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ABSTRACT

In stroke care, the extent of irreversible brain injury, termed infarct core, plays a key role in determining
eligibility for acute treatments, such as intravenous thrombolysis and endovascular reperfusion therapies. Many
of the pivotal randomized clinical trials testing those therapies used MRI Diffusion-Weighted Imaging (DWI) or
CT Perfusion (CTP) to define infarct core. Unfortunately, these modalities are not available 24/7 outside of large
stroke centers. As such, there is a need for accurate infarct core determination using faster and more widely
available imaging modalities including Non-Contrast CT (NCCT) and CT Angiography (CTA).

Prior studies have suggested that CTA provides improved predictions of infarct core relative to NCCT; how-
ever, this assertion has never been numerically quantified by automatic medical image computing pipelines using
acquisition protocols not confounded by different scanner manufacturers, or other protocol settings such as
exposure times, kilovoltage peak, or imprecision due to contrast bolus delays. In addition, single-phase CTA
protocols are at present designed to optimize contrast opacification in the arterial phase. This approach works
well to maximize the sensitivity to detect vessel occlusions, however, it may not be the ideal timing to enhance
the ischemic infarct core signal (ICS).

In this work, we propose an image analysis pipeline on CT-based images of 88 acute ischemic stroke (AIS)
patients drawn from a single dynamic acquisition protocol acquired at the acute ischemic phase. We use the first
scan at the time of the dynamic acquisition as a proxy for NCCT, and the rest of the scans as a proxy for CTA
scans, with bolus imaged at different brain enhancement phases. Thus, we use the terms “NCCT” and “CTA” to
refer to them. This pipeline enables us to answer the questions “Does the injection of bolus enhance the infarct core
signal?” and “What is the ideal bolus timing to enhance the infarct core signal?” without being influenced by
aforementioned factors such as scanner model, acquisition settings, contrast bolus delay, and human reader
errors. We use reference MRI DWI images acquired after successful recanalization acting as our gold standard for
infarct core.

The ICS is quantified by calculating the difference in intensity distribution between the infarct core region and
its symmetrical healthy counterpart on the contralateral hemisphere of the brain using a metric derived from
information theory, the Kullback-Leibler divergence (KL divergence). We compare the ICS provided by NCCT and
CTA and retrieve the optimal timing of CTA bolus to maximize the ICS.

In our experiments, we numerically confirm that CTAs provide greater ICS compared to NCCT. Then, we find
that, on average, the ideal CTA acquisition time to maximize the ICS is not the current target of standard CTA
protocols, i.e., during the peak of arterial enhancement, but a few seconds afterward (median of 3 s; 95% CI [1.5,

Abbreviations: ICS, Infarct Core Signal (difference in intensity distribution between the infarct core region and the contralateral region; OCS, Out of Core Signal
(difference in intensity distribution between the affected hemisphere and the contralateral hemisphere).
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3.01). While there are other studies comparing the prediction potential of ischemic infarct core from NCCT and
CTA images, to the best of our knowledge, this analysis is the first to perform a quantitative comparison of the
ICS among CT based scans, with and without bolus injection, acquired using the same scanning sequence and a
precise characterization of the bolus uptake, hence, reducing potential confounding factors.

1. Introduction

Stroke is the 5th leading cause of death and the 1st leading cause of
disability worldwide (Virani et al., 2020) and acute ischemic stroke
(AIS) accounts for 87 % of all strokes (Benjamin et al., 2017). For pa-
tients with AIS, “time is brain”. The extent of irreversible injury, termed
infarct core, plays a key role in determining eligibility for acute treat-
ments in AIS, which include intravenous thrombolysis and endovascular
reperfusion therapies. Specifically, patient selection for these treatments
is currently based on the ischemic infarct core size solely and/or the size
ratio between the penumbra, which is the affected potentially salvage-
able tissue, and the infarct core (Catanese et al., 2017).

In many of the randomized clinical trials of these reperfusion ther-
apies (Berkhemer et al., 2015; Campbell et al., 2015; Goyal et al., 2016;
Jovin et al., 2015; Saver et al., 2015), infarct core was determined using
MRI Diffusion-Weighted Imaging (DWI) or CT Perfusion (CTP). Unfor-
tunately, these modalities are not available 24/7 outside of large hos-
pitals (Kim et al., 2021). As such, there is a need for accurate infarct core
determinations using more widely available imaging modalities
including Non-Contrast CT (NCCT) and CT Angiography (CTA). This
problem has been pursued with automated machine learning ap-
proaches (Hokkinen et al., 2021; Hornung et al., 2020; Kuang et al.,
2021; Lo et al., 2019; Peter et al., 2017; Qiu et al., 2020; Sheth et al.,
2019; Srivatsan et al., 2019; Wu et al., 2019; Zhang et al., 2018) and
visual semiquantitative inspection (NCCT / CTA-ASPECTS score)
(Coutts et al., 2004; Lee et al., 2020).

