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(57) Abstract: Abnormalities of blood vessels associated with brains of individuals can be detected by analyzing images that include
the brains of the individuals. Blood vessels included in the images can be identified and densities of blood vessels across hemispheres
can be determined. Differences between densities of blood vessels in different hemispheres of the brains of the individuals can be used
to determine a probability of an abnormality with respect to one or more blood vessels associated with the brains of the individuals.
User interfaces can be generated indicating possible abnormalities associated with the brains of the individuals.
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ANALYSIS OF INTRACRANIAL BLOOD VESSELS

BACKGROUND

[6601] Intracranial blood vessels sapply nutrients and oxygen to the brain comprising
the cerebrum, cercbellum and brainstem. Some arteries supply blood to anterior portions of the
brain, while other arieries supply blood to posterior portions of the brain. The main blood
vessels include the internal carotid arteries (ICA), the basilar artery (BA) and the vertebral
arieries (YA) and are dispersed in both hemispheres of the brain. Blood vessels that supply
blood to anterior portions of the brain can include ICAs, the anterior cerebral arteries (ACA},
and the middle cerebral arteries (MCA). In addition, blood vessels that supply blood o
posterior portions of the brain include the BA, posterior cerebral arteries (PCA), posterior
inferior cerebeliar arteries (PICA), anterior inferior cerebellar arteries {(AICA) and superior
cerebellar arteries (SCA).
166G2] Disruption of the flow of blood to any part of the brain can have serious effects.
The {low of blood to the brain can be interrupted by the narrowing and/or blockage of blood
vessels supplying blood to the brain. The disruption of the flow of blood to parts of the brain

an impair the function of the brain and result in nombness, weakness, or paralysis o parts of
the body. Strokes can occur when blood supply to a portion of the brain is interrupted. Harly
detection and treatment of a stroke can minimize the damage to the portion(s) of the brain
where blood supply was disrupted and minimize the aftereffects of the stroke. Treatment can
be done medically, for example, via thrombolysis, or mechanically via an intravascular catheter
that allows endovascular clot retrieval (ECR). Clinical studies have shown that in patients with
clots in the ICA or MCA in whom blood flow could be restored via ECR have significantly

better outcomes than patients who were managed only medically.

BRIEF DESCRIPTION OF DRAWINGS
[6603] The present disclosure is Hustrated by way of exarmple and not limitation in the
figures of the accompanying drawings, in which like references indicate similar elements.
16664 Figure 1 is a diagram illustrating an example framework to analyze blood
vessels of the brain, in accordance with one or more example implementations.
REHIRY! Figure 2 is a pictorial diagram illustrating an example process to analyze blood
vessels of the brain and generate one or more images of the blood vessels based on the analysis,

in accordance with one or more example implementations.
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{8606] Figure 3 is a diagram illustrating an example framework to analyze blood
vessels located in one hemisphere of the brain in relation to additional blood vessels located in
another hemisphere of the brain, in accordance with one or more example implementations.
{0667 Figure 4 is a diagram illustrating an example depiction 400 of a process to
analyze blood vessels located in the brain of an individual by tracing a path of the vessels, in
accordance with one or more example implementations.

[GOOS] Figure 5 is a flow diagram of an example process to determine a probability that
there is a threshold amount of blockage of 2 blood vessel in the brain of an individual, in
accordance with one or more example implementations.

[6609] Figure 6 is a flow diagram of an example process to generate one or more
images of the brain of an individual that indicate possible blood vessel blockages, in accordance
with one or more example implementations.

[6016] Figure 7 is a flow diagram of an example process 700 1o determine possible
blood vessel blockages by tracking a path of one or more blood vessels in the brain, in
accordance with one or more example implementations.

[6611] Figure 3 is a block diagram illustrating an example architecture of software,
which can be instalied on any one or more of the devices described herein, in accordance with
one or more example implementations.

(6612] Figure 9 illustrates a diagrammatic representation of an example machine in the
form of a computer system within which a set of instructions may be executed for causing the
machine to perform any one or more of the methodologies discussed herein, in accordance with
one or more example implementations.

16613] Figures 10A — 10D show images of blood vessels of the brain where large
vessel occlusion detection was performed according to one or more implementations described
herein.

16614 Figures 11A — 11T show images of a brain of a {ifty-nine-year-old man with a
left petrous internal carotid artery (JCA) occlusion secondary to dissection.

[GG15] Figures 12A — 1213 show images of a brain of an individual where a false
positive determination was made in a 50-y-old man presenting with dysphasia and right-sided
weakness.

{8616] Figure 13A shows ROC curves for detection of intracranial LVOs and Figure
138 shows ROC curves for detection of either an intracranial LYO or M2-MCA occlusion.
16617] Figures 14A — 141 show images of blood vessels of the brain where large vessel

acchusion detection was performed according to one or more implementations described herein.
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{8618] Figures 15A and 15B show images of blood vessels where a false negative
determination was made.

[6619] Figures 16A — 16D show example images related to results for antornatic large
vessel occlusion (LVQG) detection.

[6626] Figures 17A and B show ROC curves for detection of intracranial large vessel

occlusions (LY Os).

[6621] Figures 18A — C show ROC curves for occlusion of individual vessel segments.
{8622] Figures 19A — B show images of {alse negative results.

[6623] Figures 20A and B show additional images of false negative resalts.

(66241 Figures 21 A — C show images of false positive resulis related to normal variants.
[6625] Figures 22A ~ C show additional images of false positive results from other
pathology.

[(626] Figure 23 shows a ROC curve for vessel density ratio scores as predictor of
LVO.

DETAILED DESCRIPTION

[6627] Strokes can be freated through the removal of a blood clot that is disrapting the
flow of blood through an artery. Endovascular thrombectomy can be one method used to restore
blood flow by removing blood clots in arteries of the brain. Large vessel occlusions (LVO)
cause approximately one third of acute ischemic strokes, vet they are responsible for 90% of
mortality related to this condition and severe neurclogical disability in survivors. Endovascular
thrombectomy has been shown to decrease disability and improve functional cutcomes over
standard medical management in patients with an anterior circulation large vessel occlusion.
It is therefore the treatment of choice for occlusion of the intracranial internal caroud artery
(ICA) or the M1 segroent of the middle cerebral artery (M1-MCA), and can be performed
safely in carefully selected patients up to 24 hours following stroke onset. In situations where
removal of a blood clot 15 not performed within a3 window of time for an individual suffering
from an LV, death of brain tissue can occur due to a Jack of blood supply, which in turn can
lead to severe morbidity and mortality. Thas, prompt diagnosis of LVOs can facilitate
beneficial treatment of individuals suffering from this condition.

{8628] The systems and technigues described herein are directed to the analysis of
blood vessels of the brain using x-ray computed tomography angiographic (CTA) images of
contrasted blood vessels in the brain to detect abnormalities of the blood vessels of the brain.

Une or more additional implementations can implement magnetic resonance angiography
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(MRA), such as contrast-enhanced MRA, time-of-flight (TOF) MRA, phase-contrast (PC)
MRA, or arterial-spin label-based MRA. As used herein “blood vessel” can refer to an entire
length of a blood vessel or to a portion of a blood vessel, such as a segment of a blood vessel.
In example implementations, the techniques and systems described herein can be used to detect
occlusions and severe stenoses of large biood vessels of the brain that result in a stroke. In
varipus examples, images can be generated that indicate abnormalities in the blood vessels of
the brain and that can be used to identify individuals that may be in need of prompt treatment
for a stroke. In this way, the treatment of individuals can be prioritized based on conditions
indicated by the images.

[6629] In illustrative implementations, images of a brain of an individual can be
obtained. In various examples, the images can include computed tomography angiography
{CTA) images of the brain of the patient. The images can be processed and analyzed to identity
various anatomical featares of the patient’s brain. For example, the images can be analyzed to
identify bones included in the images. In addition, the images can be analyzed to identify blood
vessels included in the images. In various implementations, one or more templates
corresponding to features of a human brain, such as but not limited to anatomic regions, can be
used o identify the respective features of the brain included in the images.

[6634] The blood vessels of the brain can have different diameters and the blood vessels
can be characterized according to their diameters. To illustrate, blood vessels of the brain can
be classified as having relatively large laminal diameters {(e.g., from about 4 mm to about 3
mim) or has having relatively small luminal diameters (e.g., from about I mm to less than about
4 mmy). In various implementations, the analysis performed to detect abnormalities in the blood
vessels of the brain can be based on the diameters of the blood vessels being analyzed.

[6631] In example implementations, the data of the CTA images can be represented as
voxels and these voxels can be associated with Hounsfield Unit (HU) density values. For
visualization purposes, the density associated with a given voxel can be indicated by a grey
scale value of the voxel in the image. For example, features with relatively higher densities can
have higher grey scale values and appear whiter in the images than features with relatively
lower densities that have lower grey scale values and appear darker in the images.

16832] Implementations described herein to detect blood vessel abnormalities can
determine differences between the densities of blood vessels that are located in each
hemisphere of the brain. For example, 2 density of a segment of the internal carotid artery ina
first hemisphere of the brain can be comparad with a density corresponding to a segment of the

internal carotid artery in a second hemisphere of the brain. The extent of the differences
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between symmetrically located blood vessels in the different hemispheres of the brain can
indicate a probability that there is an abnormality associated with a blood vessel segment. In
situations where the differences between the densities of symmetrically located blood vessels
in different hemispheres of the brain are greater than a threshold difference, the probability that
an abnormality in the blood vessel segment having the lower density values can be greater than
a threshold probability. As a result, additional images can be generated that include the blood
vessels of the brain of the individual and that highlight the blood vessels that may be associated
with an abnormality. These additional images can be provided to one or more clinicians for
review to determine treatment for individuals.

[6633] In one or more additional implementations, the presence of an LV can be
determined without a comparison between densities of blood vessels in different hemispheres
of the brain. For example, an anatomic template indicating large blood vessels of the brain can
be aligned with an image of a brain of a patient. In these scenarios, density values in HU are
analyzed in the regions of the brain of the patient that correspond to one or more locations of
the large blood vessels. In various examples, iodine can be used as a contrast medium that is
provided o the blood vessels of the patient. The contrast medium can indicate locations of
blood vessels in contrast to other brain tissue. In one or more examples, the HU values fora
nurnber of locations of a blood vessel can be compared to one or more threshold HU values. In
situations where the HU values at one or more locations within the brain of the patient are less
than a threshold value, an LVO may be detected. The inference of the presence of an abnormal
blood vessel can be used to automate actions in the care of patients. For example, computer
algorithims use the output of implementations described herein as their input to trigger alerts to
clinicians at another hospital or prioritize review of this patient’'s CTA by a
radiclogist/clinician.

[6634] Accordingly, the implementations described herein can identify possible
abnormalities in blood vessel segments of the brain in an automated manner. The possible
abnormalities can be visually depicted in images that can be provided to clinicians and indicate
an urgency with respect to review of the images by the clinicians. In this way, the amount of
time between onset of a condition, such as a stroke, and the diagnosis by a clinician based on
images of the brain of an individual is minimized. Further, the amount of time between onset
of the condition and the individual receiving treatment for the condition can also be minimized.
Further, clinicians at a specialized center who might need to take over care of a patient from a
hospital that cannot provide BCR, can be alerted of an ECR-candidate patient early than

through standard-of-care channels. In this way, the amount of damage to tissue of individuals
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for which blood flow may be inhibited due to blockage or narrowing of blood vessels in the
brain of the individual can be minimized.

[6635] Figure | is a diagram illustrating an example framework 100 to analyze blood
vessels of the brain, in accordance with one or more example implementations. The framework
100 can include a brain image analysis system 102, The brain image analysis system 102 can
analyze images of brains of individuals and identity possible biological conditions relating to
the brains of the individuals. In various implementations, the brain image analysis system 102
can analyze images of brains of individuals to identify abnormalities in blood vessels of the
brains of the individuals. For example, the brain image analysis system 102 can analyze
characteristics of blood vessels located in the brain to determine probabilities that individuals
have a hiclogical condition that can adversely affect brain function. To illustrate, the brain
image analysis system 102 can analyze characteristics of blood vessels located in the brain to
determine probabilities that individuals are suffering from a stroke. In illustrative examples,
the brain image analysis system 102 can analyze characteristics of blood vessels located in the
brain to identify large vessel occlusions. As used hergin in one or more implementations, the
term “proximal” can refer o locations that are relatively near a midline of the brain of an
individual and the term “distal” can refer 1o locations of the brain of the individual that are
increasingly distant from the midline.

16636] The brain image analysis system 102 can obtain data related to a number of
images 104, The images 104 can include features located in the heads of individuals. In
example implementations, the images 104 can indicate features that are internally located
within the heads of individuals, such as bones, blood vessels, muscle, and the like. For
example, the images 104 can include brains of individuals, blood vessels that circulate blood
into and out of the brains, and bones located in the heads of the individuals, such as the skull
base and the calvarium.

16637] The images 104 can be captured by an imaging device 106. The imaging device
136 can utilize one or more imaging technologies to capture the images 104. In illustrative
examples, the imaging device 106 can include an x-ray computed tomography (CT) imaging
device. In example implementations, the tmaging device 106 can include a computer
tomography angiography (CTA) imaging device. In additional illustrative examples, the
imaging device 106 can inchude a computed tomography perfusion (CTP) imaging device. The
data generated by the imaging device 106, which can be used by one or more processing
devices to produce the images 104 on a display device, can be provided to the brain image

analysis system 102 as image data 108. The image data 108 can be formatted according to a
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specified standard. For example, the image data 108 can be formatted according to a Digital
Imaging and Communications in Medicine (DICOM) standard. The image data 108 can be
communicated to the brain image analysis system 102 via one or more networks or via one or
more portable memory storage devices (e.g., a flash drive). Additionally, the tmage data 108
can be accessible to the brain image analysis system 102 via a website or via a cloud computing
service provider. In various scenarios, the image data 108 can include data generated by one or
more imaging techniques. To illustrate, the image data 108 can include data generated using
CTA imaging techniques and CTP imaging technigues.

