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ABSTRACT

BACKGROUND AND PURPOSE: Infarct volume in acute ischemic stroke is an important prognostic marker and determines endovas-
cular treatment decisions. This study evaluates the magnitude and potential clinical impact of the error related to partial volume
effects in infarct volume measurement on diffusion-weighted MR imaging in acute stroke and explores how increasing spatial reso-
lution could reduce this error.

MATERIALS AND METHODS: Diffusion-weighted imaging of 393 patients with acute stroke, of whom 56 had anterior circulation
large-vessel occlusion, was coregistered to standard space. Lesion boundaries were manually segmented. A 3D lesion-volume model
was resampled for voxel sizes from 4 � 4 � 8 to 1 � 1 � 2 mm, and the surface-volume, corresponding to the partial volume
error, was calculated. The number of cases with anterior circulation large-vessel occlusion, in which the endovascular therapy core
threshold of 70mL was contained within the margin of error, was calculated as a function of imaging resolution.

RESULTS: The mean infarct core volume was 27.2 6 49.9mL. The mean surface volume was 14.7 6 20.8mL for 2 � 2 � 4 mm reso-
lution and 7.4 6 10.7mL for 1 � 1 � 2 mm resolution. With a resolution of 2 � 2 � 4 mm, 70mL was contained within the margin
of error in 7/56 cases (12.5%) with large-vessel occlusion, while with a 1 � 1 � 2 mm voxel size, the margin of error was 3/56 (5%).
The lesion-volume range of potentially misclassified lesions dropped from 46.5–94.1 mL for a 2 � 2 � 4 mm resolution to 64.4–
80.1 mL for a 1 � 1 � 2 mm resolution.

CONCLUSIONS: Partial volume effect is an important source of error in infarct volume measurement in acute stroke. Increasing
spatial resolution substantially decreases the mean error. Standard use of high-resolution DWI should be considered to increase
the reliability of infarct volume measurements.

ABBREVIATION: LVO ¼ large-vessel occlusion

Infarct core volume is a known predictor of outcome in patients
with acute stroke; smaller infarct cores are associated with bet-

ter outcomes and higher rates of functional independence. In
patients with a small infarct core, thrombectomy leads to a more
favorable result.1-4 Diffusion-weighted imaging is considered the

criterion standard for infarct core measurement. A large infarct
core, usually above 70mL, was considered a contraindication for
endovascular therapy in many clinical trials and is commonly
used as a threshold in clinical practice.5-7

The accuracy of DWI-based infarct core measurement is limited
by several factors. For example, although DWI hyperintense lesions
are generally considered to represent irreversibly damaged tissue,
reversible DWI lesions have been reported.8,9 Another important
potential source of error is partial volume effects at the border of
the lesion due to the finite spatial resolution reconstruction.

The surface volume (ie, the volume of the surface voxels) rep-
resents the volume in which misclassification can occur due to
the partial volume effect and is an established measure of spatial
resolution–induced measurement error.10 This error is equal to
the number of voxels composing the surface, multiplied by the
individual voxel volume used in image reconstruction (Fig 1).
Because of the complex shapes of most large stroke lesions (eg,
those with a gyriform pattern), volume measurement error due
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to partial volume effects could potentially lead to an erroneous
choice of therapy.

The purpose of our study was to assess the magnitude and
potential therapeutic impact of errors related to partial volume
effects in infarct core volume measurement on DWI in acute
stroke. Furthermore, we aimed to evaluate to what extent increas-
ing the spatial resolution could reduce this error.

MATERIALS AND METHODS
Patients
Approval from the local ethics committee was obtained for this
anonymized, retrospective evaluation. MR imaging examinations
of patients who presented in the emergency department of the
University Hospital of Basel with symptoms of acute ischemic
stroke between August 2010 and November 2017 were reviewed
and considered for this study. A subgroup analysis was performed
in the group with anterior circulation large-vessel occlusion (LVO)
who be considered endovascular treatment–eligible according to

their occlusion site based on current American Heart Association/
American Stroke Association guidelines.11

Technical Parameters
MR imaging examinations were performed on a Magnetom Skyra
3T, a Magnetom Skyra fit 3T, or a Magnetom Avanto fit 1.5T
scanner (Siemens) and included diffusion-weighted (acquired at
b ¼ 1000 s/mm2), fluid-attenuated inversion recovery, and sus-
ceptibility-weighted images. The Table provides a summary of
the acquisition parameters.

