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ABSTRACT

BACKGROUND AND PURPOSE: Noninvasive perfusion-weighted imaging with short scanning time could be advantageous in order
to determine presumed penumbral regions and subsequent treatment strategy for acute ischemic stroke (AIS). Our aim was to
evaluate interobserver agreement and the clinical utility of intravoxel incoherent motion MR imaging in patients with acute ische-
mic stroke.

MATERIALS AND METHODS: We retrospectively studied 29 patients with AIS (17 men, 12 women; mean age, 75.2 [SD, 12.0 ] years;
median, 77 years). Each patient underwent intravoxel incoherent motion MR imaging using a 1.5T MR imaging scanner. Diffusion-sen-
sitizing gradients were applied sequentially in the x, y, and z directions with 6 different b-values (0, 50, 100, 150, 200, and 1000 sec-
onds/mm2). From the intravoxel incoherent motion MR imaging data, diffusion coefficient, perfusion fraction, and pseudodiffusion
coefficient maps were obtained using a 2-step fitting algorithm based on the Levenberg-Marquardt method. The presence of
decreases in the intravoxel incoherent motion perfusion fraction and pseudodiffusion coefficient values compared with the contra-
lateral normal-appearing brain was graded on a 2-point scale by 2 independent neuroradiologists. Interobserver agreement on the
rating scale was evaluated using the k statistic. Clinical characteristics of patients with a nondecreased intravoxel incoherent
motion perfusion fraction and/or pseudodiffusion coefficient rated by the 2 observers were also assessed.

RESULTS: Interobserver agreement was shown for the intravoxel incoherent motion perfusion fraction (k = 0.854) and pseudodiffu-
sion coefficient (k = 0.789) maps, which indicated almost perfect and substantial agreement, respectively. Patients with a nonde-
creased intravoxel incoherent motion perfusion fraction tended to show recanalization of the occluded intracranial arteries more
frequently than patients with a decreased intravoxel incoherent motion perfusion fraction.

CONCLUSIONS: Intravoxel incoherent motion MR imaging could be performed in , 1 minute in addition to routine DWI. Intravoxel
incoherent motion parameters noninvasively provide feasible, qualitative perfusion-related information for assessing patients with
acute ischemic stroke.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; D ¼ diffusion coefficient; D* ¼ pseudo-diffusion coefficient; EVT ¼ endovascular thrombectomy; f ¼ perfu-
sion fraction; IVIM ¼ intravoxel incoherent motion

MR imaging is one of the best modalities for diagnosing acute
ischemic stroke (AIS) and plays a crucial role in treatment

decisions for procedures such as endovascular thrombectomy
(EVT). A multicenter randomized clinical trial (Multicenter
Randomized Clinical trial of Endovascular treatment for Acute is-
chemic stroke in the Netherlands; the MR CLEAN trial) revealed
notable benefits from EVT in patients with AIS.1 Positive results
from the Endovascular Therapy Following Imaging Evaluation for
Ischemic Stroke 3 (DEFUSE 3)2 and Clinical Mismatch in the
Triage of Wake Up and Late Presenting Strokes Undergoing
Neurointervention with Trevo (DAWN) trials3 have extended the
therapeutic windows for AIS.

Findings from DWI are important for determining ischemic
cores and have been included for assessing infarct volume in
randomized clinical trials such as DEFUSE 3 and DAWN.2,3 CT
perfusion imaging provides useful information to identify presumed

Received November 10, 2021; accepted after revision February 11, 2022.

From the Departments of Radiology (K.Y., R.K., K.F., S.H., J.M., T.N.), Cerebrovascular
Medicine and Neurology (H.S., T.K., Y.O.), Neuroendovascular Therapy (S.T.),
Clinical Research Institute, and Medical Technology (K.K.), Division of Radiology,
National Hospital Organization Kyushu Medical Center, Fukuoka, Japan.

This work was supported by Nishikawa Medical Foundation, and the Japan Society
for the Promotion of Science (JSPS) KAKENHI Grant Number 22K07657.