[6638] In illustrative implementations, the imaging device 136 can capture one or more
images 104 that include a brain 110 of an individual 112, The brain 110 of the individual 112
can include a first hemisphere 114 and a second hemisphere 116. The features of the brain 110
located in the first hemisphere 114 can be arranged substantially symmetrical with respect to
the features of the brain 110 located in the second hemisphere 116. For example, a blood vessel
118 located in the first hemisphere 114 can have a counterpart blood vessel 120 located in the
second hemisphere 116 at a substantially symmetrical position. In one or more illustrative
examples, blood vessels located in the first hemisphere 114 can be referred herein to as
contralateral blood vessels and blood vessels ocated in the second hemisphere 116 can be
referred to herein as ipsilateral blood vessels.

16639 The brain image analysis system 102 can perform a number of operations in the
analysis of the images 104 to determine probabilities that individuals have various biological
conditions based on the features shown in the images 104. For example, at operation 122, the
brain image analysis system 102 can perform blood vessel identification. In example
implementations, the brain image analysis system 102 can identify features of the images 104
that do not correspond to blood vessels included in the brains of individuals and remove those
features to generate modified image data 124. The modified image data 124 can include
portions of the data associated with the images 104 that remain after the brain image analysis
system 102 has removed some of the data associated with the images 104. The modified image
data 124 can be used to generate modified images of the brains of the individuals that do not
inclade one or more featares that were included in an original set of images. For example, the
brain image analysis system 102 can identify portions of a neck included in an image 104 and
remove data corresponding to the portions of the neck. That is, the brain image analysis system
102 can delete data corresponding to portions of the image 104 that are part of a neck of an
individual. The brain image analysis system 102 can also identify portions of the image 104

that do not correspond to blood vessels located in the head of the individual and remove those

-
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portions from the images 104. To illustrate, the brain image analysis system 102 can identify
bone included in the image 104 and delete data associated with the bone from the irnage 104
to produce the modified image data 124.

{3646 In various implementations, the blood vessel analysis system 102 can utilize
one or more fempiates to identify features located in or around brains of individoals. In
examples, the blood vessel analysis system 102 can store or otherwise have access (o templates
that indicate locations of features associated with brains of individuals. In illustrative examples,
the blood vessel analysis system 102 can use templates indicating bone structures located
within heads of individuals, such as vertebrae, the calvarnum, and the skull base. In additional
examples, the blood vessel analysis system 102 can use templates indicating locations of blood
vessels in and around the brains of individuals. To illustrate, the templates can indicate
locations of the internal carotid artery and the middle cerebral artery.

[6041] The templates used by the brain image analysis system 102 can be generated
using reference images obtained from a number of individuals that include the brains of the
individuals and features associated with the brains of the individuals. Composite images can
be produced using the reference images that indicate average or median locations of features
inchided in the images. In various implementations, templates can be generated for specified
age groups and/or for individuals that have various biological conditions. For example,
reference images can be obtained that include brains of individuals between the ages of 55 and
7{. In these situations, one or more templates can be produced from the reference images that
indicate locations of features associated with brains of individuals within the 55-70 age group.
Additional templates can be produced for individuals between the ages of 40 and 54 that may
have features associated with the brain that have different locations than the individuals within
the 55-70 age group. In further examples, one or more templaies can be produced from
reference images that include brains of individuals that have suffered a stroke or individuals
with normal variants of brain vasculature such as but not limited to fetal PCAs, hypoplastic or
aplastic Al segments of the ACA or aplastic or hypoplastic vertebral arteries.

[6042] In example implementations, templates can be used by the brain image analysis
system 102 to determine locations of features associated with the brains of individuals using a
registration process. The registration process can align an image 104 with a tempiate to
spatially align the image 104 with the template. In example implementations, the brain image
analysis systern 142 can perform one or more coordinate transformations to align an image 104
with a template. In illustrative examples, the brain image analysis system 102 can determine a

feature included in an image 104 that has a threshold amount of alignment with a corresponding
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feature included in the one or more templates and indicate that the feature included in the image
104 corresponds to the feature of the template. In a specific illustrative example, the brain
image analysis system 102 can determine that a feature of an image 104 corresponds to the
internal carotid artery of a template. The brain image analysis system 102 can then label the
teature of the image 104 as an internal carotid artery. In some examples, the brain image
analysis system 102 can generate metadata indicating that the feature included in the image
104 is an internal carotid artery.

{8643] In various examples, one or more first templates can be used to identify the ICA
focated in at least one of the first hemisphere 114 or the second hemisphere 116. Additionally,
one or more second templates can be used to identify the M1-MCA located in at least one of
the Tirst hemisphere 114 or the second hemisphere 116. Further, one or more third template can
be used to identify the M2-MCA and further distal MCA branches Jocated in at least one of the
first hemisphere 114 or the second hemisphere 116, In one or more additional examples, blood
vessels located in the first hemisphere 114 and the second hemisphere 116 can be determined
gsing one or more machine learning techniques. For exaraple, blood vessels located in the first
hemisphere 114 and the second hemisphere 116 can be identified using one or more deep
convolutional nevral networks. One or more regions of the brain 110 can also be determined
using one or more machine learning techniques, such as one or more convolutional neural
networks.

[(044] At operation 126, the brain image analysis system 102 can perform operations
related to blood vessel characterization. That is, the brain irnage analysis system 102 can
analyze at least one of the modified image data 124 or the image data 108 and identify blood
vessels included in the images 104. The blood vessels included in the image data 108 can be
identified using one or more filtering algorithms that identify tubular objects in images. In
illustrative examples, the brain image analysis system 102 can identify twbular objects in the
images 104 based on analyzing brightness values associated with data points in the image data
108,

[(045] The brain image analysis systemn 102 can also determine a set of characteristics
128 of the blood vessels. For example, the brain image analysis system 102 can determine
diameters of blood vessels located in brains of individuals. In additional examples, the brain
image analysis system 102 can determine lengths of blood vessels included in brains of
individuals. Further, the brain image analysis systern 102 can determine densities of blood
vessels included in brains of individuals. In various implementations, the densities of blood

vessels can be determined using the intensities of the blood vessels in the images 104. To
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illustrate, the amount of X-rays absorbed by a material can indicate a density of the material
and the amount of X-rays absorbed by the material can correspond to the intensity of the
material in the images 104. The intensity of feawres included in the images 104 can also
correspond to a measure of opacity of the features.

[(46] The brain image analysis system 102 can group blood vessels included in the
images 104 according to one or more characteristics of the blood vessels. For example, blood
vessels included in the images 104 can be grouped according to the diameters of the blood
vessels. Additionally, blood vessels incladed in the images 104 can be grouped according to
the lengths of the biood vessels. In further examples, the blood vessels included in the images
14 can be grouped according to densities of the blood vessels. In iHustrative implementations,
the brain image analysis system 102 can produce a first group blood vessels having a first range
of diameters and a second group of blood vessels having a second range of diameters. In various
examples, the brain image analysis system 102 can produce a {irst group of blood vessels
having diameters from at least about 0.2 mm to no greater than about 4 mm and a second group
of blood vessels having diameters from at least about 4 mm to no greater than about 10 mm.
[6647] The brain image analysis system 102 can, at operation 130, perform an analysis
of characteristics of blood vessels in different hemispheres of the brains of individuals. The
brain image analysis system 102 can determine the densities of blood vessels having specified
diameters and being located in given regions of the brain. For example, the brain image analysis
system 102 can determine densities of blood vessels and segments of blood vessels having
relatively larger diameters that are located in a first region of the brain. In illustrative scenarios,
the brain image analysis system 102 can determine diameters of the supraclinoid ICA. The first
region may also include the proximal M1 segment of the middle cerebral artery

[6648] The brain image analysis systern 102 can also determine densities of blood
vessels and segments of blood vessels having relatively smaller diameters, such as no greater
than about 3.5 mim, that are located in regions of the brain outside of the first region, such as at
least a second region of the brain and a third region of the brain. To illustrate, the brain image
analysis system 102 can determine diameters of blood vessels located in a second region of the
brain that includes the middle to distal portions of the M1 segment of the middle cerebral artery.
Additionally, the blood vessels or segments of blood vessels located in a third region of the
brain being analyzed by the brain image analysis system 102 can include the M2 and M3
segments of the middle cerebral artery. The M2 segment(s) {e.g., superior, inferior, division)

of the middle cerebral artery can also be referred to as the insular segment(s).
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{6649] After determining densities of blood vessels located in different portions of the
brain, idenufied by the anatomic template or other pre-specified features, the brain image
analysis system 102 can compare the densities located in the respective regions across the
different hemispheres of the brain or if the location of a vessel has been found via an anatomical
template, its absolute HU vahie. In example implementations, the brain image analysis system
102 can compare HU densities in blood vessels located within the region laid out by the
anatomical template of a first hemisphere of the brain of a patient with densities of blood
vessels located within a corresponding region of a second hemisphere of the brain of the patient.
In one or more illustrative examples, the comparison between blood vessel densities between
hemispheres in the brain can include a first region comprising the intracranial artery, a second
region comprising the M1 segment of the middle cerebral artery, and a third region comprising
the M2 segment of the middle cerebral artery and turther distal branches of the middle cerebral
artery.

[6050] By comparing the densities of biood vessels located in different parts of the
brains of an individual across hemispheres, differences between the densities of blood vessels
between the hemispheres can be determined. The differences between the densities of blood
vessels in different bemispheres can indicate abnormalities associated with the blood vessels.
In example implementations, abnormalities of blood vessels located in the brain can correspond
to a biological condition. In illustrative implementations, the brain image analysis system 102
can determine differences between densities of blood vessels located in a region of a first
hemisphere of the brain of an individual and densities of blood vessels located in a counterpart
region of a second hemisphere of the brain of the individual. In situations where the differences
in blood vessel differences in counterpart regions of different hemispheres of the brain of an
individual are at least a threshold amount, the brain image analysis system 102 can determine
that there is at least a threshold probability of an abnormality with respect to the blood vessels
in a region of the brain of the individual. The brain image analysis system 102 can determine
that an abnormality is present with respect to blood vessels located in a region of the brain of
an individual in situations where a region located in a first hemisphere of the brain of the
individual has a blood vessel density that is less than a threshold amount with respect to the
density of blood vessels located in a counterpart region of a second hemisphere of the brain of
the individual. That is, the probability of an abnormality with respect to a blood vessel in the
brain of an individual can increase as the density of blood vessels is reduced from one

hemisphere with respect o the other hemisphere.
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{8651] In some implementations, the brain image analysis system 102 can determine
differences n blood vessel densities in moltiple regions across hemispheres of brains of
individuals, while in other situations, the brain tmage analysis system 102 can determine
differences in blood vessel densities in a single region across hemispheres of brains of
individaals. In various implementations, the number of regions for which the brain image
analysis system 102 performs comparisons across hemispheres of brains can be based on
amounts of differences between densities of blood vessels located in counterpart regions of the
brains of individuals and/or based on the regions in which at least threshold amounts of
differences between blood vessel densities are present.

[6657] The brain image analysis systern 102 can, at 132, generate modified images of
the brains of individuals. The modified images can be generated based at least in part on the
moditied image data 124. In various implementations, the modified images can indicate blood
vessels of the brains of individuals. The modified images can also indicate differences in blood
vessel densities in different parts of the brains of the individuals. In illustrative
implementations, the brain image analysis system 102 can generate images that indicate regions
of the brains of individuals that can be associated with various probabilities of the presence of
abnormal blood vessels. The brain image analysis system 102 can also generate images that
indicate regions of the brains of individuals that indicate that individuals have a biological
condition. In the illustrative examples, the brain image analysis system 102 can generate a
modified image 134 that includes blood vessels of the brain 110 of the individual 112. The
modified image 134 also includes a user interface element 136 that indicates a region of the
brain 110 of the individual 112 that includes blood vessels that the brain image analysis system
102 has determined to have at least a threshold probability of being abnormal and/or a region
of the brain 110 of the individual 112 that includes blood vessels with characteristics that
correspond to the presence of a biological condition with respect to the individual 112, The
user interface element 136 can be an overlay that is displayed with respect to the brain 110 of
the individual 112. In one or more illustrative examples, the modified images produced by the
brain image analysis systern 102 can, in various scenarios, include maximumm intensity
projections (MIP).

16653] Figure 2 is a pictorial diagram illustrating an example process 200 to analyze
blood vessels of the brain and generate one or more images of the blood vessels based on the
analysis, in accordance with one or more example implementations. {n the illustrative example
of Figure 2 a number of operations are indicated that can be performed with respect to an imnage,

captured by an imaging device, of an individual that includes the brain of the individual and
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Figure 2 indicates a number of example images indicating the results of the operations being
performed on the image.

[6654] In particular, Figure 2 includes a pictorial description of automatic large vessel
occlusion (LVO) detection algorithm. After (1) importing raw, thin-slice CT angiographic
{CTA) images in Digital Imaging and Communications in Medicine (DICOM) format, (2) only
slices above C1 are used for further processing, and the CT head holder is removed. A (3) CT
head template is then co-registered to the patient’s CTA and subsequently the CTA analysis
regions (which were previously defined on the CT template} are spatially transtformed onto the
patient’s UTA scan. Next, all bone is removed (4). Tubular filters are applied (5) to extract
vessels. Then, (6) the density (in Hounsfield units) sum of all voxels constituting the large
vessels and the density sum of all voxels constituting distal vessels are computed and (7)
hemispheric comparisons are made. (8} Areas, where the vessel density sum drops below
prespecified threshold, are highlight as color overlays on maximum intensity projections. ICA
indicates internal carotid artery; and MCA, middle cerebral artery. This process is described in
more detail below.