Prior studies have suggested that CTA provides improved predictions
of infarct core relative to NCCT; however, this assertion has never been
numerically quantified on a medical image computing pipeline on
comparable acquisition protocols. In addition, single-phase CTA pro-
tocols are at present designed to optimize contrast opacification in the
arterial phase (ACR-ASNR-SPR, 2020). This approach is used to maxi-
mize the sensitivity to detect vessel occlusions (Almekhlafi et al., 2019),
but it is unknown whether this represents the ideal timing to detect
ischemic infarct core.

In this study, we propose an image analysis pipeline based on CT
images, with and without contrast, that are drawn from a single dynamic
acquisition protocol, and reference MRI DWI images acting as our gold
standard for infarct core that were obtained shortly after. We use the
first scan in time of the dynamic acquisition as a proxy for NCCT, and the
rest of the scans as a proxy for CTA images; therefore, we use the terms
“NCCT” and “CTA” to refer to them. We use “CT(A)” to refer to both
NCCT and CTA. This pipeline enables us to quantify and compare the
ischemic infarct core signal (ICS), which is the difference in intensity
distribution between the infarct core region and the contralateral side,
of CTAs and NCCT, and to determine the optimal timing for CTA to
maximize the ICS.

In particular, we work with whole-brain CT perfusion source images
(CTP-SI) obtained from a single dynamic acquisition protocol acquired
at the acute ischemic phase and MRI DWI scans acquired after successful
recanalization. The CTP-SI are equivalent to a NCCT followed by a
sequence of low radiation CTA scans with bolus imaged at different
brain enhancement phases.

Our pipeline quantifies inter-hemispheric intensity differences using
the Kullback-Leibler divergence, an information-based metric, on a pre-
determined infarct core region of interest determined by MRI DWIL
Using this quantitative measurement, we are able to quantify the
amount of “information” available to estimate infarct core from our
proxy NCCT or CTA and the optimal timing of CTA bolus to maximize

this information metric. This is particularly important for the design of
image-based machine learning algorithms aimed at predicting stroke-
related outcomes. In addition, we show examples of how the Kullback-
Leibler divergence between symmetrical patches of the brain can high-
light inter-hemispheric brain changes even without using a pre-
determined area on CT(A).

In this work, we are not trying to build or evaluate segmentation
approaches but rather use the pipeline developed to inform whether or
not an injection of contrast bolus improves the ICS and when is the time
that optimizes this improvement. These findings can support the
development of automatic and manual image segmentation pipelines,
regardless of the segmentation approach used.

2. Materials and methods
2.1. Data and patient cohort

The data used in this work was acquired from the University of Iowa
Hospitals & Clinics, Iowa City, United States. All the data used were part
of studies reviewed and approved by the Committee for the Protection of
Human Subjects at The University of Iowa and The University of Texas
Health Science Center at Houston (IRBs # 201,910,789 and HSC-MS-
20-1266). Patient consent was waived because of the retrospective na-
ture of the study cohort. Patients were included in this study if they were
diagnosed with AIS due to proximal anterior circulation large vessel
occlusion, underwent imaging with a whole-brain dynamic acquisition
protocol (CTP-SI), underwent endovascular therapy that resulted in
successful reperfusion within 97 [78 — 122] minutes of the acquisition,
and had MRI DWI imaging within 24 h post-procedure. Since in our
cohort, we select only subjects that had successful endovascular stroke
therapy, we do not expect the infarct core to have changed significantly
from the reperfusion therapy until the MRI DWI acquisition (Krongold
et al., 2014).

The dynamic contrast acquisition was performed with 40 mL of
nonionic iodinated contrast (Isovue-370) followed by 50 mL of saline.
The acquisition protocol included a rapid sequential scanning, with 4
scans each 3 s apart followed by 15 scans 1.5 s apart and another 9 scans
3 s apart, totaling 28 scans over approximately 60 s (Limaye et al.,
2019). For the purposes of this study, the NCCT image was retrieved
from the first acquisition of the sequence. The subsequent images were
considered dynamic CTA images.

Both MRI scans and CTP-SI were acquired from the same manufac-
turer, Siemens. Our dataset contained a total of 88 subjects. In Table 1,
we summarize the main clinical variables of our cohort: patient age,
patient sex, the ischemic infarct core volume (with a median of 31 mL
and an interquartile range of [16 mL, 60 mL]), the affected artery by the
stroke, which can be the middle cerebral artery (MCA) or the internal
carotid artery (ICA), the affected artery segment (segments M1, M2 or
M3 in the case of affected MCA, and segments T and cervical in the case
of affected ICA) and the thrombolysis in cerebral infarction (TICI) score,
which for all cases is equal or greater than “Grade 2B”, that is to say, all
cases had a successful recanalization.