Please address correspondence to Koji Yamashita, MD, PhD, Department of
Radiology, Clinical Research Institute, National Hospital Organization Kyushu
Medical Center, 1-8-1 Jigyohama, Chuo-ku, Fukuoka 810-0065 Japan; e-mail:
yamakou@radiol.med.kyushu-u.ac.jp

Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A7486

696 Yamashita May 2022 www.ajnr.org

https://orcid.org/0000-0002-7417-739X
https://orcid.org/0000-0003-0971-3448
https://orcid.org/0000-0002-1135-1653
https://orcid.org/0000-0002-1836-9311
https://orcid.org/0000-0002-2797-2091
https://orcid.org/0000-0002-0870-3179
https://orcid.org/0000-0002-5685-107X
https://orcid.org/0000-0003-4671-5418
https://orcid.org/0000-0001-6277-3736
https://orcid.org/0000-0002-3150-6157
https://orcid.org/0000-0002-8054-5099
mailto:yamakou@radiol.med.kyushu-u.ac.jp
http://dx.doi.org/10.3174/ajnr.A7486


penumbral regions and has a large influence on decision-making
for EVT. On the other hand, CT perfusion depends on factors such
as motion, the time-density curve, determination of arterial input
functions, and so forth.4 Technical pitfalls including core volume
measurement error, misclassification of ischemic penumbra, and
stroke mimics (seizure, migraines, and posterior reversible leukoen-
cephalopathy) are also well-known.4 Theoretically, perfusion-
weighted MR imaging provides less misregistration of lesions that
appear hyperintense on DWI than other imaging modalities.

Dynamic susceptibility contrast, dynamic contrast enhance-
ment, arterial spin-labeling, and intravoxel incoherent motion
(IVIM) imaging offer perfusion-related parameters. Among these
methods, IVIM imaging would provide advantages in terms of
noninvasiveness as well as allowing registration with DWI. Le
Bihan et al5 implemented the concept of IVIM MR imaging to
separate the signal into diffusivity and microcapillary perfusion
components with different exponential decays. IVIM MR imag-
ing allows simultaneous extraction of perfusion and diffusion pa-
rameters and is reportedly useful for differentiating high- and
low-grade gliomas,6,7 glioblastomas and lymphomas,8,9 and pedi-
atric brain tumors.10 Ideally, a shorter scanning time using a
small number of b-values would lead to advantages in reducing
the time to subsequent reperfusion therapy. Federau et al11

reported the feasibility of IVIM MR imaging using 6 b-values for
AIS: 0, 50, 100, 150, 200, and 1000 s/mm2. However, the interob-
server reliability of IVIM MR imaging using these 6 b-values and
the clinical characteristics of patients with decreased or nonde-
creased IVIM parameters have not been well-explored.

The goal of this study was, therefore, to evaluate interobserver
agreement and the clinical utility of IVIM MR imaging in
patients with AIS.

MATERIALS AND METHODS
Subjects
This retrospective study was approved by National Hospital
Organization Kyushu Medical Center institutional review board
for clinical research. The requirement of obtaining informed con-
sent for study participation was waived due to the retrospective
nature of this study. We studied 35 patients with nonlacunar AIS
(21 men, 14 women; mean age, 75.6 [SD, 11.6] years; median age,
77 years) between August 2020 and June 2021. All subjects ful-
filled the following criteria: MR imaging performed within 7 days

after either symptom onset or last seen well, and patients under-
going IVIM imaging. Six of the 35 patients were excluded from
the study due to motion-related image degradation.