[6655] At operation 202, the process 200 includes a data import operation. The data
import operation can include obtaining image data corresponding to one or more images that
inclade a brain 204 of an individual. The image data can be formatied according to the DICOM
standard. In addition, the image data can be obtained from an imaging device that generates
data using computed tomography angiography (CTA) imaging techuologies. In the illastrative
example of Figure 2, the image data can be used to produce an image 206 that includes the
brain 204 of an individual in addition to other body parts of the individual, such as a skull,
teeth, jaw, vertehrae, and so forth. In example implementations, the data representing the
images can be represented as voxels. Individual voxels can have a location in three-dimensional
space and the individual voxels can encode information that corresponds to the respective
locations of the voxels. In iHuostrative examples, the voxels included in the image data can
encode an intensity of the X-rays detected with respect to the respective locations
corresponding to the individual voxels. The hallmark of a CTA examination is the
administration of an exogenous confrast material that is x-ray attenuating, such as iodine, info
the blood stream of the patient. The iodine in blood vessels will attenuate x-rays and increases
the natural conspicuity of a blood vessel, thus making it easier for one to tell it apart from
normal tissue,

16656] The process 200 can also include, at operation 208, pre-processing operations

with respect to the image data that has been imported. For example, a portion 210 of the images



WO 2020/227176 PCT/US2020/031230

206 that is below the head of the patient and includes the patient’s neck can be trimmed from
the image data. In various implementations, the portions of the image data that do not
correspond to the head of the individual can be identified and deleted or moved out of one or
more data volames that inchide the image data. An image 212 can be produced after the data
corresponding to the portion 210 has been removed. Additionally, data corresponding to a head
holder 214 shown in an image 216 can also be removed during preprocessing and the remaining
data can be used to produce an image 218 that does not include the head holder 214. The head
holder 214 can be a part of the imaging device and can be used to hold the head of the patient
during the imaging process used to capture the image data. Preprocessing irmmages can also
include applying one or more motion correction and/or one or more head tilt correction
techniques to the initial images obtained using one or more imaging technologies.

[B657] In addition, at operation 220, the process 200 can include identifying portions
of the anatomy of the individual from at least a portion of the image data. One or more
templates can be used to identify various anatomical portions of the individual. In the
illustrative example of Figure 2, a first template 222 and a second template 224 that correspond
to head portions of a human can be aligned with the portions of the head of the patient included
in the image data using one or more image registration technigues. An image 226 can be
produced after aligning the first template 222 and the second template 224 with the image data
of the patient. A third template 228, a fourth template 230, a fifth template 232, and a sixth
template 234 can also be used to identify regions of the brain 204 of the individual. That is, the
third template 228 can correspond to a region of the brain 204 of the individual, the fourth
template 23{ can correspond to an additional region of the brain 204 of the individual, the fifth
template 232 can correspond to another region of the brain 204 of the individual, and the sixth
template 234 can correspond to a further region of the brain 204 of the individual. One or more
spatial transformations can be performed using the templates 228, 230, 232, 234 with respect
to the image data of the individual. An image 236 can be produced after the templates 228,
230, 232, 234 are aligned with the image data of the individual, where the image 236 indicates
the regions of a human brain with respect to the brain 204 of the individual.

[GO58] At operation 238, the process 200 can include a bone removal process where
portions of the image data that correspond to bone, such as the feature indicated by 240, can be
removed from the image data. In example implementations, the bone 240 can be identified
using one or mare templates 242 that indicate bones located in a human head that have been
registered with the image data of the individual. After the data corresponding to the bone 240

has been identified, the data corresponding to the bone 240 can be removed from the image

14



WO 2020/227176 PCT/US2020/031230

data. An image 244 can be produced that corresponds to the remaining portions of the image
data after the portions of the image data corresponding to the bone 240 (and the head holder
and neck) have been removed from the original image data.

[(659] The process 200 can inchude, at operation 246, detecting blood vessels located
in or near the brain 204 of the individoal using the image data. The blood vessels can be
detected by applying one or more technigues to idenufy mbular objects included in the image
data. In illustrative examples, the blood vessels can be detected by one or more filtering
techniques that identify tobular objects based on an amount of contrast between a given voxel
and background voxels. Additionally, one or more templates can be used to determine the
locations of hlood vessels in the brain. Further, the blood vessels can be grouped according to
the diameters of the blood vessels. For example, the blood vessels included in the image data
can be divided into a first group having relatively small diameters and a second group having
relatively large diameters. In varous implementations, without loss of generality, the first
group of blood vessels can have diameters from at least about 8.2 num to no greater than about
3 mum and the second group of blood vessels can have diameters from at least about 3 mm to
no greater than about 10 mm. Image 2438 includes a group of relatively small blood vessels and
image 230 includes a group of relatively larger blood vessels of the brain 204.

[6060] Further, at operation 252, the process 200 can include evaluating the blood
vessels included in different regions of the brain 204. In addition, different analyses can be
performed with respect o the blood vessels in different regions of the brain 204. Animage 254
indicates a first region located in a first hemisphere of the brain 204 as R1 and a counterpart
first region located in the second hemisphere of the brain 204 as R1'. Rl and R1 can be
arbitrarily shaped, include one or more blood vessels, and/or one or more segments of bicod
vessels. For example, R1 and R1' can include at jeast one of one or more segments of the
internal carotid artery or one or more segments of the middle cerebral artery. In example
impiementations, R1 and R1' can include intracranial portions of the internal carotid artery and
proximal portions of the M1 segment of the middle cerebral artery. In various implementations,
evaluating the regions at 232 can include determining intensities of voxels corresponding to
blood vessels located inregion R1 having relatively large diameters. In addition, the intensities
of the voxels that correspond to blood vessels located in region R1 that have relatively large
diameters can be aggregated to determine a sum of these intensities. Further, the sum of the
intensities of the voxels that correspond to blood vessels located in region R1 that have
relatively large diameters can be evaluated with respect to the lengths of the blood vessels

located in region R1 that have relatively large diameters.
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166611 Evaluating characteristics of blood vessels included in the brain 204 of the
individual at 252 can also inclode analyzing characteristics of blood vessels included in a
second region shown as R2 in image 256 and a third region shown as R3 in image 256. Regions
RZ and R3 can be arbitrarily shaped and are located in a first hemisphere of the brain 204.
Addidonally, image 256 also indicates a counterpart second region R2' and a counterpart third
region R3' Jocated in a second hemisphere of the brain 204. The image 256 also includes
overlays that correspond to regions of one or more templates that can be used to identify and/or
group blood vessels in the brain 204, To illustrate, the image 256 indicates a first template
region Re3 located in the first hemisphere of the brain 204 and a second template region Rr3'
located in the second hemisphere of the brain 204. In example implementations, the second
region R2 and the counterpart second region R2' can include distal portions of the M1 segment
of the middle cerebral artery and portions of the M2 segment of the middle cerebral artery.
Further, the third region R3 and the counterpart third region R3' can inclade more distal
segments of the middle cerebral artery, such as the M3 segment of the middle cerebral artery
and, possibly, the M4 segment of the middle cerebral artery. The blood vessels included in
regions B2, R3, R2', and R3' can have relatively smaller diameters with respect to the diameters
of the blood vessels included in the regions R1 and R1'. In various implementations, evaluating
the characteristics of blood vessels at 256 that are included in regions R2, R3, R?', and R3'can
include determining the HU intensities of voxels that correspond to the blood vessels located
in regions R2, R3, R?, and R3'. In some illustrative examples, a sum of the intensities of the
voxels corresponding to the blood vessels located in the respective regions R2, R3, R2', and
R3' can be determined. That is, a sum of intensities of the voxels corresponding to the blood
vessels located in region R2 can be determined, a sum of intensities of the voxels corresponding
to the blood vessels located in region R3 can be determined, a sum of intensities of the voxels
corresponding to the blood vessels located in region R2 can be determined, and a sam of
intensities of the voxels comresponding to the biood vessels located in region R3' can be
determined.

[6862] The process 200 can, at operation 258, include performing operalions to
determine whether or not an abnormality is present in the blood vessels of the brain 204.
Determining whether an abnormality is present in blood vessels of a region of the brain 204
can inchide determining ratios of intensities of blood vessels across hemispheres of the brain
234. For example, a first ratio can be determined that indicates differences between the
intensities of the voxels corresponding to blood vessels located in R1 with respect to the

intensities of the voxels corresponding to blood vessels located in R1'. In addition, a second

t6



WO 2020/227176 PCT/US2020/031230

ratioc can be determined that indicates differences between the intensities of the voxels
corresponding to blood vessels located in R2 with respect to the intensities of the voxels
corresponding to blood vessels located in R2'. Further, a third ratio can be determined that
indicates differences between the intensities of voxels corresponding to blood vessels located
in R3 with respect to the intensities of the voxels corresponding to blood vessels located in R3'.
[3063] The determination of differences between intensifies of voxels corresponding to
blood vessels located in different regions across hemispheres of the brain 204 can identify
differences in blood vessel densities in the individual regions across the hemispheres of the
brain 204. In situations where the differences in densities in blood vessels Jocated in
substantially symmetrically located regions in different hemispheres of the brain 204 are
greater than one or more threshold differences, then an abnormality can be present. In various
implementations, after determining the ratios indicating differences between intensities of
voxels in counterpart regions in different hemispheres of the brain 204, the ratios can be
compared to thresholds for the individual regions. The thresholds can indicate probabilities of
abnormalities being present with respect to blood vessels. In case single locations are used
instead of hemispheric ratios, either absolute or relative changes to HU values under normal
vessel opacification with typical amounts of iodine contrast material in the blood streams can
be assessed. These normal HU values of iodine opacification can be between 200 and 300 HU,
taken from literature values or reference values from a large vessel of each patient, such as the
aortic arch.
[6064] In an illustrative example, a schema of thresholds can be implemented in the
detection of abnormalities of blood vessels associated with the brain 204. For example, the
schema can include multiple tiers with a first tier indicating a mild reduction in blood vessel
density for counterpart regions located in different hemispheres of the brain 204 and digressing
to a last tier indicating the greatest difference in blood vessel density between counterpart
regions in different hemispheres of the brain 204. In example implementations, a first tier of a
schema can correspond to a reduction in blood vessel density between a region located in a
first hemisphere of the brain 204 and a counterpart region located in a second hemisphere of
the brain 204 from at Jeast about 80% up to about 100%. Additionally, a second tier of 2 schema
an correspond to a reduction in blood vessel density between a region located in a first
hemisphere of the brain 204 and a counterpart region located in a second hemisphere of the
brain 204 from at least about 75% to no greater than about 80%. A third tier of a schema can
correspond to a reduction in blood vessel density between a region located in a first hemisphere

of the brain 204 and a counterpart region located in a second hemisphere of the brain 204 from
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at least about 60% to no greater than about 74%. A fourth tier of a schema can correspond to a
reduction in blood vessel density between a region Jocated in a first hemisphere of the brain
2(4 and a counterpart region located in a second hemisphere of the brain 204 from at least
about 45% to no greater than about 59%. Further, a fifth tier of a schema can correspond to a
reduction in blood vessel density between a region located in a first hemisphere of the brain
and a counterpart region located 1n a second hemisphere of the brain 204 of no greater than
about 45%. Although an illustrative example of a schema is described above, various other
values for the number of tiers, threshold levels and ranges can be chosen.

[6065] The threshold applied to deterruine an abnormality 1n blood vessels can be
different for different regions. In an illustrative example, a threshold for detecting an
abnormality in one region of the brain 204 can correspond o one tier of a schema, while a
threshold for detecting an abnormality in another region of the brain 204 can correspond to
another tier of the schema. In an additional illustrative example, a threshold for detecting an
abnormality of blood vessels in the R1 or the R1’ region of the brain 204 can be from at least
about a 60% to no greater than a 75% reduction in blood vessel density between at least one
pair of counterpart blood vessels located in regions R1 and R1'. In further iHustrative examples,
a threshold for detecting an abnormality of blood vessels in the R2 or the R2' region of the
brain 204 can be no greater than about a 45% reduction in blood vessel density between at least
ane pair of counterpart blood vessels located in regions R2 and R2'.

[(66] In various implementations, the regions of the brain 204 can be assigned
priorities such that comparisons between densities of blood vessels across hemispheres is not
performed in some regions until a threshold reduction in blood vessel density across
hemispheres in another region is satisfied. To iHlusirate, differences in blood vessel densities
between regions K2 and R2' may not be determined unless a difference in blood vessel densities
between regions R1 and R1' is within a threshold range of differences. In addition, differences
in blood vessel densities between regions R3 and R3' may not be determined unless a difference
in blood vessel densities between regions R2 and R2' is within a threshold range of differences.
Based on amounts of reduction in blood vessel densities in one or more of the regions R1, R2,
R3, R1, R2', or R3', an abnormality can be detected in the brain 204 of the individual.

