51 2.11 7.40
20 0.11 0.10 0.05 ± 0.01 80.20 33.94 21.05 12.89
21 0.14 0.12 0.08 ± 0.01 30.30 4.08 0.59 3.49
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findings indirectly support what we assumed in the begin-
ning, namely, that the steal phenomenon does not reflect 
just infarcted tissue and that the identified DWI-negative 
steal-positive region could depict brain tissue with micro-
vascular dysfunction (i.e., reperfusion failure) that could 
evolve to an irreversibly infarcted area.

Future Directions

Our preliminary findings highlight the potential of BOLD-
CVR imaging as a novel technique to characterize brain 
tissue hemodynamic responses after EVT. Future research, 
however, is needed to further understand the link between 
the observed BOLD-CVR steal phenomenon, reperfusion 
failure and its association with clinical outcome. These 
results need to be validated in a bigger study cohort and 
the clinical relevance of post-EVT BOLD-CVR findings on 
mid-term (90 days) and long-term clinical outcome (1 year) 
should also be investigated. A correlation analysis between 
BOLD-CVR findings and MR perfusion parameters (i.e., 
cerebral blood flow, CBF, cerebral blood volume, CBV, 
mean transit time, MTT, time-to-maximum, Tmax) could 
be performed to confirm our hypothesis of the mechanisms 
behind steal phenomenon observed in reperfused tissue (i.e., 
both loss of autoregulation with associated hyperperfusion 
and microvascular occlusion/constriction with associated 
hypoperfusion). In addition, a retrospective analysis to 
identify which pre-EVT clinical/imaging factors are asso-
ciated with the occurrence of steal phenomenon could be 
considered.

Fig. 2  Comparison plots. Panel A shows the comparison of DWI 
lesion size with BOLD-CVR derived steal phenomenon volume out-
side the DWI lesion. Panel B shows the comparison of DWI lesion 
size, respectively BOLD-CVR derived steal phenomenon volume 

outside the DWI lesion, with the NIHSS score at hospital discharge. 
DWI indicates diffusion-weighted imaging; BOLD-CVR, blood oxy-
gen level dependent cerebrovascular reactivity; NIHSS, National 
Institutes of Health Stroke Scale

Table 3  Results of the linear regression model of the association 
between BOLD-CVR associated steal phenomenon volume outside 
the infarct lesion and NIHSS score value at hospital discharge

β indicates the regression coefficient; BOLD-CVR, blood oxygen level 
dependent cerebrovascular reactivity; SP, steal phenomenon; DWI, 
diffusion-weighted imaging; NIHSS, National Institutes of Health 
Stroke Scale

Variable β 95% confidence 
interval (95-CI)

P value

Age  − 0.06  − 0.14 to 0.01 0.086
BOLD-CVR associated SP 

outside the infarct lesion
(mL)

0.04 0.00 to 0.10 0.066

DWI infarct lesion volume
(mL)

0.02  − 0.02 to 0.06 0.282

NIHSS at hospital admission 0.17  − 0.02 to 0.37 0.089
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Strength and Limitations

This work represents a preliminary analysis of BOLD-
CVR findings in a well-defined cohort of patients with 

acute ischemic unilateral LVO stroke. The investigated 
imaging modalities (BOLD-CVR and DWI) were acquired 
within the same examination session and therefore high 
intra-subject comparability between imaging data can be 

Fig. 3  Association between BOLD-CVR associated steal phenom-
enon and DWI infarct lesion. Blood oxygen level dependent cerebro-
vascular reactivity (BOLD-CVR) and trace DWI (diffusion-weighted 
imaging) map of four illustrative examples are presented. For each 
patient a whole-brain BOLD-CVR map, a BOLD-CVR showing only 
steal phenomenon tissue areas, and trace DWI map are depicted. (A) 
male subject (age range: 66–70 years) showing 97 mL infarct lesion 
in the middle cerebral artery (MCA) territory right, showing a total 
of 190  mL steal phenomenon, 74  mL within and 116  mL outside 
the infarct lesion. NIHSS 16 at hospital admission, NIHSS 9 at hos-
pital discharge. (B) Female subject (age range: 66–70  years) show-

ing 53 mL infarct lesion in the MCA territory right, showing a total 
of 113 mL steal phenomenon, 47 mL within and 67 mL outside the 
infarct lesion. NIHSS 12 at hospital admission, NIHSS 10 at hos-
pital discharge. (C) Male subject (age range: 71–75  years) show-
ing 90  mL infarct lesion in the MCA territory left, showing a total 
of 84  mL steal phenomenon, 52  mL within and 32  mL outside the 
infarct lesion. NIHSS 10 at hospital admission, NIHSS 1 at hospital 
discharge. (D) Male subject (age range: 66–70 years) showing 47 mL 
infarct lesion in the MCA territory left, showing a total of 4  mL 
steal phenomenon, 1 mL within and 4 mL outside the infarct lesion. 
NIHSS 3 at hospital admission, NIHSS 1 at hospital discharge
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assumed. However, this study has some limitations. First, 
the small sample size of the studied cohort limited the sta-
tistical power as well as the generalizability of our analy-
sis and therefore further studies including more patients 
are necessary to confirm our observations. Second, to 
avoid unethical diagnostic delay, our study did not pro-
vide imaging data about tissue state before reperfusion 
therapy. Therefore, the clinical meaning of BOLD-CVR 
identified steal before EVT is unknown. Third, we created 
a steal phenomenon mask from the BOLD-CVR magni-
tude maps selecting all the voxel exhibiting a negative 
response to the hypercapnic stimulus. However, the clini-
cal relevance of this steal phenomenon mask has not yet 
been investigated and other definitions based on different 
thresholds respectively considering also more technical 
imaging aspects (e.g., contrast-to-noise ratio) should be 
also evaluated in the future.

Conclusions

Patients with unilateral acute ischemic large-vessel occlu-
sion stroke exhibit BOLD-CVR associated steal in the early 
phase despite successful EVT. Steal volume was associated 
with DWI lesion size, and with poor clinical outcome at 
hospital discharge. The BOLD-CVR identified steal phe-
nomenon may provide a better understanding of persisting 
hemodynamic impairment following reperfusion therapy.
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