MR Imaging
All images were obtained using a 1.5T MR imaging scanner
(Achieva; Philips Healthcare) and an 8-channel head array receiv-
ing coil for sensitivity encoding parallel imaging. IVIM imaging
was performed using a single-shot spin-echo echo-planar
sequence with the following parameters: TR, 3500ms; TE, 75ms;
flip angle, 90°; NEX, 1; transverse sections, 23; sensitivity encod-
ing factor, 2; section thickness, 5mm; interslice gap, 1.5mm;
FOV, 220� 220mm; matrix, 124� 105; and imaging time,
1minute 24 seconds. Diffusion-sensitizing gradients were imple-
mented in 3 orthogonal directions with 6 different b-values (0,
50, 100, 150, 200, and 1000 s/mm2). Directional averaging was
performed before applying the IVIM model.

Postprocessing
From the IVIM imaging data, diffusion coefficient (D), perfusion
fraction (f), and pseudodiffusion coefficient (D*) maps were
obtained using a 2-step fitting algorithm based on the Levenberg-
Marquardt method. The open-source platform ADCmap Plugin
(Version 1.8, http://web.stanford.edu/�bah/software/ADCmap/
versions.html), running OsiriX Lite, Version 8.0.1 (https://www.
osirix-viewer.com) was applied for the fitting process for DWI
data. In short, D values were calculated using a monoexponential
signal equation for b-values $ 200 s/mm2 in the first step.
Subsequently, curve fitting was performed to obtain f and D* values
using all 6 b-values, while the acquired D value was kept fixed.12

Image Evaluation
Representative DWI with b=1000 s/mm2 and IVIM parameter
(D, f, and D*) maps are shown in Fig 1. IVIM f and D* values
were evaluated and graded on a 2-point scale by 2 independent
neuroradiologists. Two observers determined the presence of
decreases in f and D* values compared with the contralateral nor-
mal-appearing brain with reference to the hyperintense region on
DWI with a b-value of 1000 s/mm2.

Second, clinical characteristics of patients with nondecreased
IVIM f and/or D* as rated by the 2 observers were assessed.
Specifically, the cause of AIS was classified as cardioembolic,

FIG 1. Representative DWI with a b-value of 1000 s/mm2 (A), IVIM D (B), f (C), and D* (D) maps obtained using a 2-step algorithm. A 90-year-old
woman with AIS. IVIM f and D* are expressed in units of percentage and �10�3 mm2/s, respectively. Interobserver agreement is shown for IVIM
f (k = 0.854; P , .001) and D* (k = 0.789; P , .001) using the 2-step algorithm, which indicated almost perfect and substantial agreement,
respectively.
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atherothrombotic, or undetermined. The number of recanalized
occluded intracranial arteries was also examined.

Next, a circular ROI (area, $10 mm2) was placed, as large as
possible, within hyperintense lesions on DWI with a b-value of
1000 s/mm2 by an experienced neuroradiologist. A mirrored ROI
was also drawn in the corresponding contralateral region. ROIs
on DWI were copied onto corresponding IVIM parameter (D, f,
and D*) maps to calculate mean values for D, f, and D* (Dmean,
fmean, and D*mean, respectively).

Statistical Analyses
Interobserver agreement on the rating of IVIM f and D* maps
was evaluated using k statistics. k values for interobserver agree-
ment were evaluated as the following: 0, poor; 0.01–0.20, slight;
0.21–0.40, fair; 0.41–0.60, moderate; 0.61–0.80, substantial; and
.0.80, almost perfect. The difference in the frequency of recanal-
ized occluded intracranial arteries between patients with
decreased and nondecreased IVIM f was compared using the
Pearson x 2 test.

For the correlation between IVIM parameters (Dmean, fmean,
and D*mean) and time after stroke onset, a simple regression
model was used to model trajectories with linear, quadratic,
cubic, and logarithmic. The Akaike information criterion was
used to determine the best fitting model.

IVIM Dmean, fmean, and D*mean values were compared between
the affected and contralateral unaffected sides using a 2-tailed
paired Student t test. In all statistical analyses, the level of signifi-
cance was set at P, .05. All statistical analyses were performed
using R statistical and computing software, Version 3.5.1

(http://www.r-project.org), and graphs were plotted on GraphPad
Prism, Version 7 (GraphPad Software).