1868671 In additional implementations, in scenarios where differences between blood
vessel densities in the R1 and R1’° regions are greater than a first threshold density, the
comparative analysis of blood vessel densities between brain hemispheres may stop and an
abnormality in a blood vessel located in the R1 or RV region can be inferred. In situations

where the blood vessel densities in the R1 and R’ regions are less than the first threshold
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density, an analysis of the differences in blood vessel densities between regions R2 and RY’
can be performed. In these situations, differences between blood vessel densities in the R2 and
RZ2’ regions may be determined. If densities between blood vessels of the R2Z and R2’ regions
are greater than a second threshold density, the comparative analysis of blood vessel densities
between brain sequence hemispheres may stop and an abnormality in a blood vessel located in
the R2 or R2’ regions can be inferred. In various examples, the second threshold density can
be different from the first threshold density. In scenarios where the blood vessel densities in
the RZ and R2’ regions are less than the second threshold density, blood vessel density in the
R3 and R3’ regions may be analyzed to determine whether or not abnormalities are present in
one or more blood vessels located in the R3 or R3’ regions of the brain 204, In this way, a
progressive analysis can be performed where an initial comparative analysis between relatively

11
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symmetric regions located in the respective hemispheres of the brain 204 are analyrzed and
comparative analysis of additional regions of the brain 204 are not performed unless an
abnormality is not found in a preceding pair of regions.

16668] At operation 260, the process 200 can include generating reports that indicate
possible regions in the brain 204 of the individual where an abnormality in the blood vessels
may be present. In implementations, data that can be used to produce maximurm intensity
projection (MIP) images can be generated. The MIP images can include features of the brain
204 of the individual. For example, the MIP images can include blood vessels of the brain 204
of the individual. In various implementations, the data used to generate the MIP images can be
a subset of the initial image data obtained at 202. In example implementations, the data used
to generate the MIP images can include the initial data imported at 202 with portions of the
initial data removed that correspond to features of the body of the individual other than the
head, portions of the head that correspond to boue, and features that are located outside of the
body of the individual, such as the head holder of the tmaging device used to generate the initial
image data.

{3669 Further, regions of the brain 204 that may inclade a blood vessel abnormality
can be highlighted. In some implementations, one or more overlays can be generated that
indicate one or more regions of the brain 204 that may include a blood vessel abnormality. In
illustrative examples, a color of the overlay can correspond to at least one of a probability ora
severity of an abnormality in a blood vessel of the brain 204 of the individual. In llustrative
implementations, a blue color can correspond to a reduction in blood vessel densities between
hemispheres for a brain region from at least about 75% to no greater than about 80%.

Additionally, a green color can correspond to a reduction in blood vessel densities between
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hemispheres for a brain region from at least about 60% to no greater than about 75% and a
yellow color can correspond to a reduction in blood vessel densities between hemispheres for
a brain region from at least about 45% to no greater than about 60%. Further, a red color can
correspond to a reduction in blood vessel densities between hemispheres for a brain region of
no greater than 43%. In various examples, a reduction in blood vessel densities between
hemispheres for a brain region that is greater than 80% may not be indicated by a color in the
images. In the iHustrative example of Figure 2, an image 262 includes a highlighted portion
264 indicating a possible blood vessel abnormality in the region corresponding to the
highlighted portion 264. The illustrative example of Figure 2 also includes an image 266 having
a highlighted portion 268 indicating a possible blood vessel abnormality in the region
corresponding to the highlighted portion 268,

[6676] After the data for the MIP images is generated, the data can be exported and
used to generate user interfaces that can be displayed to a clinician. The data for the MIP images
can be formatted according to the DICOM standard. In example implementations, the review
of images by a clinician can be prioritized based on the color coding of the overlays included
in the images. For example, an image with a red overlay can be prioritized for review ahead of
an image with a green overiay and the image with the green overlay can be prioritized for
review ahead of an image with a blae overlay or an image with no overlay. The prioritization
of image review based on the results of the process 200 can minimize the amount of time
between onset of a biological condition relating to blood vessel abnormalities in brains of
individuals and treatment being provided to the individuals. Thus, the adverse effects caused
by the abnormalities can also be minimized.

16671]) Figure 3 is a diagram illustrating an example framework 300 to analyze blood
vessels located in one hemisphere of the brain in relation to additional blood vessels located in
another hemisphere of the brain, in accordance with one or more example implementations.
The framework 300 can include, at operation 302, comparing density values of biood vessels
between hemispheres of a brain 304 of an individual. To tllustrate, the brain 304 can include a
first hemisphere 306 and a second hemisphere 308, The illustrative example of Figure 3
inclades a first depiction 310 that includes blood vessels of the brain 304 having blood vessels
with diameters that are included in a first range of values and a second depiction 312 that
includes blood vessels of the brain 304 having blood vessels with diameters that are included
in a second range of values. In various implementations, at least a portion of the diameters
incladed in the first range of values can be greater than the diameters included in the second

range of values. In ilustrative examaples, the diameters included in the first range of values
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shown in the depiction 310 can be from at least about 3 mm to no greater than about 8 mm,
from at least about 3.5 mm to no greater than about 9 mm, from at least about 4 mm to no
greater than about 10 ram, or from at least about 3.2 mm to no greater than about 10.5 oo,
Additionally, the diameters incloded in the second range of values shown in the depiction 312
can be from at least about (.1 mm to no greater than about 3 mm, from at least about 1.3 mm
to no greater than about 3.5 mm, from at least about 0.5 mm to no greater than about 4 mm, or
from at least about 0.1 mm to no greater than about 2.8 nun.

{8672] The brain 304 can be divided into a number of regions with the regions of the
first hemisphere 306 having a counterpart region in the second hemisphere 303. For example,
the first hemisphere 306 can include a first region 314 and the second hemisphere 308 can have
a first counterpart region 316 that corresponds to and is substantially symmetrically located
with respect to the first region 314 In addition, the first hemisphere 306 can include a second
region 318 and the second hemisphere 308 can include a second counterpart region 320 that
corresponds to and is substantially symmetrically located with respect to the second region
318, Further, the first hemisphere 306 can include a third region 322 and the second hemisphere
308 can include a third counterpart region 324 that corresponds to and is substantially
symmetrically locate with respect to the third region 322.

[6673] In illustrative examples, the first region 314 can include at least @ portion of the
intracranial inner carotid artery and a proximal portion of the M1 segment of the middle
cerebral artery located in the first hemisphere 306 and the counterpart first region 316 can
inclade at least a portion of the intracranial inner carotid artery and a proximal portion of the
M1 segment of the middle cerebral artery located in the second hemisphere 308. In additional
illustrative cxamples, the second region 318 can include middie to distal portions of the M1
segment of the middle cerebral artery located in the first hemisphere 306 and the counterpart
second region 320 can include middle to distal portions of the M1 segment of the middle
cerebral artery located in the second hemisphere 308. In further illustrative examples, the third
region 322 can include at least portions of one or more of the M2 segments of the middle
cerebral artery located in the first bemisphere 306 and the counterpart third region 324 can
inclade at least portions of one or more of the M2 segments of the middle cerebral artery located
in the second hemisphere 308, In various example implementations, the third region 322 can
include at least portions of one or more of the M3 segments of the middle cerebral artery located
in the first hemisphere 306 and the counterpart third region 324 can include at least portions of
one or more of the M3 segments of the middle cerebral artery located in the second hemisphere

308.
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{8674] Comparing density values of blood vessels between hemispheres of the brain
304 can inclode determining a density value for individual blood vessels and/or for segments
of blood vessels in both hemispheres 306, 308 of the brain 304. For example, a density can be
determined for a first blood vessel 326 and a density can be determined {or a counterpart first
blood vessel 328. Additionally, a density can be determined for a second blood vessel 330 and
a density can be determined for a counterpart second blood vessel 332. In further illustrative
examples, a density can be determined for a third blood vessel 334 and 2 density can be
determined for a counterpart third blood vessel 336. In still additional Hlustrative examples, a
density can be determined for a fourth blood vessel 338 and a density can be determined for a
counterpart fourth blood vessel 340. Also, a density can be determined for a fifth blood vessel
342 and a density can be determined for a counterpart fifth blood vessel 344.

{68757 After the density values are determined for the blood vessels 326, 330, 334, 338,
342 and the counterpart blood vessels 328, 332, 336, 340, 344 then the density values can be
compared. To ilhustrate, the density value of the first blood vessel 326 can be compared to the
density value of the counterpart first blood vessel 328. Also, the density value of the second
blood vessel 330 can be compared to the density value of the counterpart second blood vessel
332, In addition, the density value of the third blood vessel 334 can be compared to the density
value of the counterpart third blood vessel 336. Furthermore, the density value of the fourth
blood vessel 338 can be compared o the density value of the counterpart fourth blood vessel
340. The density value of the fifth blood vessel 342 can also be compared to the density value
of the counterpart fifth blood vessel 344.

16676 In various implementations, a sum of the density values of individual blood
vessels located in a region of the brain 304 can be determined and compared o a sum of blood
vessel densities in a counterpart region. For example, a sum of the densities of the blood vessels
located in the second region 318 can be determined by adding a density of the second blood
vessel 330 to the density of the third blood vessel 332 and o the density of the fifth blood
vessel 342. Additionally, a sum of the densities of the blood vessels located in the counterpart
second region 320 can be determined by adding a density of the counterpart second blood
vessel 332 to the density of the counterpart third blood vessel 336 and to the density of the
counterpart {ifth blood vessel 344. The sum of the blood vessel densities for the second region
318 can then be compared to the sum of the blood vessel densities for the counterpart second
region 320.

16677] The framework 300 can also include, at operation 346, determining measures

indicating differences between density values of the blood vessels in different hemispheres
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306, 308 of the brain 304. In various implementations, the measures indicating the differences
between density values of the blood vessels between the hemispheres 306, 308 can include
ratios based on the blood vessel density of at least one blood vessel located in a region in the
first hemisphere 306 with respect to the blood vessel density of at least one blood vessel located
in a counterpart region of the second hemisphere 308. In an illustrative example, a ratio can be
determined using a value of the density of the first blood vessel 326 and the valoe of the density
of the counterpart first blood vessel 328. In example implementations, differences between
blood vessel densities across the hemispheres 306, 308 can be expressed as a percentage
difference. To illustrate, a percentage of difference in the density of at least one blood vessel
located in a region of the first hemisphere 306 can be determined with respect Lo the density of
at least one hlood vessel located in a counterpart region of the second hemisphere 308, In
implementations, a percentage of reduction in density of one or more blood vessels located in
one of the hemmuispheres 306, 308 can be determined with respect to one or more counterpart
blood vessels located in the other one of the hemispheres 306, 308. For example, a measure
an be determined indicating that the density of the counterpart second bload vessel 332 is 70%
of the density of the second blood vessel 330. In another example, a measure can be determined
indicating that a sum of densities of the counterpart second blood vessel 332 and the counterpart
third blood vessel 336 is 65% of the sam of the densities of the second blood vessel 330 and
the third biood vessel 334.
(68781 At 348, the framework 300 can include evalaating the measures based on one
or mwore criteria, such as criteria 350. For example, the measures determined at operation 346
an be compared against one or more threshold values. In implementations, the threshold
values can indicate a probability of an abnormality with respect to blood vessels of the brain
304. Additionally, the threshold values can indicate a severity of an abnormality with respect
to blood vessels of the brain 304. In various implementations, the greater a reduction in density
between one or more blood vessels located in one hemisphere 306, 308 with respect to density
of one or more counterpart blood vessels located in the other hemisphere 306 308 can indicate
at least one of a higher probability of an abnormality being present with respect to biood vessels
associated with the brain 304 or a higher severity of an abnormality of blood vessels associated
with the brain 304. In illustrative examples, a reduction in density between one or more pairs
of counterpart blood vessels located in different hemispheres 306, 308 that is between at least
about 45% and no greater than about 60% can indicate at least one of a greater probahility of
an abnormality of one or more blood vessels being present in the brain 304 or 2 greater severity

of an abnormality of one or more blood vessels associated with the brain 304 than a reduction
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in density between pairs of counterpart blood vessels located in different hemispheres 306, 308
that is between at least about 75% and no greater than about 30%.

[6679] Additionally, priorities for blood vessels related to different regions of the brain
304 can be used to evaluate the measures indicating differences between density values of the
blood vessels jocated in the respective regions. In illustrative examples, measures indicating
differences between density values for blood vessels located in the second region 318 and the
counterpart second region 320 may not be evaluated unless the differences between density
values for blood vessels located in the first region 314 and the counterpart first region 316
satisfy one or more threshold criteria. Farther, measures indicating differences between density
values for blood vessels located in the third region 322 and the counterpart third region 324
may not be evaluated unless the differences between density values for blood vessels located
in the second region 318 and the counterpart second region 320 satisfy one or more threshold
criteria. In various implementations, the region priorities can indicate regions of the brain 304
in which blood vessel demsity differences indicate relatively higher probabilities of an
abnormality with respect to blood vessels of the brain than blood vessel density differences in
other regions of the brain 304. The region priorities can also indicate regions of the brain 304
in which blood vessel density differences indicate a greater severity of an abnormality in the
blood vessels of a region than blood vessel density differences in another region of the brain
304.

[(080] Figure 4 is a diagram illustrating an example depiction 400 of a process to
analyze blood vessels located in the brain of an individual by tracing a path of the vessels, in
accordance with one or more example implementations. The depiction 400 can indicate blood
vessels of the brain by contrast to other portions of the brain. For a contrast agent, such as
iodine, can be injected into an individual and tmaging techniques, such as CTA, can be
performed that indicate the location of the contrast agent within blood vessels of the brain. In
one or more implementations, the presence of a blood vessel within the brain can be traced by
measuring an amount of contrast between locations in the brain within which contrast agent is
found and locations in the brain where contrast agent is absent or is present in amounts that are
less than one or more threshold amounts. In various examples, the technigues described with
respect to Figure 4 may be performed in situations when a comparative analysis of blood vessel
densities for symmetrically located blood vessels is unable to be performed.