In Table 2, the median and the interquartile range of the time dif-
ference in hours between the acquisition of the CTP-SI and the last
known well (LWK) and the time difference between the MRI acquisition
and the reperfusion therapy are reported.

The infarct core was manually segmented from the MRI DWI se-
quences acquired within 24 h after successful recanalization. Segmented
volumes were created using 3D Slicer (Fedorov et al., 2012) by a trained



U.M.L.-T. Estrada et al.

Table 1

Dataset description: patient age, patient sex (F: female), ischemic core volume,
affected artery (ICA: internal carotid artery; MCA: middle cerebral artery),
affected segment, and TICI (thrombolysis in cerebral infarction) score. In bold, is
the most frequent category for each variable. The ischemic infarct core median is
31 mL. Note that all patients had a successful recanalization (TICI score > Grade
2B).

VARIABLES Number (%) of cases
(Total of 88 patients)
AGE <20 0 (0.00 %)
>=20 < 40 4 (4.55 %)
>=40 < 60 18 (20.45 %)
>=60 < 80 44 (50.00 %)
>= 80 22 (25.00 %)
SEX F 46 (52.28 %)
ISCHEMIC INFARCT CORE VOLUME <30 44 (50.00 %)
ONMRI DWI SEGMENTATIONS (mL)
>=30 < 50 16 (18.18 %)
>=50 < 70 9 (10.23 %)
>=70 19 (21.59 %)
AFFECTED ARTERY ICA 15 (17.05 %)
MCA 73 (82.95 %)
AFFECTED SEGMENT ICA 1(1.14 %)
CERVICAL
ICAT 12 (13.64 %)
MCA M1 53 (60.23 %)
MCA M2 20 (22.73 %)
MCA M3 2 (2.27 %)
TICI SCORE GRADE 2B 44 (50.00 %)
GRADE 2C 10 (11.36 %)
GRADE 3 34 (38.64 %)
Table 2

Time difference between the CTP-SI acquisition and the last known well time
(CTP-SI TIME — LKW TIME) and time difference between the MRI acquisition
and the reperfusion therapy (MRI TIME — REPERFUSION TIME) measured in
hours (h). The median CTP-SI acquisition time was approximately 4 h after the
LKW. The median MRI acquisition time was approximately 19 h after the
reperfusion time.

Time difference TIME (h)

CTP-SI TIME - LKW TIME
MRI TIME - REPERFUSION TIME

4.18 [3.12-8.01]
18.93 [8.13 — 22.95]

cerebrovascular researcher and vetted by an expert Vascular Neurologist
(SSM,, SS).

2.2. Image Pre-processing

Image registration was performed to align the CTP-SI and the MRI
DWI images to a common space. For all affine matrices estimation, we
used Elastix (Klein et al., 2010) to identify rigid affine registrations using
a multi-resolution strategy with a normalized correlation as a metric for
the optimization process. In each patient, the MRI DWI scan was regis-
tered to the CTP-SI space obtaining the affine matrix Apw;_crp. Since the
CTP-SI consists of a 4D volume with multiple scans as a function of time,
to obtain a target image template to register the MRI DWI scan to the
CTP-SI space, the CTP-SI was converted to a 3D volume by computing
the median voxel across time. In addition, it was clipped to the range [0,
95] Hounsfield Units (HU) and smoothed using a Gaussian filter. We
refer to this 3D volume as CTP-Sljeq. Then, the segmented infarct core
was aligned to the patient CTP-SI space by applying Apws_crp. CTP-Slped
is uniquely used as a template for segmented infarct core registration;
further processing uses the raw CTP-SI without any time or space
filtering.

After the intra-patient alignment phase, all images were registered to
a custom standardized CTA template in the Montreal Neurological
Institute (MNI) space referred to as CTAyn;. This template had a reso-
lution of 182 x 218 x 182and 1 x 1 x 1 mm voxel size. For each patient,
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in order to have a 3D moving image for registration in the CTP-SI space,
a template named CTP-SIjyeq2vnt Was computed, which differs from the
previous CTP-SI,q used for the intra-patient alignment in the clipping
part, since only values lower than O were clipped to 0. This CTP-
SIhedamni Was registered to CTAyy; obtaining the affine matrix Acrp_yni-
Then, Apwr_cte and Acrp_ynt Were combined to transform all the CTP-SI,
the MRI DWI, and the manual infarct core segmentation to the CTAyg
space. After these automatic transformation processes, registration re-
sults were examined visually, and registration corrections were made
manually if considered necessary using 3D Slicer software (Fedorov
et al., 2012). Finally, we corrected for any motion artifacts on the CTP-
SI, by co-registering the source images, that is, by registering all time-
frames to the CTP-Sljeq template.

2.3. Measurements

For each patient, three enhancement phases were identified based on
the arterial/venous input functions: the early arterial phase, the mid
arterial phase, and the delayed venous phase. We refer to the CTP-SI
scans corresponding to these 3-time points as early arterial CTA, mid
arterial CTA, and delayed venous CTA, respectively. In addition, we
selected the first time point of the CTP-SI when the contrast bolus was
not injected and considered it as a NCCT. Fig. 1 shows an example of the
data of one patient (axial slices of 4 CTP-SI at different time points).