Image Postprocessing
All diffusion-weighted images were coregistered to the standard
Montreal Neurological Institute template (http://www.bic.mni.
mcgill.ca/ServicesAtlases/ICBM152NLin2009) space rotated in
the anterior/posterior commissure direction, using an affine
transformation and a mutual information loss, and resampled
to a standard resolution of 128 � 128 � 40 voxels with the
Advanced Normalization Tools library (http://stnava.github.io/
ANTs/). Images were then saved back in the DICOM format
using a homemade C++ code.

Infarct Core Segmentation
Infarct cores, if present, were manually segmented by 2 radiol-
ogists (J.M.O., V.S.-Z.) on the coregistered b=1000 s/mm2

DWI using an open-source DICOM viewing software
(horosproject.org). Tissue was identified as infarct on the basis
of hyperintensity compared with the surrounding tissue and
the contralateral hemisphere. Imaging artifacts resembling
infarct cores were distinguished from real infarct cores on the
basis of contextual information from the whole image includ-
ing symmetry/bilaterality, presence of metals, other causative
materials, and typical anatomic location near the skull base or
on brain-bone/air interfaces. Parenchymal hematomas in con-
tinuation with or within infarcts were included in the segmen-
tation. In case of doubt, to distinguish hyperintensity due to
acute infarction from leukoaraiosis and chronic white matter
changes, we reviewed the other available MR images, including
the b ¼ 0 s/mm2 images and fluid-attenuated inversion recov-
ery images.

FIG 1. Inaccuracy of volumetric measurements at the lesion surface.
The grid represents voxel boundaries; the solid line represents an
acute ischemic lesion. Voxels outlined in gray are the surface voxels,
ie, those voxels with lesion margins. The sum of the surface voxel vol-
ume is a measure of the potential measurement error due to partial
volume effects, which results from discretization at the lesion surface
(the net volume uncertainty per surface voxel has been defined as
half of the volume of the voxel in both the positive and negative
directions). Standard resolution leads to large surface volume and
thus has the potential for large measurement errors (A). Increasing
the spatial resolution substantially reduces the surface volume and
thereby decreases the potential measurement error (B).

Diffusion-weighted imaging acquisition parameters
Parameter Mean SD Range

Section thickness (mm) 3.03 0.22 3–5
TR (ms) 6989.76 1518.53 3550–9600
TE (ms) 99.59 3.32 59–104
Interslice gap (mm) 0.6 – 0.6–0.6
Sequence duration (sec) 583 168 312–984
Field strength 1.5T: n ¼ 251 (63.9%)

3T: n ¼ 142 (36.1%)
Matrix size 128: n ¼ 282 (71.8%)

162: n ¼ 106 (27.0%)
192: n ¼ 5 (1.3%)

In-plane resolution 2.00 � 2.00mm: n ¼ 318 (81.0%)
1.36 � 1.36mm: n ¼ 46 (11.7%)
1.20 � 1.20mm: n ¼ 4 (1.0%)
1.13 � 1.13mm: n ¼ 1 (0.3%)
0.68 � 0.68mm: n ¼ 24 (6.1%)

Note:—– indicates that there was no SD as the interslice gap was 0.6 mm in all cases.
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Lesion Tessellation
Section-by-section parameterization of segmented ischemic cores
using spline interpolants was performed to reconstruct lesion
boundaries with arbitrarily high in-plane resolution, and tessel-
lated surfaces were reconstructed from the interpolated lesion
boundary points, thereby providing lesion boundaries of varying
in-plane resolutions. Reconstruction of the high-resolution 3D
lesions with voxels of fixed size within the tessellated surface
boundaries was then performed for a continuous range of voxel
sizes from 4 � 4 � 8 to 1 � 1 � 2mm using a Matlab routine
(MathWorks). Section-by-section parameterization and lesion
tessellation are illustrated in detail in the On-line Appendix.

Data Analysis and Statistics
Differences in the segmented stroke volumes between the 2 radi-
ologists were visualized with a Bland-Altman plot. Infarct core
volumes and infarct core surface volumes were calculated for
both readers and were averaged for further analysis. Means and
SDs were calculated for averaged stroke volume and surface vol-
ume, and the number of patients in whom the margin of error
(ie, mean infarct volume 6 50% of the mean surface volume)
contained 70mL, which is the commonly used decision thresh-
old for endovascular treatment,5,6 was calculated for each voxel
size. A Spearman correlation was performed to assess the rela-
tionship of spatial resolution and surface volume. Correlation
coefficients and corresponding P values were calculated for each
patient and averaged.