RESULTS
As a result, a total of 29 patients with AIS (17 men, 12 women;
mean age, 75.2 [SD 12.0] years; median age, 77 years) were
included in this study. The median time from symptom onset or
last seen well to MR imaging was 26 hours (range, 1 hour to
7days), and the mean NIHSS score at presentation was 6.1 (SD,
7.4). We identified the cause of AIS as cardioembolic in 11 patients,
atherothrombotic in 11, and undetermined in 7. A total of 7 cases
showed recanalization of occluded intracranial arteries based on
MR angiography.

Interobserver Agreement on the Rating of IVIM f and D*

Maps
Interobserver agreement was shown for IVIM f (k = 0.854, P ,
.001) and D* (k = 0.789, P , .001), which indicated almost per-
fect and substantial agreement, respectively. Figure 1 shows rep-
resentative IVIM f and D* maps obtained using the 2-step fitting
algorithm.

Clinical Characteristics of Patients with Nondecreased
IVIM f and/or D*

The 12 patients with nondecreased IVIM f as rated by observers
showed recanalization of occluded intracranial arteries more fre-
quently (n=6; 6/12, 50%) than the 17 patients with decreased
IVIM f (1/17, 5.9%; P, .05). Patients with nondecreased IVIM
D* showed a trend similar to that in those with nondecreased

FIG 2. A DWI with a b-value of 1000 s/mm2 (A), IVIM D (B), f (C), D* (D) maps, and MRA (E) of a 73-year-old man with AIS. MR imaging was per-
formed 7 days after symptom onset. Nondecreased IVIM f and D* are identified on the f and D* maps. MR angiography represents spontaneous
recanalization of the occluded left distal MCA (E; arrows). MRA performed 33 hours after symptom onset (F) is also shown as a reference.

698 Yamashita May 2022 www.ajnr.org

http://www.r-project.org


IVIM f. Figure 2 shows the case of presumed spontaneous recan-
alization of an occluded MCA after AIS.

Correlation between IVIM Parameters and Time after
Stroke Onset
The numbers in parentheses represent adjusted R2 and P values
using the best fitting model based on the Akaike information cri-
terion. No statistical correlation was noted among IVIM Dmean

(0.096, .10), fmean (0.16, .06), and D*
mean (�0.017, .47) in the pre-

sumed ischemic core and time after stroke onset.

Dmean, Fmean, and D*mean on Affected and Contralateral
Unaffected Sides
Figure 3 shows plots of Dmean, fmean, and D*

mean for both affected and
contralateral unaffected sides. Mean Dmean and fmean values were lower
on the affected side (mean Dmean = 0.45 [SD, 0.09]� 10�3 mm2/s;
mean fmean = 3.22% [SD, 2.93%]) than on the contralateral unaffected
side (mean Dmean = 0.76 [SD, 0.11]� 10�3 mm2/s, P, .0001; mean
fmean = 5.55 6 2.16%, P=.001). No statistical difference in mean
D*

mean was evident between the affected side (22.6 [SD, 7.24]� 10�3

mm2/s) and the contralateral unaffected side (24.3 [SD, 4.94] �
10�3 mm2/s; P=.24).

DISCUSSION
IVIM f and D* using the 2-step fitting algorithm provided the x

values of 0.854 and 0.789, respectively, which demonstrated high
interobserver agreement and feasible indicators for assessing
patients with AIS. Patients with nondecreased IVIM f and D* after
AIS had a higher rate of the recanalization of occluded intracranial
arteries in this study. IVIM MR imaging with its scanning time of
,1minute in addition to routine DWI with b-values of 0 and
1000 s/mm2 offers a choice of noninvasive perfusion-weighted
imaging for patients with suspected AIS.