The ICS was quantitively measured by calculating the difference in
intensity distribution between the infarct core region and the corre-
sponding non-infarcted region in the opposite hemisphere (regions
visually represented in Fig. 2). Specifically, the intensity probability
density function was estimated using a Gaussian kernel density esti-
mator, and the Kullback-Leibler divergence (KL) between them was
computed (see Fig. 2). We believe that the KL divergence is an excellent
unbiased metric to measure the additional visual information given by
the non-infarcted region compared to the infarct core region as it was
specifically designed to estimate the information gain between two
distributions and it has a clear statistical interpretation, i.e., the amount
of information lost when the infarct core area is used to approximate the
healthy contralateral region. For completeness, we also tested two other
metrics, the Jensen-Shannon distance (JS), which is the symmetric
version of KL, and the standard Euclidean distance (ED).

Considering two intensity probability density functions, P1 and P2
(Fig. 2), corresponding to the contralateral region and the infarct core
region, respectively, and using an intensity range between 0 HU and 400
HU, which theoretically covers all possible intensities that there can be
in the brain tissue (without skull) in a contrast-enhanced CT scan, the 3
metrics used to compute the ICS are the following:

e Kullback-Leibler divergence (KL)

KL (P1[[P2) = > _P1(x)log (1; ;8) 1

where x is the intensity value and X goes from 0 to 400 HU.

e Jensen-Shannon distance (JS)

1 1
JS (P1||P2) = SKL (PV|[M)+5 KL (P2[|M) )
where KL is the Kullback-Leibler divergence and M is 1 (P1 +P2).

e Euclidean distance (ED)

ED (P1]|P2) = [> (P1(x) — P2(x))’ 3)

xeX

where x is the intensity value and X goes from 0 to 400 HU.
It should be noticed that JS and ED are symmetric, while KL is not
symmetric, that is to say, KL(P1||P2) # KL(P2||P1), as such it is not
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EARLY ARTERL

€

DELAY VENOUS CTA

Data acquired from the University of lowa Hospitals & Clinics,
Iowa City, United States.

Fig. 1. a) Diagram of the brain showing 4 different regions (infarct core region, contralateral region, affected hemisphere, and contralateral hemisphere) and median
intensity in Hounsfield Units (HU) of those 4 regions of the brain for each time point of the CTP-SI of one patient of the dataset. Four different time points are
indicated, the first time point in red (equivalent to a NCCT) and the time points corresponding to the early arterial phase (in yellow), mid arterial phase (in green),
and delayed venous phase (in blue). NCCT: non-contrast CT. b) For the same patient, axial slices of the NCCT (1st row), early arterial CTA (2nd row), mid arterial CTA
(3rd row), delayed venous CTA (4th row), and MRI DWI and manual infarct core segmentation overlayed in white (4th row). Note how the vessel’s enhancement
changes in the CTP-SI at different time points (from no enhancement in the NCCT to increasing enhancement in the other CTAs) and the difficulty to visually
distinguish the infarct core region from these low radiation CTAs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

KULLBACK-LEIBLER DIVERGENCE (Contralateral Region || Infarct Core Region)

PROBABILITY DENSITY FUNCTION

== PI: Contralateral Region
== P2: Infarct Core Region

Contralateral
Hemisphere

s0

100 130 200 250 300 350 400

x: Intensity (Hounsfield Units)

KULLBACK-LEIBLER DIVERGENCE (KL)

—)

Pl(x))

KL (P1[|P2) = Z P1(x) - lug(Pz(X)

XeX

Fig. 2. Quantification of ICS using the KL divergence. First, the intensity probability distributions are estimated for these two regions. Then, the KL divergence is

computed between the two probability distributions as in the formula.

technically a difference “metric”. Note we chose KL (contralateral region
|| infarct core region) as this allows us to measure the information loss
when the infarct core region is used to approximate the healthy
contralateral region. As the infarcted region is expected to show a
texture that is typically darker and with less contrast, this will result in a
higher value for the ICS.

The three measurements (KL, JS, and ED) were computed for the
NCCT and all-time points of the CTP-SI during the injection of the
contrast agent. The time point providing the greatest value was defined
as the ideal time. The scan of the CTP-SI corresponding to the ideal time
was referred to as ideal CT(A). The time difference between the ideal
time and the mid arterial phase time was calculated for each patient. The
median of this time difference across the cohort is referred in what
follows to as the group-level ideal time. The group-level ideal time is

estimated using bootstrap of 90% of the dataset running 1000 iterations.
The mid arterial phase time was chosen as a reference since it is the
target of current CTA protocols. The scan of the CTP-SI corresponding to
the group-level ideal was referred to as group-level ideal CT(A).