[6081] The depiction 400 indicates a number of blood vessels including a first blood
vessel 402 and a second blood vessel 404. A path along the blood vessels shown in Figure 4

can be traced to determine whether or not the path terminates before an expected endpoint. The

24



WO 2020/227176 PCT/US2020/031230

path of a blood vessel can be traced beginning in a portion of the MCA. In the illustrative
example of Figure 4, the depiction 400 indicates a first MCA region 406 located in a first
hemisphere of the brain and a second MCA region located in a second hernisphere of the brain.
The first MCA region 406 can located in a proximal end of the MCA in one hemisphere of the
brain and the second MCA region 408 can be located in a proximal end of the MCA in a second
hemisphere of the brain. Additionally, a first starting point 410 can be located in the first MCA
region 406 and can indicate a beginning location by which to trace the first blood vessel 402.
Additionally, a second starting point 412 can be located in the second MCA region 408 and
can indicate a beginning location by which to trace the second blood vessel 404.The first
starting point 410 can be identified by determining a voxel within the first MCA region 406
that has a greatest vesselness value in relation to additional voxels located within the first MICA
region 406. As used here, a *vesselness value” can correspond to a probability that a given
voxel includes at least a portion of a blood vessel. In addition, the second starting point 412
can be identified by determining a voxel within the second MCA region 408 that has a greatest
vesselness value in relation to additional voxels located within the second MCA region 408.
The vesselness values for voxels included in at least one of the first MCA region 406 or the
second MCA region 408 can indicate an amount of brightness in relative HU with respect to
background. In one or more illustrative examples, the vesselness values for voxels included in
at least one of the first MCA region 406 or the second MCA region 408 can be determined by
calculating eigenvalues of a Hessian filter matrix. The eigenvalues of the Hessian filter matrix
can correspond to the change in contrast along the principal eigenvector dimensions computed
in the Hessian filter.

16682] An endpoint can also be determined for each blood vessel for which a path is to
be tracked. The depiction 400 can include a first endpoint 414 that corresponds to the first
blood vessel 402 and a second endpoint 416 that correspond the second blood vessel 404, The
first endpoint 414 and the second endpoint 416 can correspond to respective regions of the
brain that the MCA distal end passes through to reach distal parts of the brain. In one or more
implementations, the depiction 400 indicates a first path 418 along the first blood vessel 402
that terminates at the first endpoint 414. The depiction 400 also indicates a second path 420
along the second blood vessel 404 that terminates before reaching the second endpoint 416.
{6683] The first path 418 and the second path 420 can be determined by identifying a
least costly path along voxels that begin at the first starting point 410 and the second starting
point 412, In one or more examples, the first path 418 can begin at the first starting point 410

and continue by evaluating all possible paths from the {irst starting point 410 and moving along
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the path having the current lowest cost. The second path 420 can begin at the second starting
point 412 and continue by evaluating all possible paths from the second starting point and
moving along the path having the current lowest cost. In various examples, the first path 418
and the second path 420 can be determined by performing a recursive search of the Jeast costly
path along the first blood vessel 402 and the second blood vessel 404, Voxels having relatively
high vesselness values correspound to locations within the depiction 400 that have a relatively
higher amount of contrast with respect to the background and correspond to blood vessels for
which the flow of blood is unimpeded. In one or more examples, the cost of moving to a voxel
having a vesseiness value that is relatively high is less than moving to a voxel having a
vesselness value that is relatively low. In various examples, the cost to pass through a voxel
that has a vesselness value that is less than a threshold value or a vesselness value that includes
or approaches zero can have a very high or infinite cost to pass throogh.

[Ba84] The search can be terminated when a voxel is reached that is located with an
endpoint, such as the first endpoint 414 or the second endpoint 416. In one or more
implementations, at lgast one voxel located in the first endpoint 414 and at least one voxel
focated in the second endpoint 416 can be labeled as being within the {irst endpoint 414 or the
second endpoint. In these scenarios, detection of a voxel having a label that corresponds to
being located in the first endpoint 414 or the second endpoint 416 can terminate the search for
the least costly path along the first blood vessel 402 or the second blood vessel 404.
Addidonally, the search can terminate in response to determining that there are no remaining
voxels to move to from a current voxel. For example, the voxels that correspond to the first
blood vessel 402 or the second blood vessel 404 that have a finite cost have already been visited
and no additional voxels remain for which a finite cost exists. In these situations, the path may
terminate before reachung a voxel labeled as being located in an endpoint. In further examples,
the search can be terminated in response to determining that a total cost of a current least costly
path corresponds to a predefined maximum cost. In at least some situations where the
predefined maximuom cost is reached, the path may also terminate prior to reaching a voxel
labeled as being located in an endpoint. An interruption in blood {flow within a blood vessel or
more than a threshold amount of narrowing of a blood vessel can be indicated by the
terraination of a path along a blood vessel before reaching an endpoint for the blood vessel. In
these situations, the possible LYVO can be indicated on an image of the brain of the patient.
[6885] In one or more implementations, the locations of the blood vessels can be
determined using one or more templates. To illustrate, the location of the first blood vessel 402

and the location of the second blood vessel 404 can be determined using one or more templates
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that indicate locations of blood vessels located within the brain. The analysis of the HU valges
can be performed with respect to the locations of the blood vessels as specified by the one or
more templates. {n one or more examples, the HU values can be determined within a tolerance
range, such as about + 3%, £ 10%, + 15%, £ 20%, or + 25%, of the location of the blood vessels
specified by the one or more templates.
[(186] In the iHustrative example of Figare 4, the depiction 400 indicates that the first
path 418 starts at the first starting point 410 and moves to a location within the first endpoint
414, Thus, in this situation, the likelihood of an obstruction within the first blood vessel 402
from the first starring point 410 to the first endpoint 414 is relatively low. The depiction 400
also indicates that the second path 420 begins at the second starting point 412 and terminates
before reaching the second endpoint 416. Accordingly, in this scenario, the likelihood of an
gbstruction within the second blood vessel 404 between the second starting point 412 and the
second endpoint 416 is relatively high. The techniques described with respect to Figure 4 can
be used to determine abnormalities in blood vessels that may be symmetrically arranged in the
hemispheres of the brain, such as the ICA and various portions of the MCA. Further, the
techniques described with respect to Figare 4 may also be used to determine abnormalities in
single vessels without symmetry, such as the basilar artery or if occlusions occur over a
relatively short segment with reconstitution of blood flow distal/after the clot.
16687] Figure 5 is a flow diagram of an example process 300 to determine a probability
that there is an abnormality with respect to a blood vessel located in the brain of an individual,
in accordance with one or more example implementations. At operation 5302, the process 500
an inchude obtaining image data corresponding to one or more images indicating blood vessels
located in a brain of an individual. The image data can be generated by an imaging device, such
as a computed tomography (CT) imaging device or a magnetic resonance imaging (MRI)
device. In various tmplementations, the image data can represent the features incladed in the
one or more images as voxels. The voxels can have a location with respect to one another ina
three-dimensional space. Additionally, the individual voxels can be associated with an intensity
valie.
[GO8S] In illustrative examples, a computed tomography imaging device can include a
number of X-ray detectors and emit X-rays at various angles that are detected by the X-ray
detectors. The image data can be generated by the CT imaging device capturing data in slices
at a specified interval. The shices can have thicknesses from at least about 0.5 mum to no greater
than abowt 5 mm and be captured at increments from at least about .5 mm to no greater than

about 5 mum. The intensity of the X-ray detected at a given detector can be represented in images
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according to a gray scale. The intensity of a portion of an image can correspond to a density of
the material included in the portion of the image. In lustrative examples, the density of the
material can be expressed in Hounsfield units and the Hounsfield density of a material can
correspond to the physical density of the material. As per convention, materials that are
relatively denser can appear as relatively whiter colors in T images and materials that are
relatively less dense can appear as relatively darker colors in CT images. The intensities
detected by the CT imaging device can also correspond to an opacity of a material being
imaged. In various tllustrative examples, the imaging device can include a CT angiography
(CTA) imaging device.

[6089] In addition, at operation 504, the process 500 can include determining first
measures of density for a first group of the blood vessels located in a first region of a first
hemisphere of the brain. In illustrative examples, the first region can include at least a portion
of the intracranial internal carotid artery and at least a portion of the M1 segment of the maddle
cerebral artery located in the first hemisphere. The first measures of density for the first group
of blood vessels can be based on intensity values included in the image data. The density for
an individual blood vessel included in the first group can be determined by adding the intensity
values associated with the voxels that correspond to the individaal blood vessel. In example
implementations, the individual measures of density for the blood vessels included in the first
group can be added to produce a sum of the first measures.

[G090] The process 500 can include, at 506, determining second measures of density
for a second group of the blood vessels located in a second region of a second hemisphere of
the brain. The second region can be a counterpart region to the first region. In various
implementations, the second region can be located substantially symumetrical with respect to
the first region. In iustrative examples, the second region can include at least a portion of the
intracranial internal carotid artery and at least a portion of the M1 segment of the middle
cerebral artery located in the second hemisphere. The second measures of density for the
second group of blood vessels can be based on intensity values included in the image data. The
density for an individual blood vessel included in the second group can be determined by
adding the intensity values associated with the voxels that correspond to the individual blood
vessel. In example implementations, the individual measures of density for the blood vessels
inclhaded in the second group can be added to prodace a sum of the second measures.

[6691] Atoperation 508, the process 500 can include determining a measure indicating
one or more differences between individual regions located in different hemispheres of the

brain. The measure can indicate differences between the first measures of density and the
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second measures of density. In various implementations, a difference between density values
of individual blood vessels located in the first hemisphere and the second hemisphere can be
determined. For example, a difference between a measure of density of the intracranial internal
carotid artery located in the first hemisphere and a measure of density of the intracranial
internal carotid artery located in the second hemisphere can be determined. In an additional
example, a difference between a measure of density of the M1 segment of the middle cerebral
artery located in the first hemisphere and a measure of density of the M1 segment of the middle
cergbral artery located in the second hemisphere can be determined. In various
impiementations, a difference between a sum of the first measures of density for the first group
of blood vessels and a sam of the second measures of density for the second group of blood
vessels can be determined. In example implementations, one or more ratios can be determined
to indicate one or more differences between the first measures of density and the second
measures of density. To illustrate, ratios corresponding to individual measures of density of the
first group of blood vessels with respect to individual measures of density of the second group
of blood vessels can be determined. Further, a ratio corresponding to a sur of the first measures
of density with respect to a sum of the second measures of density can be determined.

[6692] Further, at operation 510, a probability can be determined of an abnormality
with respect to at least region located in the brain of the individual. In various implementations,
the abnormality can include an occlusion of at least one blood vessel located in the region of
the brain of the individual. In illustrative examples, the occlusion can be a large vessel
occlusion. Additionally, an occlusion of the at least one blood vessel located in the brain of the
individual can be indicative of the individual suffering a stroke.

16693] in implementations, the probability of an abnormality being present with respect
to a blood vessel can correspond to differences between densities of blood vessels located in
different hemispheres of the brain of an individual. The measure of the amount of difference
between vessel densities in the different hemispheres can correspond to the mean vesse] signal
densities in one hemisphere {(e.g., ipsilateral hemisphere) in relation to the mean vessel signal
densities in another hemisphere {e.g., contralateral hemisphere). In various implementations, a
reduction in the density of a blood vessel can indicate an abnormality with respect to the blood
vessel. The reduction in the density of the blood vessel can be identified by cormparing the
density of the blood vessel with its counterpart blood vessel in the opposing hemisphere. In
situations where the density of a first blood vessel located in the first hemisphere of the brain
of the individual is at least a threshold amount less than the density of a counterpast blood

vessel in the second hemisphere of the brain, the probability that an abnormality may be present



WO 2020/227176 PCT/US2020/031230

in the first blood vessel can be greater than a threshold probability. Additionally, an amount of
reduction in the density of a group of blood vessels located in a region of the brain can indicate
a probability of an abnormality in at least one of the blood vessels included in the group. To
illustrate, an amount of reduction in the sum of density values for a first group of blood vessels
incladed in a region of the first hemisphere of the brain with respect to the sum of density
values for a second group of blood vessels included in a counterpart region of the second
hemisphere of the brain can indicate a probability of an abnormality being present with respect
to at least one blood vessel included in the first group of blood vessels.
[6694] In one or more examples, the threshold probability metric can correspond to the
vessel density ratio between ipsilateral and contralateral regions of the brain, where a first
region can include the ICA, a second region can include the M1-MCA, and the third region can
include M2-MCA and further distal MCA branches. In these situations, a vessel density ratio
of 1.0 can correspond o equal density between blood vessels of both hemispheres. The
threshold for determining an abnormality can be set lower to be less sensitive to an occlusion,
but have greater specificity. To illustrate, a relatively fow threshold (e.g. 0.3} can mean that the
ipsilateral vessel density needs to be severely reduced (i.e. down o 30%) relative to the normal
contralateral vessel density in this region. I the vessel density drops by a relatively large
amount, the probability of identifying an LVO is relatively high and the likelihood of false
detection is relatively low {i.e. high specificity). In these situations, since only those LVOs
with severe vessel density reduction will meet the criteria some may be missed. Hence such
threshold leads to low sensitivity. Conversely, if the threshold is set to 0.8, a vessel density
difference of 80% can be used to identify an LVO. This leads to high sensitivity with this
threshold. However, nataral hemispheric differences or LY O mimics can alsc cause a similar
blood vessel density change and may lead to false alerts that can reduce specificity for detecting
LV Os.
16695] In various implementations, a user interface can be generated that indicates the
probability of the abnormality with respect to the at least one blood vessel incladed in the brain
of the individual. In illustrative examples, the user interface can inchude a maximam intensity
projection {MIP) image of the blood vessels of the brain of the individaal. The user interface
an also highlight one or more regions of the brain of the individual that have the highest
probabilities of abnormalities being present in at least one blood vessel. In example
implementations, a color of the highlighted region or regions can be indicative of the
probability of an abnormality with respect to a blood vessel in a given region. To illustrate, a

red highlighted region can have a higher probability of an abnormality being present with
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respect to a blood vessel located in that region than a blood vessel located in a yellow
highlighted region. In addition, a vellow highlighted region can have a lugher probability of an
abnormality being present with respect to a blood vessel located in that region than a blood
vessel located in a green highlighted region. Further, a green highlighted region can have a
higher probability of an abnormality being present with respect to a biood vessel located in that
region than a blood vessel located in a blae highlighted region. Regions incladed in the user
interface where no highlighting is present can indicate regions that have less than a threshold
probability of a blood vessel being associated with an abnormality.