In the present study, patients with nondecreased IVIM f and
D* as rated by the observers showed recanalization of occluded
intracranial arteries more frequently than with decreased IVIM f
and D*. Padroni et al13 identified relative CBV as a strong indica-
tor of recanalization status. MTT reportedly offers a valuable tool
for assessing patients with AIS who may benefit from EVT.14 Our
results are in line with the findings from previous studies. In
addition, Eilaghi et al15 indicated that reperfusion indices for
CBF, CBV, MTT, and time to maximum were more highly

associated with good clinical outcome than recanalization status.
Validation using longitudinal data comprising values both before
and after recanalization of occluded intracranial arteries would
strengthen our results and represents the next step in our
research.

Minimizing misinterpretation of IVIM parameter maps for
clinical use is important. Almost perfect interobserver agreement
was seen for IVIM f, and substantial agreement, for IVIM D* as
rated by the 2 observers in this study. A total of 6 b-values (0, 50,
100, 150, 200, and 1000 s/mm2) have been accepted as the refer-
ence standard for IVIM MR imaging when assessing AIS.11,16

More complex models would provide better results, while sophis-
ticated models may cause the problem of overfitting due to data
variations contaminated by noise and motion.17 IVIM parameter
maps allow more accurate imaging evaluation with hyperintense
lesions on DWI over other perfusion-weighted imaging such as
dynamic susceptibility contrast, dynamic contrast enhancement,
or arterial spin-labeling in terms of misregistration. MR perfu-
sion-weighted imaging using IVIM is reportedly useful in
patients with stroke with large-vessel occlusion.11 IVIM parame-
ter maps obtained from the 2-step fitting algorithm look less
complicated with lower image noise than biexponential models,
though which method is better for assessing AIS remains
uncertain.

Dmean and fmean values were lower on the affected side than
on the contralateral unaffected side. IVIM f is related to blood
volume.11,18 Our result is consistent with previous literature using
MR imaging and PET.19,20 In contrast, we observed no statistical
differences in D*

mean values between the affected and contralat-
eral unaffected sides. IVIM D* is related to blood speed but fluc-
tuates during the cardiac cycle, in contrast to the f and D
values.21 IVIM D*, thus, should be evaluated carefully along with
other parameters.

In the present study, no correlation was observed between
IVIM parameters in the presumed ischemic core and time after
stroke onset. Fiebach et al22 reported the time course for the ADC
in the ischemic core. Our results were not consistent with that
research, possibly due to differences in the distribution of stroke
subtypes and recanalization of occluded intracranial arteries.

Our study had several limitations. First, the present study
comprised a small number of cases with various stroke subtypes
and elapsed time from stroke onset. It is important to identify the

FIG 3. Plots of Dmean (A), fmean (B), and D*
mean (C) on both the affected and contralateral unaffected sides. The Dmean and fmean values were lower

on the affected side (mean Dmean = 0.45 [SD, 0.09]� 10�3 mm2/s; mean fmean = 3.22% [SD, 2.93%]) than on the contralateral unaffected side (mean
Dmean = 0.76 [SD, 0.11]� 10�3 mm2/s, P, .0001; mean fmean = 5.55% [SD, 2.16%], P = .0010). No statistical difference in mean D*

mean was evident
between the affected side (22.6 [SD, 7.24]� 10�3 mm2/s) and the contralateral unaffected side (24.3 [SD, 4.94]� 10�3 mm2/s; P = .24).
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at-risk-but-viable penumbral tissue in the setting of AIS.
Decreased IVIM f was presumed the infarct core with AIS23 or a
penumbral lesion in hyperacute brain stroke.11 Further validation
studies with larger sample sizes are needed. Second, this study
was retrospective in nature, and selection bias due to nonrandom
selection may have occurred. Third, a minimum of 6 directions
should be acquired in the DTI framework, though it might take
too long in the context of AIS.24 Last, about half of the subjects
had already undergone administration of intravenous recombi-
nant tPA or endovascular treatment before MR imaging. Thus,
further validation studies using longitudinal data are needed in
the future. Nevertheless, we believe our results shed light on the
availability of IVIM parameters in routine clinical practice.

CONCLUSIONS
IVIM MR imaging noninvasively provides feasible qualitative in-
formation in assessing patients with AIS.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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