The values of the KL, JS, and ED were statistically compared using
Wilcoxon signed-rank test between all the possible pairs from the
following 6 scans:

- NCCT: first CTP-SI scan.

- Early arterial CTA: CTP-SI scan corresponding to the early arterial
phase.

- Mid arterial CTA: CTP-SI scan corresponding to the mid arterial
phase.
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- Delayed venous CTA: CTP-SI scan corresponding to the delayed
venous phase.

- Ideal CT(A): CTP-SI scan providing the highest difference between
the infarct core region and the contralateral region (specific to the
metric used to compute this difference (KL, JS, ED)).

- Group-level ideal CT(A): CTP-SI scan at the group-level ideal time.

The primary outcomes for this study were the determination of the
ideal time for CTA acquisition across the cohort and its relative differ-
ence with respect to the mid arterial phase (“group-level ideal time”).
These variables as well as the statistical analyses, apart from being
computed from all the cohort, were also performed for 2 groups of pa-
tients based on the infarct core volume: group 1 (<30 mL) with 44 pa-
tients and group 2 (>=30 mL) with 44 patients.

Of note, a sensitivity analysis was performed in which patients with
intracerebral hemorrhage on MRI DWI imaging were excluded, as the
true boundaries of the infarct core volume can be uncertain in this
population.

2.4. Kullback-Leibler divergence brain map

To qualitatively evaluate the ability of KL to detect areas of hypo-
perfusion, KL brain maps were created. KL was calculated between
symmetrical 3D patches of the brain scans (a patch in one brain hemi-
sphere and its symmetrical patch on the contralateral hemisphere).
Patches of 21 x 21 x 21 voxels and a stride of 2 x 2 x 12 were used.
Only patches fully contained in the brain (inside the skull) were
considered. The resulting brain KL values for each scan are referred to as
KL brain maps. For each patient, KL brain maps were obtained for the 5
first scans listed in section 2.3 Measurements for the statistical compar-
ison with the aim of qualitatively (visually) examining the ability of KL
for detecting the infarct core at different enhancement phases of the
brain vessels.

3. Results
3.1. Ideal time based on the KL divergence
Fig. 3 shows the percentage of ideal CT(A)s, using the KL divergence,

grouped into 7-time levels: (1) Before the early arterial phase; (2) at the
early arterial phase (yellow point); (3) between the early arterial phase

Neurolmage: Clinical 34 (2022) 102998

and the mid arterial phase; (4) at the mid arterial phase (green point);
(5) between the mid arterial phase and the delayed venous phase (in
red); (6) at the delayed venous phase (blue point); (7) after the delayed
venous phase. In other words, we computed the percentage of patients
that have a scan at a given time level providing the highest ICS (highest
KL between the contralateral region and the infarct core region). Note
that the time attenuation curve represents an ideal arterial input
function.

The majority of ideal CT(A)s (~70%) are the ones corresponding to a
CTA acquisition between mid arterial and delayed venous phases (time
level (5)). Only 9% correspond to a standard acquisition at the mid
arterial phase (time level (4)), and 1.1% correspond to a NCCT acqui-
sition (time level (1)).

The ideal CT(A) has a median time offset of + 3 s on 1000 bootstrap
replicates using 90% of the data with replacement (95% CI [1.5, 3.0]
seconds) from the mid arterial phase, when using KL to estimate the ICS.
Using ED, the group-level ideal time is median of 3 s (95% CI [3, 4.5]
seconds), and using JS, the group-level ideal time is median of 3 s (95%
CI [3, 3] seconds). When grouping the patients according to their infarct
core volume, similar values of group-level ideal time are obtained (see
Appendix, Table A1).

Similar findings are obtained when excluding the subjects with
hemorrhagic transformations (see Appendix, Fig. Al, Table A2).

3.2. KL (contralateral region || infarct core region) statistical comparison

The distribution of the KL values for each of the 6 compared scans
(NCCT, early arterial CTA, mid arterial CTA, delayed venous CTA, ideal
CT(A), and group-level ideal CT(A)) are shown in Fig. 4.

Pairwise ICS numerical comparisons, including statistical signifi-
cance are available in Table 3. Based on the KL metric, a CTA acquired at
the mid arterial phase provides a significantly greater ICS compared to a
NCCT. The ICS in the ideal CT(A) and in the group-level ideal CT(A) is
significantly greater than the one provided by a NCCT and by any of the
other 3 CTAs analyzed, including the mid arterial CTA. There is no
significant difference in the ICS between a mid arterial CTA and a
delayed venous CTA.