[6696] Figure 61 a flow diagram of an example process 600 to generate one or more
images of the brain of an individual that indicate possible blood vessel blockages, in accordance
with one or more example iraplementations. At operation 602, the process 600 can include
obtaining image data generated using a computer tomography angiography (CTA) imaging
process. The image data can correspond to features of an individual. To illustrate, the troage
data can correspond to features related to a head of an individual, a neck of an individuoal, a
shoulder of an individual, a chest of the individual, an abdomen of an individual, combinations
thereof, and the like. In implementations, the image data can be obtained directly from a CTA
imaging device via one or more networks, such as a wired network or a wireless network. In
various implementations, the image data can be obtained from a CTA imaging device via a
local wireless network. The image data can also be accessible via a cloud computing storage
system. For example, the image data can be sent by a CT A imaging deviece to a cloud computing
storage system and a computing device can access the image data stored by the cloud
computing storage system. In various implementations, the image data can be accessible after
security credentials or other authentication information is provided.

[6697] The process 600 can include, at operation 604, determining a subset of the image
data that corresponds to a portion of a body of an individual located from the C1 vertebra to
the vertex of the brain of the individual. In example implementations, the additional portions
of the image data that do not correspond to the portion of the body can be removed from the
image data. In this way, modified image data can be produced. The removal of the additional
portions of the image data can include at least one of deleting the additional portions or creating
a data file that inchides the modified image data without the additional portions of the image
data.

[6098] At operation 606, the process 600 can inclade aligning one or more templates
that indicate at least one of bones or blood vessels associated with the brain to the anatomy of

the individual. The one or more templates can be produced by aggregating images from a
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number of individaals and determining locations of bones and/or blood vessels associated with
the brains of the number of individuals. The one or more templates can be used to 1dentify
features related to the brain of the individual by performing a registration process of features
of the individual inchuded in the image data with features included in the one or more templates.
The registration process can include analyzing the image data and/or the modified image data
to determine features included in the image data and/or the modified image data that have
characteristics that correspond to characteristics of features included in the one or more
templates. In illustrative examples, the characteristics used to identify features of the image
data and/or the modified image data that correspond to features included in the one or more
templates can include at least one of locations of voxels of the features included in the image
data and/or modified image data in relation to locations of voxels of the one or more templates
or intensity information of the voxels included in the image data and/or modified image data
with respect to intensity information of voxels of the one or more templates. The registration
process can also include aligning features included in the image data and/or the modified image
data with corresponding features included in the one or more templates.

[6699] In addition, at operation 608, the process 600 can include removing data from
the modified image data that corresponds to the skull base and the calvarium located in the
head of the individual using at least one of the one or more templates. In this way, features
located in the head of the individual that correspond to bone can be removed from the modified
image data gsing a template that indicates bone features. In addition, the process 600 can
inclade, at operation 610, identifying one or more regions of the modified image data that
correspond to intracranial blood vessels of the individual. In various implementations, the
intracranial blood vessels can be identified after the data corresponding to bone features
inchided in the head of the individual are removed. In example implementations, the data
corresponding to the intracranial blood vessels can be identified using a template of the one or
more templates that indicates locations of intracranial blood vessels. Further, the data
corresponding to the intracranial blood vessels can be identified based on characteristics of the
data, such as intensity values of voxels included in the modified image data.

[60100] Further, the process 600 can include, at operation 612, determining groups of
blood vessels having different diameters. For exaraple, a first group of blood vessels can be
determined that has diameter valoes in a first range of valuoes and a second group of blood
vessels can be determined that has diameter values in a second range of values that is at Jeast
partially different from the first range of values. In some situations, the first range of values

and the second range of values can overlap, while in other scenarios, the first range of values
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and the second range of values are not overlapping. In illustrative examples, the first group of
blood vessels can include blood vessels having diameters of at least about .1 mm, at least
about .5 nun, at least about 0.8 num, at least about 1 mm, at least about 1.3 mm, at least about
1.5 mm, at least about 1.8 mm, or at least about 2 mm. Additionally, the first group of blood
vessels can include blood vessels having diameters of no greater than about 4 mm, no greater
than about 3.8 mm, no greater than about 3.5 mm, no greater than about 3.2 mm, no greater
than about 3 mm, no greater than about 2.8 nun, no greater than about 2.5 mm, or no greater
than about 2.2 mm. In various examples, the first range of values can be bounded by any of the
illustrative examples described in this paragraph, such as from at least about .1 mm to no
greater than about 4 mm, from at least about 0.1 mm to no greater than about 3 mum, from at
least about 0.5 mm to no greater than about 3 mm, and so forth.

(66101 ] The second group of blood vessels can include blood vessels having diameters
of at least about 3 mum, at least about 3.2 mam, at least about 3.5 mum, at least about 3.8 mum, at
least about 4 rom, at least about 4.2 mim, at least about 4.5 mum, at least about 4.5 mm, at least
about 4.8 mm, or at least about 5 mm. In addition, the second group of blood vessels can
inclhude blood vessels having diameters no greater than about 12 mm, no greater than about
11.5 mm, no greater than about 11 mm, no greater than about 10.5 mm, no greater than about
10 mum, no greater than about 9.8 mm, no greater than about 9.5 mm, no greater than about 9.2
mm, no greater than about 9 num, no greater than about 8.8 mm, no greater than about 8.5 oum,
no greater than about 3.2 mum, or no greater than about 8 mm. In various examples, the second
range of values can be bounded by any of the illustrative examples described in this paragraph,
such as from at least about 3 mim to no greater than about 12 num, from at feast about 3 mumn {o
no greater than about 11 mm, from at least about 3 mm to no greater than about 10 mm, from
at least about 3.2 mm to no greater than about 10 mm, and so forth.

(66102] In various examples, determining groups of blood vessels having different
diameters can include identifying groups of blood vessels having a threshold amount of
difference between the diameters of the respective blood vessels of each group. In one or more
examples, operation 612 can include determining one or more blood vessels having one or
more respective diameters that are at least 1.25 times larger than one or more additional
diameters of one or more additional blood vessels. Additionally, operation 612 can include
determining one or more blood vessels having one or more respective diameters that are at least
1.5 times larger than one or more additional diameters of one or more additional blood vessels.
Purther, operation 612 can include determining one or more blood vessels having one or more

respective diameters that are at least 1.75 times larger than one or more additional diameters of
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one or more additional blood vessels. In still other examples, operation 612 can include
determining one or more blood vessels having one or more respective diameters that are at least
2 times larger than one or more additional diameters of one or more additional blood vessels.
In still additional examples, operation 612 can include determining one or more blood vessels
having one or more respective diameters that are at jeast 2.5 times larger than one or more
additional diameters of one or more additional blood vessels. In one or more other examples,
operation 612 can include determining one or more blood vessels having one or more
respective diameters that are at least 3 times larger than one or more additional diameters of
one or more additional blood vessels.

[66103] At operation 614, the process 600 can include determining measures and/or
metrics of blood vessel density of blood vessels included in each of the groups. In example
implementations, the measures of blood vessel density can correspond to intensity values
incladed in the modified image data that are associated with the blood vessels. For example, a
measure of blood vessel density for the intracranial segment of the internal carotid artery can
correspond to the intensity values of the voxels included in the modified image data that are
related to the intracranial segment of the internal carotid artery. In another example, a measure
of the blood vessel density for the M1 segment of the middle cerebral artery can correspond to
the intensity values of the voxels included in the modified image data that are related to the M1
segment of the middle cerebral artery. In an additional example, a measure of the blood vessel
density for the M2 segment of the middle cerebral artery can correspond to the intensity values
of the voxels included in the modified image data that are related to the M2 segment of the
middle cerebral artery. In various implementations, 2 measure of density for a blood vessel
located in the head of the individual can correspond to a sum of the intensity values of voxels
associated with the blood vessel included in the modified image data.

(60104] The process 600 can also, at operation 616, include determining differences
between the measures of blood vessel density for blood vessels located in synumetrically
arranged regions of the hemispheres of the brain of the individual. In implementations, the
brain of the individual can be divided into one or more regions in each hemisphere of the brain
of the individual. In illustrative examples, the brain of the individual can be divided in three
regions in each hemisphere of the brain of the individual. In these scenarios, the six total regions
can be grouped into three sets of pairs with each pair being disposed substantially symmetrical
with respect to each other. In additional llustrative examples, a pair of regions can include a
first region that includes an intracranial segment of the internal carotid artery and a proximal

portion of the M1 segment of the middle cercbral artery located in a first hemisphere of the
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brain of the individual and a second region that inclades an intracranial segment of the internal
carotid artery and a proximal portion of the M1 segment of the middle cerebral artery located
in a second hemisphere of the brain of the individual. Additionally, a second pair of regions
can include a third region that includes middle to distal portions of the M1 segment of the
middle cerebral artery located in the first hemisphere of the brain of the individual and a fourth
region that includes middie to distal portions of the M1 segment of the middle cerebral artery
located in the second hemisphere of the brain of the individual. Further, a third pair of regions
can include a fifth region that includes at least an M2 segment of the middle cerebral artery
focated in the first hemisphere of the brain of the individual and a sixth region that includes at
least an M2 segment of the middle cerebral artery located in the second hemisphere of the brain
of the individual.

68106571 In various implementations, at least one difference can be determined between
one or more blood vessels located in the first region of the first hemisphere of the brain of the
individual and one or more blood vessels located in the second region of the second hemisphere
of the brain of the individual. Additionally, at least one difference can be determined between
one or more biood vessels located in the third region of the first hemisphere of the brain of the
individual and one or more blood vessels located in the fourth region of the second hemisphere
of the brain of the individual. Further, at least one difference can be determined between one
ar more blood vessels located in the fifth region of the first hemisphere of the brain of the
individaal and one or more blood vessels Tocated in the sixth region of the second hemisphere
of the brain of the individual. In example implementations, ratios can be determined
corresponding to the differences between the densities of blood vessels located in the different
hemispheres of the brain.

[68196] Differences between densities of blood vessels located in different hemispheres
of the brain can indicate a probability and/or a severity of an abnormality related to the blood
vessels located in the brain. In various implementations, the abnormality can be related to
acchusion of ong or more blood vessels located in the brain of an individual. In example
implementations, the abnormality can be related to an individual suffering from a suoke. In
implementations, an amount of reduction in density between blood vessels located in different
hemispheres of the brain can be indicative of an abnormality with respect to the blood vessels
that have the reduced density. For example, an amount of reduction between a density of a
blood vessel located in one region of a first hemisphere of the brain of the individual with
respect to a density of a counterpart region of a second hemisphere of the brain of the individual

can indicate an abnormality with respect to the blood vessel. A number of ranges of reduction
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in blood vessel density can be utilized to determine a probability and/or a severity of an
abnormality with respect to blood vessels located in the brain of the individual. To iHustrate, a
first range of values corresponding to amounts of reduction in density between blood vessels
located in different hemispheres of the brain of the individual can indicate a first number of
probabilities and/or severities of an abnormality with respect to the blood vessels, while a
second range of values corresponding to amounts of reduction in density between blood vessels
located in different hemispheres of the brain of the individual can indicate a second number of
probabilities and/or severities of an abnormality with respect to the blood vessels.

(661971 In addition to determining differences between measures of blood vessel
density, ratios of metrics and/or measures of blood vessel density can be determined. For
example, a ratio between one or more measure and/or metrics of blood vessel density for one
or more first blood vessels located in a region of a first hemisphere of the brain and one or more
measures and/or metrics of blood vessel density for one or more second blood vessels located
in a counterpart region of a second hemisphere of the brain may be determined. In various
examples, the ratios can be used to determine a probability of an abnormality with respect one
or more blood vessels located in at jeast one region of the brain of the individual.

[66108] At operation 613, the process 600 can include generating one or more images
of the brain of the individual indicating the differences between the measures of the blood
vessel density. The images can indicate blood vessels included in the brain of the individual
and can also indicate regions of the brain of the individual and/or blood vessels that can be
associated with at least a threshold probability and/or a threshold severity of an abnormality.
In various implementations, the probabilities and/or severities related to abnormalities of blood
vessels located in the brain of an individual can be displayed using different colors in the one
or more images. For example, a first range of probabilities of an abnormality and/or levels of
severity of an abnormality with respect to blood vessels included in a brain of an individual
can be shown as a first color in the one or more images and a second range of probabilities of
an abnormality and/or levels of severity of an abnormality with respect to blood vessels
incladed in a brain of an individual can be shown as a second color in the one or more images.
In example implementations, the one or more images can be displayed on a display device that
is accessible to a clinician. Further, the one or more images can highlight locations within the
brain of the individual where an occlusion may be located by displaying an arrow, circle, box,
or other arbitrarily shaped outline.