RESULTS
Data Base Characteristics
MR imaging examinations of 393 patients with DWI-hyperintense
lesions consistent with acute infarction were included in this
study (220 male patients, 56.0%). The mean age was 71.66 14.2
years. Fifty-six patients had an anterior circulation large-vessel
occlusion (26 male patients, 46.4%; mean age, 71.7 6 14.9 years;
median NIHSS score, 8; interquartile range, 12–17.5), with a me-
dian time from symptom onset to MR imaging of 26 hours (inter-
quartile range, 21.8–30.8 hours). These included 34 M1 segment
middle cerebral artery occlusions, 21 terminal internal carotid

artery occlusions, and 1 A1 segment
anterior cerebral artery occlusion.

Human Segmentation
Comparison of segmentation vol-
umes performed by both radiologists
showed good agreement: In 380/393
(96.03%), the difference was within
the limits of agreement (Fig 2). Mean
infarct volume was 27.2 6 49.9mL,
and 69.4 6 81.1mL in the subgroup
of patients with anterior circulation
LVO. Thirty-two of 393 (8.1%)
infarct volumes were above 70mL. In
8/393 (2.0%) infarct volumes, the
readers disagreed on whether the
infarct volume was greater or less

than 70mL. On-line Fig 3 shows how human segmentations
were performed on an exemplary case.

Volume Error Related to Partial Volume Effects
Themean surface volume (ie, volume error related to partial volume
effects) was 14.7 6 20.8mL for a reconstruction voxel size of 2 �
2 � 4mm and 7.4 6 10.7mL for a size of 1 � 1 � 2mm. In the
patients with anterior circulation LVO, the mean surface volume
was 64.8 6 31.1mL for a reconstruction voxel size of 2 � 2 �
4mm and 17.7 6 16.3mL for a size of 1 � 1 � 2mm. Fig-
ure 3 shows the simulation results for additional spatial resolution
steps. There was a strong and highly significant correlation between
spatial resolution and surface volume (P¼ 0.903, P, .001).

Volume Range Containing the Clinical-Decision Volume
Threshold of 70mL as Function of Reconstruction
Resolution
With a reconstruction voxel size of 2� 2� 4mm, the clinical-de-
cision volume threshold of 70mL was contained in a lesion vol-
ume ranging from 46.5 to 94.1mL—that is, lesions as small as
46.5mL could have been erroneously classified as.70mL due to
partial volume effects, and lesions of 94.1mL volume could have
been erroneously classified as ,70mL (Fig 4B). Reducing the
reconstruction voxel size to 1 � 1 � 2mm resulted to the clini-
cal-decision volume threshold being contained in the range of
64.4–80.1mL (Fig 4C).

Number of Patients with Anterior Circulation LVO within
the Range of Measurement Error
In the patients with anterior circulation LVO, the clinical-decision
volume threshold of 70mL was contained within the range of mea-
surement error in 7/56 cases (12.5%) with a resolution of 4 � 2 �
2 mm and in 3/56 cases (5.3%) with a resolution of 1 � 1 � 2mm
(Fig 5).

DISCUSSION
Accurate determination of infarct volume in acute ischemic
stroke is crucial because infarct core volume was used as an exclu-
sion criterion in several randomized controlled trials6,11 and has
become a key decision driver in endovascular therapy decision-

FIG 2. Interreader agreement of manual infarct core segmentation. Bias (0.82mL) is shown with a
solid line. Lower limits of agreement (LOA, �16.74mL) and upper limits of agreements (ULA,
18.38mL) are marked with dashed lines.
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making. Our study demonstrates the importance of spatial reso-
lution when performing DWI-based infarct measurements in the
context of acute stroke imaging: With a reconstruction resolution
of 2 � 2 � 4 mm, the mean error in our patient cohort was
14.7mL, and a resolution of 1 � 1 � 2 mm led to a noteworthy
decrease of the error to 7.4mL. The same held true for the
number of cases in which 70mL was contained within the mar-
gin of error in volume measurements (from 12.5% of cases with
LVO using a 2 � 2 � 4 mm resolution to 5% of cases using a 1 �
1� 2 mm resolution), while the range of lesion volumes measured
in these cases decreased from 46.5–94.1 to 64.4–80.1mL.