Also, we compared the infarct core signal (ICS) with the out-of-core
signal (OCS), i.e., the brain area not part of the stroke core (Fig. 4). This
way, we allowed each subject to be their own control. The OCS is created
following a similar method as the ICS is but it uses brain areas outside

IDEAL TIME DISTRIBUTION
ON A TIME ATTENUATION CURVE

%
of cases

80
70
60
50
40
30
20
10

. — m 0

(M 2 ©) “

(&) Q) ()

Early arterial phase

Mid arterial phase

Delay venous phase

® O 0 O

Between Mid arterial
and Delay venous
phases

Time level

Fig. 3. Percentage of patients providing the highest ICS at 7 different time levels: (1) before the early arterial phase (1.1 %), (2) at the early arterial phase (0 %), (3)
between the early and the mid arterial phases (5.7 %), (4) at the mid arterial phase (9.1 %), (5) between the mid and the delayed venous phases (69.3 %), (6) at the
delayed venous phase (4.5 %) (7) and after the delayed venous phase (10.2 %). The highest ICS corresponds to the highest Kullback-Leibler divergence between the
contralateral region and the infarct core region and for most cases (69.3 %) it is provided by a CTA scan acquired between the mid arterial phase and the delayed

venous phase.
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Fig. 4. Boxplots of ICS and OCS for 6 different scans (NCCT; Early arterial CTA; Mid arterial CTA; Delayed venous CTA; Ideal CT(A); group-level Ideal CT(A))
representing the distribution over the 88 patients of the Kullback-Leibler divergence between the contralateral region and the infarct core region (ICS) and between
hemispheres (OCS). Ideal CT(A): time point providing the highest Kullback-Leibler divergence between the contralateral region and the infarct core region, specific
for each patient. Group-level Ideal CT(A): CTA at 3 s after the mid arterial phase. Pairwise ICS numerical comparisons, including statistical significance are available

in Table 3.

the infarct core. We found that the ICS is significantly higher than the
OCS in all scans (NCCT, early arterial CTA, mid arterial CTA, delayed
venous CTA, and ideal CT(A)) regardless of the distance metric used (see
“Additional Figures / Tables” in the Appendix).

The distribution of the ED values and JS values for each of the 6
compared scans (NCCT, early arterial CTA, mid arterial CTA, delayed
venous CTA, ideal CT(A), and group-level ideal CT(A)) are included in
the Appendix (see Figs. A2, A3). The significance of the difference of ICS
with respect to the mid arterial CTA and the group-level ideal CT(A) for
different groups of patients using KL, ED, and JS to compute ICS can be
seen in the Appendix (see Table A3).

3.3. Metrics comparison (ED, KL, JS)

The median value and interquartile range of the ICS based on the ED,
the KL, and the JS calculated from 6 different scans can be seen in
Table 3.

For all 3 metrics, the ICS (estimated by the difference in intensity
between the contralateral region and the infarct core region) provided
by the NCCT and the early arterial CTA is significantly lower than the
one provided by the mid arterial CTA. In addition, the group-level ideal
CT(A) shows a higher ICS compared to the early arterial, mid arterial,
and delayed venous CTAs and the NCCT. It is worth noticing that there is
no significant difference between the ICS provided by the delayed
venous CTAs and the ICS provided by the mid arterial CTAs.

Equivalent results are obtained for the dataset excluding the patients
with intracerebral hemorrhage on MRI DWI (see Table A4 in the
Appendix).

3.4. Kullback-Leibler divergence brain map

Axial slices of the KL brain maps for 5 scans of 1 patient of the dataset
and their corresponding scan axial slices along with the infarct core
contour overlayed on top can be seen in Fig. 5. For this patient, the ideal
CT(A) corresponds to a time point between the mid arterial phase and
the delayed venous phase, as in the majority of patients (Fig. 3).

As it can be observed in Fig. 5(b), these brain maps show a much
clearer visualization for estimating the infarct core as opposed to the
original images shown in Fig. 5(a).

The KL brain maps from the NCCT and the early arterial CTA are
more or less homogenous. Some areas not corresponding to the infarct
core are enhanced. However, slightly higher intensities in the infarct
core region can be seen compared to the contralateral region. The brain
maps corresponding to the NCCT, and the early arterial CTA are visually
very different from the brain maps corresponding to the mid arterial
CTA, the ideal CT(A), and the delayed venous CTA. These 3 latter CTAs
appear to show a greater ICS since KL hyperintensities shown in these KL
brain maps correspond mainly to the infarct core region.

4. Discussion

Currently, the size of the infarct core, key in determining eligibility
for acute treatments in AIS, is estimated using advanced imaging such as
MRI and CT perfusion (CTP). Since these imaging modalities are not
available 24/7 outside of large hospitals, there is a pressing need to use
more widely available imaging modalities including non-contrast CT
(NCCT) and CT angiography (CTA) to calculate the infarct core size.