[66169] Figure 7 is a flow diagram of an example process 700 to determine possible

blood vessel blockages by tracking a path of one or more blood vessels in the brain, in
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accordance with one or more example implementations. At operation 702, the process 700 can
inchide obtaining image data corresponding to one or more images indicating blood vessels
located in a brain of an individual. The one or more images can be generated using a computer
tomography angiography (CTA) imaging process. The image data can correspond to features
of an individual. To illustrate, the immage data can correspond to features related to a head of an
mdividaal, a neck of an individual, combinations thereof, and the hke. In wvarous
implementations, the image data can be modified by removing portions of the data
corresponding to portions of the body of the individual that do not include the brain, such as
bones of the skull, neck, and/or face.

(66110] The process 700 can include, at operation 704, aligning one or more templates
that indicate at least one of bones or blood vessels associated with the brain of the individual.
The one or more templates can be produced by aggregating images from a number of
individuals and determining locations of bones and/or blood vessels associated with the brains
of the number of individuals. The one or more templates can be used to identify features related
to the brain of the individual by performing a registration process of featares of the individual
inchided in the image data with features included in the one or more templates. The registration
process can include analyzing the image data and/or the modified image data to determine
features included in the image data and/or the modified image data that have characteristics
that correspond to characteristics of features included in the one or more templates. In
illustrative examples, the characteristics used to identify features of the image data and/or the
modified image data that correspond to features included in the one or more templates can
include at least one of locations of voxels of the features included in the image data and/or
maodified image data in relation to locations of voxels of the one or more templates or intensity
information of the voxels incladed in the image data and/or modified tmage data with respect
to intensity information of voxels of the one or more templates. The registration process can
also include aligning features included in the image data and/or the modified image data with
corresponding features included in the one or more templates.

[G0111] In addition, at operation 706, the process 700 can include identifying one or
more portions of the modified image data that correspond to intracranial blood vessels of the
individual. In various implementations, the intracranial blood vessels can be identified after the
data corresponding to bone features included in the head of the individual are removed. In
example implementations, the data corresponding to the intracranial blood vessels can be
identified using a template of the one or more templates that indicates locations of intracranial

blood vessels. Further, the data corresponding to the intracranial blood vessels can be identified
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based on characteristics of the data, such as intensity values of voxels included in the modified
image data.
(66112] Further, the process 700 can include, at operation 708, determining a starting
point within a first region of the brain to begin determining one or more potential paths of a
blood vessel associated with the brain. At least a portion of the one or more potential paths can
correspond to a location of the blood vessel within the brain of the individual. The starting
location can be determined by identifying a region of the brain that is proximal with respect to
the midline of the brain. In one or more implementations, the region of the brain can be
identified based on a template that indicates the region and that is aligned with the anatomy of
the individual based on image data of the brain of the individual. in one or more examples, the
region can inchude a proximal portion of the middle cerebral artery. The starting point can also
be identified by determining vesselness vahugs for individual voxels of the image data included
in the region. The respective vesselness values can indicate a probability that a given voxel
corresponds to a location of a blood vessel of the brain of the individual. A vesselness value
an correspond to an amount of contrast between a voxel and a background. In one or more
illustrative examples, the vesselness values for voxels can be determined by calculating
eigenvalues of a Hessian filier matrix. The eigenvalues of the Hessian filter matrix can
correspond to the change in contrast along the principal eigenvector dimensions computed in
the Hessian filter. In various examples, the output of the Hessian filter can correspond to
brightness of a voxel and a size of the voxel, where the brightness can correspond to a relative
HU different against surroundings.
166113] Also, at operation 710, the process 700 can include determining a second region
of the brain that includes an expected endpoint of the blood vessel. The second region can be
determined based on a template that indicates one or more possible locations of the endpoint
of the blood vessel. In situations where the blood vessel is the middle cerebral artery, the second
region can include distal portions of the middle cerebral artery. In one or more examples, the
second region can include one or more locations that a distal portion of the blood vessel passes
to reach distal parts of the brain.
[60114] The process 700 can incluade, at operation 7172, determining a path beginning at
the starting point. The path can correspond to a location of at least a portion of the blood vessel.
The path can include a least costly path of an evaluated graph that includes nodes corresponding
to voxels of the one or more images. In one or more illustrative examples, the least costly path
can be determined using concepts derived from Prim, R C. (November 1957), "Shortest

connection networks and some generalizations”, Bell System Technical Journal, 36 (6): 1389
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1401 and Digkstra, E. W. (1959). A note on two problems in connexion with graphs'.
Namerische Mathematik. 1: 269-271. In various examples, the cost of moving between nodes
of the path can be determined according to:

cost = 100/ (vesselness — vesselnessyy, threshota + 1)-
Thus, in sttuations where the vesselness value of a voxel is less than a defined threshold, the
cost can be infinite. The vesselnessmn_mweshold vahue can be determined by performing an analysis
of a number of datasets including images, such as CTA images. In various examples, the
analysis can determine a threshold vesselness value that corresponds to noise of the images and
objects included in the images. In some examples, the vesselnessmn_mreshola can be a value
between 6.0 HU and 12.0 HU. In CTA images, blood vessels can have opacification values
from about 25 HU to about 400 HU and noise can he suppressed by the Hessian filter to values
close to zero. In one or more examples, the path can be traversed from one voxel to another
voxel having a lowest cost in relation to neighboring voxels.
166115] in one or more implementations, the path can be terminated for a number of
reasons. For example, the path can be terminated in response to the path reaching a voxel that
has been labeled as being incladed in the second region that inclades the endpoint. In additional
examples, the path can be terminated in response to the determining that each voxel that has a
finite cost to pass through have already been visited. In these situations, the path is terminated
before the second region is reached. Further, the path can be terminated in response to a path
of the cost being above a specified maximum cost.
(60116] At operation 714, the process 700 can include determining 2 probability of an
abnormality with respect to at least one blood vessel located in the brain of the individual. In
various examples, the probability of an abnormality existing in the brain of the individual may
depend on the path reaching the second region. In situations where the path reaches the second
region, the probability of an abnormality being present with respect to at least one blood vessel
located in the brain of the individual can be zero or relatively low. Additionally, in sitoations
where the path dogs not reach the second region, the probability of an abnormality being present
with respect to at least one blood vessel located in the brain of the individual may be relatively
high.
[66117] Additionally, the process 700 can inchude, at operation 716 generating one or
more user interfaces indicating the probability of an abnormality with respect to the at least one
blood vessel located in the brain of the individual. In various examples, the one or more user

interface may include one or more colors indicating a probability of an abnormality being
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present, such as red for relatively high probabilities, yellow for moderate probabilities, and
green for relatively low probabilities.
(66118] Figure 8 is a block diagram 800 illustrating an architecture of software 802,
which can be installed on any ong or maore of the devices described above. In implementations,
at least a portion of the operations described with respect to the frameworks 100, 300, and 400
and the processes 200, 500, and 600 can be executed using the software 802. Figure 8 is merely
a non-limiting example of a software architecture, and it will be appreciated that many other
architectures can be implemented to facilitate the functionality described herein. In various
scenarios, the software 802 is implemented by hardware such as a machine 900 of Figare 9 that
includes processors 910, memory 930, and input/output (1/0) components 930, In this example
architecture, the software 802 can be conceptualized as a stack of layers where each layer may
provide a specified functionality. For example, the software 802 includes layers such as an
operating system 804, libraries 806, frameworks 808, and applications 810. Operationally, the
applications 810 invoke application programming interface (APL calls 812 through the
software stack and receive messages 814 in response to the APl calls 812, consistent with some
impiementations.
[66119] 1o various implementations, the operating system 804 manages hardware resources
and provides common services. The operating systemn 804 includes, for example, a kernel 820,
services 822, and drivers 824. The kernel! 820 acts as an abstraction layer between the hardware
and the other software layers, consistent with some embodiments. For example, the kernel 320
provides memory management, processor management {(e.g., scheduling), component
anagement, networking, and security settings, among other functionality. The services 822
an provide other common services for the other software layers. The drivers 824 are
responsible for controlling or interfacing with the underlying hardware, according to some
embodiments. For instance, the drivers 824 can include display drivers, camera drivers,
BLUETOOTH® or BLUETOUOTH® Low-Energy drivers, flash memory drivers, serial
communication drivers {e.g., Universal Serial Bus (USB) drivers), Wi-Fi® drivers, audio
drivers, power management drivers, and so forth.
[66120]  Insome embodiments, the libraries 806 provide a low-level common infrastructure
atilized by the applications 810. The libraries 806 can include system libraries 830 {e.g.,, C
standard library) that can provide functions such as memory allocation functions, string
manipulation functions, mathematic functions, and the like. In addition, the libraries 806 can
include AP libraries 832 such as media libraries (e.g., libraries to support presentation and

manipulation of various media formats such as Moving Picture Experts Group-4 (MPEG4),
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Advanced Video Coding (H.264 or AVC), Moving Picture Experts Group Layer-3 (MP3),
Advanced Audio Coding (AAC), Adaptive Multi-Rate (AMR) audio codec, Joint Photographic
Experts Group (JPEG or JPG), or Portable Network Graphics (PNG)), graphics libraries (e.g.,
an OpenGL framework used to render in 2D and 3D in a graphic context on a display), database
libranies {e.g., SQLite to provide various relational database functions), web libraries {e.g.,
Webkit to provide web browsing functionality}), and the like. The libraries 806 can also include
a wide variety of other libraries 834 to provide many other APIs to the applications §10.
{80121] The frameworks 808 provide a high-level common infrastructure that can be
utilized by the applications §10, according to some implementations. For example, the
frameworks 808 provide various graphical user interface (GUI) functions, high-level resource
management, high-level location services, and so forth. The frameworks 808 can provide a
broad spectrum of other APIs that can be utilized by the applications 810, some of which may
be specific to an operating system 304 or platform.

{66122] In cxample implementations, the applications 810 include a home application 850,
a contacts application 852, a browser application 854, a book reader application 856, a location
application 838, a media application 860, a messaging application 862, a game application 364,
and a broad assortment of other applications, such as a third-party application 866. According
to some embodiments, the applications 810 are programs that execute functions defined in the
programs. Various progranmuning languages can be employed to create one or more of the
applications 810, structured in a variety of manuners, such as object-oriented programming
languages {e.g., Objective-C, Java, or C++) or procedural programming languages {(e.g., C or
assembly language). In a specific example, the third-party application 866 (e.g., an application
developed using the ANDROID™ o5 [OS™ software development kit (SDK) by an entity other
than the vendor of the platform) may be mobile software running on a mobile operating system
sach as IOS™, ANDROID™, WINDOWS® Phone, or another mobile operating system. In
this example, the third-party application 866 can invoke the APl calls 812 provided by the
operating system 804 to facilitate functionality described herein.

[60123] Figure O tllustrates a diagrammatic representation of an example machine 900
in the form of a computer system within which a set of instructions may be executed for causing
the machine 900 to perform any one or more of the methodologies discussed herein, in
accordance with one or more example implementations. Specifically, Figure 9 shows a
diagrammatic representation of the machine 900 in the example form of a computer systerm,
within which instructions 9106 (e.g., software, a program, an application, an applet, an app, or

other executable code) for causing the machine 900 to perform any one or more of the
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methodologies discussed herein may be executed. For example, the instructions 916 may cause
the machine 900 to execute the process 200 of Figure 2, the process S00 of Figure S, and/or the
process 600 of Figure 6. The machine 900 can also execute operations described with respect
to the framework 100 of Figare 1, the framework 300 of Figure 3, and the framework 400 of
Figare 4. In various implementations, at least a portion of the operations performed by the brain
image analysis system 102 can be performed by the machine 900. The instractions 916
transform the general, non-programmed machine 900 into a specific machine 900 prograromed
to carry out the described and illustrated fanctions in the manner described. In alternative
embodiments, the maching 900 operates as a standalone device or may be coupled {e.g.,
networked) to other machines. In a networked deployment, the machine 900 may operate in
the capacity of a server machine or a client machine in a server-client network environment, or
as a peer machine in a peer-to-peer (or distributed) network environment. The machine 900
may comprise, but not be limited to, a server computer, a client computer, a personal computer
{(PC), a tablet computer, a laptop computer, a nethook, a set-top box (STB), a personal digital
assistant (PDA), an entertainment media system, a cellular telephone, a smart phone, a mobile
device, a wearable device {(e.g., a smart watch)}, a smart home device {(e.g., a smart appliance),
other smart devices, a web appliance, a network router, a network switch, a network bridge, or
any machine capable of executing the instructions 916, sequentially or otherwise, that specify
actions to be taken by the machine 900. Further, while only a single machine 900 is illustrated,
the term “machine” shall also be taken to include a collection of machines 900 that individually
or jointly execute the instructions 916 to perform any one or more of the methodologies
discussed herein.

{66124] The machine 900 may include processors 910, memory 930, and /O components
G50, which may be configured to communicate with each other such as via a bus 902. In an
example implementation, the processors 910 {e.g., a central processing unit (CPU), a reduced
instruction set computing (RISC) processor, a complex instruction set computing (CI5C)
processor, a graphics processing unit (GPU), a digital signal processor (B5P), an application-
specific integrated circuit (ASIC), a radio-frequency integrated circuit (RFIC), another
processor, or any suitable combination thereof) may include, for example, a processor 912 and
a processor 914 that may execute the instructions 916. The term “processor” is intended {o
inchade multi-core processors that may comprise two or more independent processors
{sometimes referred to as “cores”) that may execute instructions 916 contemporaneously.
Although Figure 8 shows multiple processors 910, the machine 900 may include a single

processor 912 with a single core, a single processor 912 with multiple cores (g.g., a multi-core
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processor 9123, multiple processors 912, 914 with a single core, multiple processors 912, 914
with mdtiple cores, or any combination thereof.