Our findings suggest that DWI in the context of acute stroke
should be acquired with the maximal resolution possible. Of note,

the maximal achievable resolution is variable across scanners and
depends mostly on the imaging gradient strength. While the
increase in resolution implies a decrease in the signal-to-noise ratio,
this should be acceptable because of the high contrast of the DWI
findings positive for lesions compared with the normal brain paren-
chyma. In case the signal-to-noise ratio needs to be improved, scan
time could be increased.12 However, stroke outcomes are highly
time-dependent, and treatment delays should, therefore, be
avoided. If a high-resolution DWI sequence were to be used in the
acute setting, its acquisition time has to be relatively short. High-re-
solution DWI sequences with acquisition times of ,5minutes are
available and have been shown to increase lesion conspicuity and
the overall number of visible lesions in acute ischemic stroke.13,14

FIG 4. Distribution of stroke lesion volumes for the cases in which 70mL is contained within the margin of measurement error for voxel sizes of 4�
4 � 8mm (A), 2 � 2 � 4mm (B), and 1 � 1 � 2mm (C). With increasing spatial resolution, the range of lesion volumes for which the margin of error
contains 70mL is reduced. Lesion ranges were as follows: 4 � 4 � 8mm (A): 40.96–126.46mL; 2 � 2 � 4mm (B): 46.5–94.1mL; and 1 � 1 � 2mm (C):
64.35–80.13mL.

FIG 3. Surface volume as a function of spatial resolution for all cases (A) and for the cases with anterior circulation large-vessel occlusion (B).
Surface volume (median and interquartile range) are shown on the y-axis, and spatial resolution, on the x-axis. With increasing spatial resolution,
a marked decrease in surface volume can be observed.
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Several further sources of errors that can occur in DWI-based
infarct core measurement were not considered in this work, such
as inhomogeneities in the B0 and diffusion-weighted gradient
and imaging gradient fields,2,3 errors in section selection, and
motion artifacts.15,16 Because the effect of these errors is multipli-
cative, our results most probably substantially underestimated the
real volume measurement error. Reducing measurement error
due to partial volume averaging is even more important in
patients with larger, complex-shaped infarcts (ie, gyriform, white
matter–sparing infarct patterns) because the lesion surface and
hence the potential error due to partial volume averaging are par-
ticularly large in such patients.

Limitations
Our study has several limitations: First, this was a single-center
study. The images used were mostly acquired after thrombolytic or
endovascular therapy, but it is reasonable to assume that the sizes
and shapes of the lesions were similar to lesions in the therapeutic
window. Infarct segmentation was performed manually, possibly
introducing some inaccuracy, though interreader agreement of the
infarct segmentations was good. We performed a “virtual increase”
using lesion tessellation to simulate high-resolution DWI, and not
“real” high-resolution DWI, which has been shown to be feasible at
and beyond the smallest voxel size simulated in this study but yields
its own set of challenges that have not been addressed in this study.
These include a decrease in signal-to-noise ratio with voxel size and

increased motion artifacts due to longer
required scan times. Furthermore,
endovascular therapy trials that used
DWI for infarct core measurement and
established the 70-mL threshold might
have had the very same measurement
inaccuracy described in this article but
were nevertheless able to show the clini-
cal significance of this threshold. DWI
volume is used in most multicentric
studies as a surrogate marker for stroke
severity, for example in the Diffusion
Weighted Imaging Evaluation for
Understanding Stroke Evolution Study
2 (DEFUSE 2) studies,17 but in clinical
practice, pretreatment MR imaging is
performed only in a limited number of
centers. Despite these limitations, our
study provides preliminary exploratory
evidence for the magnitude of infarct
core measurement error on DWI that
can arise due to partial volume averag-
ing and offers a starting point for
future investigations on how to reduce
these inaccuracies.

CONCLUSIONS
When one performs DWI-based volu-
metric stroke infarct measurements
with routinely used spatial resolutions,
measurement errors due to partial vol-

ume averaging are substantial and can potentially affect clinical de-
cision-making. Thus, infarct volumes derived from DWI should be
interpreted with caution. The magnitude of error can be mini-
mized when spatial resolution is increased. Because fast and robust
high-resolution DWI sequences are available, they should be used
in acute stroke imaging whenever possible to accurately measure
infarct cores and come to a solid, well-informed endovascular ther-
apy decision.
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