Current single-phase CTA protocols are designed to optimize contrast
opacification in the arterial phase, that is, they aim to scan the peak of
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Table 3

Median and interquartile range of the ICS measured using 3 metrics (Euclidean distance, Kullback-Leibler divergence, and Jensen-Shannon distance), for 6 scan types
(non-contrast CT, Early arterial CTA, Mid arterial CTA, Delayed venous CTA, Ideal CT(A), and group-level Ideal CT(A)). Higher values of the metrics correspond to
higher ICS. The Ideal CT(A) is different for each metric; it corresponds to the CTA providing the highest value of the metric. The group-level Ideal CT(A) is the scan
acquired at the group-level ideal time, that is, 3 s after the mid arterial phase. The distribution of the metric values for each CTA is compared to the metric values
obtained for the Mid arterial CTA and the group-level Ideal CT(A). The significance of the difference is shown using the following notation: “-: equal distributions, no
comparison performed; “ns” (non-significant): 5E-02 < p <= 1; “*”: 1E-02 < p <= 5E-02; “**”: 1E-03 < p <= 1E-02; “***”: p <= 1E-03; where p is the p-value obtained

in the statistical test.

Metric used to compute ICS

EUCLIDEAN DISTANCE (ED)

KULLBACK-LEIBLER DIVERGENCE (KL)

JENSEN-SHANNON DISTANCE (JS)

Median Difference of medians and Median Difference of medians and Median Difference of medians and
[interquartile Statistical significance of [interquartile Statistical significance of [interquartile Statistical significance of
range] Difference w.r.t Mid Arterial range] Difference w.r.t Mid Arterial range] Difference w.r.t Mid Arterial
Phase/Difference w.r.t Phase/Difference w.r.t Phase/Difference w.r.t
Group-level Ideal Phase Group-level Ideal Phase Group-level Ideal Phase
NCCT 0.010 (-0.011) *=** 0.008 (-0.034) **= 0.051 (-0.050) ***
[0.007 - 0.014] / [-0.003 — 0.016] / [0.039 - 0.066] /
(-0.017) ** (-0.066) *** (-0.084) *#*
/ /
ek ek
EARLY 0.012 (-0.009) *** 0.013 (-0.029) *** 0.063 (-0.036) ***
ARTERIAL [0.007 - 0.017] / [0.004- 0.023] / [0.044- 0.086] /
CTA (-0.015) *** (-0.061) *** (-0.071) ***
/ /
MID 0.021 - 0.042 - 0.100 -
ARTERIAL [0.012 - 0.026] / [0.018 — 0.092] / [0.069 — 0.139] /
CTA (-0.006) *** (-0.032) *** (-0.035) ***
DELAYED 0.021 (0.000) ns 0.040 (-0.002) ns 0.107 (0.007) ns
VENOUS [0.012 - 0.029] / [0.014 — 0.080] / [0.062 — 0.136] /
CTA (-0.005) *** (-0.033) *** (-0.027) ***
IDEAL 0.027 (0.006) *** 0.081 (0.039) *** 0.141 (0.041) *=*
CT(A) [0.019 - 0.033] / [0.038 — 0.147] / [0.105 - 0.170] /
(0.000) *** (0.008) *** (0.007) ***
/ /
GROUP- 0.027 (0.005) *** 0.073 (0.032) *** 0.134 (0.035) ***
LEVEL [0.016 —0.032] / [0.027 - 0.138] / [0.084 — 0.164] /
IDEAL - - -
CT(A)

arterial enhancement, also referred to as mid arterial phase, this allows
them to optimize the detection of occlusions. Whether this is the best
CTA acquisition time to detect the infarct core and whether it is better
than a NCCT is unclear. For this reason, in this work, we have developed
a medical image computing pipeline to quantify and compare the infarct
core signal (ICS), which is the difference in intensity distribution be-
tween the infarcted tissue and the contralateral side, from proxy NCCT
and CTA images. It should be remarked that this comparison uses images
that have been drawn from a single dynamic acquisition protocol (CTP-
SI), using the same scanner and protocol for each patient. This allowed
to limit the amount of potential confounders significantly. In particular,
the CTP-SI can be seen as a NCCT (first scan of the CTP-SI) followed by a
sequence of low-radiation CTA scans.

Standard clinical NCCTs and CTAs not derived from a single CTP-SI
acquisition can have very different X-ray exposure times and the Kilo-
voltage Peak (KVp) parameters, as such they can be significant con-
founders in a head-to-head comparison of NCCT and CTA. While we are
using scans drawn from a single dynamic acquisition protocol, which is
not how NCCT or CTA images are typically acquired clinically, we are
able to perform a comparative analysis without including these con-
founding factors that would influence the image contrast. In addition,
the comparison we propose avoids the influence of factors such as
scanner model, protocols, and human reader bias/experience, which
would happen in the case of comparing NCCT-ASPECTS to CTA-
ASPECTS. While there are other studies comparing NCCT and CTA for
infarct core determination, to the best of our knowledge, this is the first
analysis that compares CT acquisitions with and without contrast ac-
quired under the same acquisition protocol and without using a human
reader.

With this analysis, we show that CTAs provide higher ICS compared
to NCCTs and that a CTA scan acquired approximately 3 s after the mid
arterial phase maximizes the ICS. Therefore, we hypothesize that current
CTA protocols targeting the mid arterial phase are not the most appro-
priate for detecting the ischemic infarct core, but the best timing to scan
corresponds to approximately 3 s after the current target time point.

The results we show in this work are based on the Kullback-Leibler
divergence (KL), metric that is used to compute the difference in in-
tensity distribution between the ischemic infarct core region and the
contralateral region. The same difference has been computed using the
Euclidean distance and the Jensen-Shannon distance. The overall
conclusion obtained by any of these 3 metrics is equivalent. Using all 3
metrics, a standard CTA provides greater ICS than a NCCT, and the ideal
phase of acquisition of the CTA to maximize the ICS is between the mid
arterial and the delayed venous phases (median of 3 s after the mid
arterial phase). However, the KL divergence showed a difference be-
tween the NCCT and the ideal CT(A) much larger than what can be
detected with the ED, and compared to the JS it enables to distinguish
the hemisphere affected by the infarct. In addition, the theory behind
the KL allows a clear interpretation of its values as it represents the
amount of information lost when the infarct core region is used to
approximate the healthy contralateral region. By computing the KL
between symmetrical 3D patches of the brain scans (without using a
priori information of the core location), we can obtain KL brain maps
whose hyperintensities appear to be particularly pronounced in the
infarct core region.

It should be remarked that the circulation timing is a patient-specific
variable. The enhancement change in a certain period of time is not the
same for all patients. In this work, we have not accounted for the causes
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Fig. 5. a) Axial slices of 5 brain scans of 1 patient of the dataset (5 rows for each of the 5 different scans) and corresponding overlayed ground truth infarct core
contour in green. B) For the same patient as in a), axial slices of the Kullback-Leibler divergence (KL) brain maps were obtained from the same 5 scans and cor-
responding overlayed ground truth infarct core contour in green. Scans: non-contrast CT (NCCT), Early arterial CTA, Mid arterial CTA, Ideal CT(A), Delayed venous
CTA. The ideal CT(A) corresponds to the CT scan at which the KL between the contralateral region and the infarct core region is higher. For each CTA, the scan
starting time after contrast injection is indicated in parenthesis. Note the ability of KL to detect the infarct core region from the Ideal CT(A) (4th row in b), detecting
more voxels from the infarct core region than in the case of the mid arterial CTA and leading to fewer false positives than in the case of the delayed venous CTA. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

that can affect enhancement time. Our results show that the ideal CT(A)
time for measuring the infarct core is approximately 3 s after the mid
arterial phase. These 3 s correspond to the median of the ideal CT(A)
time over 1000 bootstrap replicates using 90% of the data with
replacement. Therefore, it is an approximation that does not consider
the differences in the circulation timing. We looked at two possible
predictors of the ideal time: Last known well time and occlusion

location, and while we see some trends, the results are not conclusive.
Analysis of these predictors can be found in the Appendix. Additional
reasons for this variability could also be due to patient-specific factors
like cardiac output or stenoses in vascular systems.

In our experiments, we considered only single-phase acquisitions to
adjudicate to measure ICS, however, multiphase CTA-based approaches
have been successfully implemented, for example by McDougall et al.
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(2020) and Menon et al. (2015), using 3 subsequent CTA acquisitions
starting at the mid arterial phase.

This work has some limitations. First, 9 out of the 88 patients in our
dataset showed various degrees of hemorrhagic transformation on the
MRI DWI acquired after the reperfusion. Since the true boundaries of the
infarct core volume can be uncertain in this population, the same
analysis performed with the whole dataset has been performed as well
with the dataset excluding these 9 cases. However, no significant dif-
ferences have been observed in the results. Second, the infarct core
signal has been estimated by considering only the voxels of the infarct
core region and the contralateral region. The intensities of the rest of the
brain have not been taken into account in the ICS comparison. Third, our
evaluation of the KL brain maps is uniquely qualitative with the purpose
of providing a visual example for the readers; a thorough evaluation of
its use as an infarct core segmentation tool and its use as an additional
feature for machine learning segmentation algorithms is left for further
work.

5. Conclusions

We propose an image analysis pipeline based on proxy NCCT and
CTA images that are drawn from a single dynamic acquisition protocol
to answer two main questions in the context of acute ischemic stroke:
“what is the optimal timing for CTA that maximizes the ICS?” and “does
CTA provide higher ICS than NCCT?”. We numerically and visually
confirm that CTAs provide greater ICS compared to NCCT. Then, we find
that the ideal CT(A) acquisition time to maximize the ICS is not the
current target of CTA protocols, i.e., during the peak of arterial
enhancement, but approximately 3 s later. Further investigation will
include the comparison of the results of an automatic infarct core seg-
mentation algorithm on CTA scans at different time points and a quan-
titative evaluation of KL brain maps.
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