[B6125]  The memory 930 may include a maain memory 932, a static memory 934, and a
storage umit 936, each accessible to the processors 910 such as via the bus 902. The main
memory 932, the static memory 934, and the storage umit 936 store the instractions 916
embodying any one or more of the methodologies or functions described herein. The
nstructions 916 may also reside, completely or partially, within the main memory 932, within
the static memory 934, within the storage unit 936, within at least one of the processors 910
{e.g., within the processor’s cache memory}, or any suitable combination thereof, during
execution thereof by the machine 900.

[66126] The VO components 950 may include a wide variety of components to receive
input, provide output, produce output, transmit information, exchange information, capture
measurements, and so on. The specific VO components 950 that are included in a specified
machine 900 will depend on the type of machine. For example, portable machines such as
mobile phones will likely include 2 touch input device or other such input mechanisms, while
a headless server machine will likely not include sach a touch input device. It will be
appreciated that the VO components 930 may include many other components that are not
shown in Figure 8. The /O components 950 are grouped according to functionality merely for
simaplifying the following discussion, and the grouping is in no way limiting. In various
example embodiments, the /O components 930 may include output components 952 and input
components 934, The output components 952 may include visual components {e.g., a display
such as a plasma display panel (PDP), a light-emitting diode (LED) display, an organic light-
emitting diede (OLED) display, a liguid crystal display (LCD), a projector, or a cathode ray
tube (CRT)), acoustic components {e.g., speakers), haptic components {e.g., a vibratory motor,
resistance mechanisms), other signal generators, and so forth. The input components 954 may
inclade alphanumeric input components {e.g., a keyboard, a touch screen configured to receive
alphanumeric input, a photo-optical keyboard, or other alphanumeric input components), point-
based input components {e.g., a mouse, a touchpad, a trackball, a joystick, a motion sensor, or
another pointing instrument}, tactile input components {e.g., a physical button, a touch screen
that provides location and/or force of touches or touch gestures, or other tactile input
components), audio input components (e.g., a microphone), and the like.

(661271  In further example embodiments, the /O components 950 may include biometric
components 936, motion componenis 958, environmental components 960, or position

components 962, among a wide array of other components. For example, the biometric
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components 956 may include components to detect expressions {e.g., hand expressions, facial
expressions, vocal expressions, body gestures, or eye tracking), measure biosignals {e.g., blood
pressure, heart rate, body temperatare, perspiration, or brain waves), identify a person (e.g.,
voice identification, retinal identification, facial identification, fingerprint identification, or
electroencephalogram-based identification), and the like. The motion components 958 may
inclade acceleration sensor components {e.g., accelerometer), gravitation sensor components,
rotation sensor components (e.g., gyroscope), and so forth. The environmental components
960 may include, for example, illumination sensor components (e.g., photometer), temperature
sensor components {e.g., one or more thermoroeters that detect ambient temperature), humidity
SENSOr COMPONENtS, Pressure sensor components {e.g., barometer), acoustic Sensor CoOmponents
{(e.g., one or more microphones that detect background noise), proximity Sensor COmponenis
{e.g.. infrared sensors that detect nearby objects), gas sensors {e.g., gas detection sensors o
detect concentrations of harardous gases for safety or to measure poilutants in the atmosphere},
or other components that may provide indications, measurements, or signals corresponding to
a surrounding physical environment. The position components 962 may inciude location sensor
components {e.g., a Global Positioning System (GPS) receiver component), altitude sensor
components (e.g., altimeters or barometers that detect air pressure from which altitude may be
derived), orientation sensor components {e.g., magnetometers), and the like.

(66128] Communication may be impiemented using a wide variety of technologies. The
O components 930 may include communication components 964 operable to couple the
machine 900 to a network 9140 or devices 970 via a coupling 9142 and a coupling 972,
respectively. For example, the communmication components 964 may include a network
interface component or another suitable device to interface with the network 9140, In further
examples, the commuonication components 964 may include wired commuonication
components, wireless communication components, cellular commmunication components, near
field communication (NFC) components, Bluetooth® components (e.g., Bluetooth® Low
Energy), Wi-Fi® components, and other communication components to provide
communication via other modalities. The devices 970 may be another machine or any of a wide
variety of peripheral devices (e.g., coupled via a USB).

166129] Moreover, the communication components 964 may detect identifiers or include
components operable to detect identifiers. For example, the communication components 964
may inclade radio-frequency identification (RFID) tag reader components, NFC smart tag
detection components, optical reader components {e.g., an optical sensor to detect one-

dimensional bar codes such as Universal Product Code (UPC) bar code, multi-dimensional bar
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codes such as QR code, Aztec code, Data Matrix, Dataglyph, MaxiCode, PDF417, Ultra Code,
UCC RSS5-2D bar code, and other optical codes), or acoustic detection components {e.g.,
microphones to identify tagged audio signals). In addition, a variety of information may be
derived via the communication components 964, such as location via Internet Protoco! (IP)
geolocation, location via Wi-Fi® signal triangulation, location via detecting an NFC beacon
signal that may indicate a given location, and so forth.

{66130] The various memories (i.e., 930, 932, 934, and/or memory of the processor(s) 910)
and/or the storage unit 936 may store one or more sets of instructions 916 and data structores
{(e.g., software} embodying or utilized by any one or more of the methodologies or functions
described herein. These instructions (e.g., the instructions 916), when executed by the
processor(s) 910, cause various operations to imaplement the disclosed embodiments.

[63131]  As used herein, the terms “machine-storage medium,” “device-storage medivm,”
and “computer-storage mediom” mean the same thing and may be used interchangeably. The
terms refer to a single or multiple storage devices and/or media (e.g., a centralized or distributed
database, and/or associated caches and servers) that store executable instructions 916 and/or
data. The terms shall accordingly be faken to include, but not be limited to, sohid-state
memories, and optical and magpetic media, including memory internal or external to
processors 910, Specific examples of machine-storage media, computer-storage media, and/or
device-storage media include non-volatile memory, including by way of example
semiconductor memory devices, e.g., erasable programmable read-only memory (EPROM),
electrically erasable programmable read-only memory (EEPROM), ficld-programmable gate
array {FPGA), and flash memory devices; magnetic disks such as internal hard disks and
removable disks; magneto-optical disks; and CD-ROM and DVD-ROM disks. The terms
“machine-storage media,” “computer-storage media,” and “device-storage media” specifically
exchude carrier waves, modulated data signals, and other such media, at least some of which
are covered under the term “signal mediom” discussed below.

{66132]  In various example embodiments, one or more portions of the network 9140 may
be an ad hoc network, an intranet, an extranet, a virtual private network (VPN), a local-area
network (LAN), a wireless LAN (WLAN), a wide-area network (WAN), a wireless WAN
(WWAN), a metropolitan-area network {MAN), the Internet, a portion of the Internet, a portion
of the public switched telephone network (PSTN), a plain old telephone service (POTS)
network, a cellular telephone network, a wireless network, a Wi-Fi® network, another type of
network, or a combination of two or more such networks. For example, the network 9140 or a

portion of the network 9140 may include a wireless or celiular network, and the coupling 9142
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may be a Code Division Multiple Access (CDMA) connection, a Global System for Mobile
communications (GSM) connection, or another type of cellular or wireless coupling. In this
example, the coupling 9142 may implement any of a variety of types of data transfer
technology, such as Single Carrier Radio Transmission Technology (1xRTT), Evolution-Data
Optimized (EVDO) technology, General Packet Radio Service (GPRS) technology, Enhanced
Data rates for GSM Evolution (EDGE) technology, thivd Generation Partnership Project
(3GPP) including 3G, fourth generation wireless (4G} networks, Universal Mobile
Telecommunications System (UMTS), High-Speed Packet Access (HSPA), Worldwide
Interoperability for Microwave Access (WiMAX), Long-Term Evolution (LTE) standard,
others defined by various standard-setting organizations, other long-range protocols, or other
data transfer technology.

{066133] The instractions 916 may be transmitted or received over the network 9140 using a
transmission mediom via a network interface device (e.g., a network interface component
incladed in the communication components 964) and utilizing any one of a namber of well-
known transfer protocols {e.g, Hypertext Transfer Protocol (HTTPF)). Similarly, the
instructions 916 may be transmitted or received using a transmission mediom via the coupling
972 (e.g., a peer-to-peer coupling) to the devices 970. The terms “transmission medium” and
“signal medium” mean the same thing and may be used interchangeably in this disclosure. The
terms “transmission medium™ and “signal medium” shall be taken to include any intangible
mediom that is capable of storing, encoding, or carrying the instructions 916 for execution by
the machine 900, and include digital or analog communications signals or other intangible
media to facilitate communication of such software. Hence, the terms “transmission medium”
and “signal medium™ shall be taken to include any form of modulated data signal, carrier wave,
and so forth. The term “modulated data signal” means a signal that has one or more of its
characteristics set or changed in such a manner as to encode information in the signal.
{60134] 'The terms “machine-readable medium,” “computer-readable mediom,” and
“device-readable medium” mean the same thing and may be used interchangeably in this
disclosure. The terms are defined to inclhude both machine-storage media and transmission
media. Thus, the terms include both storage devices/media and carrier waves/modulated data

signals.

Example Implementations

{80135] Implementation 1. A method comprising: accessing image data captured by an

imaging device, the image data including information corresponding to ong or more images of

46



WO 2020/227176 PCT/US2020/031230

a brain of an individual and the information including voxels with individual voxels being
associated with an intensity valae; removing, using one or more hardware processors, first
portions of the image data to produce first modified image data, the first portions of the image
data corresponding to one or more first features that are outside of a head of the individual;
aligning, using the one or more hardware processors, one or more second {eatures represented
by the first modified image data with one or more templates that correspond to features of a
human head; identifying, using the one or more hardware processors and hased on the one or
more templates, second portions of the image data that are included in the first modified image
data and that correspond to bone included in the head of the individual; removing, using the
one or more hardware processors, the second portions of the image data from the first modified
image data to produce second modified image data; identifving, using the one or more hardware
processors, third portions of the image data that arg included in the second modified image data
and that correspond to blood vessels located in the head of the individual; determining, using
the one or more hardware processors, a first group that includes a first portion of the blood
vessels having first diameters included in a first range of values; determining, using the one or
more hardware processors, a second group that inclades a second portion of the blood vessels
having second diameters included in a second range of values that is different from the first
range of values; determining, using the one or more hardware processors, a first metric of first
intensity values of first voxels corresponding to a first blood vessel located in a first region of
a first hemisphere of the brain, the first blood vessel being included in the first group;
determining, using the one or more hardware processors, a second metric of second intensity
values of second voxels corresponding to a second blood vessel located in a second region of
a second hemisphere of the brain, the second blood vessel being substantially symmetrically
focated in the brain of the individual with respect to the first blood vessel and the second blood
vessel being included in the first group; determining, using the one or more hardware
pracessors, a measure of a difference between the first metric of first intensity values and the
second metric of second intensity values, wherein the second metric of intensity values is
different from the first metric of intensity values; determining, using the one or more processors
and based on the measure, that a probability of an abnormality being present with respect to
the second blood vessel is greater than a threshold probability; and generating user interface
data that corresponds to an image that includes the first blood vessel, the second blood vessel,
and a user interface element that highlights the second hlood vessel.

(66136] Implementation 2. The method of implementation 1, comprising: determining

additional portions of the image data that correspond to features of the individual that are at a
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pre-spectfied anatomic landmark of the individual; and wherein the first portions of the image
data removed to produce the first moditied image data inclade the additional portions of the
image data.

[866137]  Implementation 3. The method of implementation 1 or 2, comprising determining
additional portions of the image data that correspond to a part of the imaging device; and
wherein the first portions of the image data removed to produce the first modified image data
inclade the additional portions of the image data.

{80138] Implementation 4. The method of any one of implementations 1 to 3, comprising:
determining a digital representation of a plarality of regions of the human brain; and aligning
the digital representation of the plurality of regions of the human with portions of the first
modified image data.

[66139] Implementation 5. The method of implementation 4, wherein the plurality of
regions of the haman brain include a first region that inclodes at least a portion of an intracranial
internal carotid artery and at least a proximal portion of an M1 segment of the middle cerebral
artery, a second region that includes at least a middle to distal portion of the M1 segment of
the middle cerebral artery, and a third region that includes at least a portion of the M2 segment
of the middle cerebral artery.

[66148] Implementation 6. The method of implementation 4, wherein the digital
representation of the plurality of regions of the human brain is generated using one or more
machine learning techniques.

[60141] Implementation 7. The method of implementation 4, wherein: the digital
representation of the plurality of regions of the human brain includes at least one template; and
the plurality of regions of the human brain indicated by the at least one template are aligned
with the portions of the first modified image data.

[66142] Implementation 8. The method of any one of implementations 1 to 3, comprising:
determining a digital representation of one or more blood vessels associated with the human
brain; and identifying the third portions of the image data that correspond to the blood vessels
in the head of the individual using the digital representation.

[60143] Implementation 9. The method of implementation 8, wherein the digital
representation of the one or more blood vessels associated with the human brain is generated
using one or more machine learning technigues.

[606144] Implementation 10. The method of implementation §, wherein: the digital

representation of the one or more blood vessels associated with the human brain includes at
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least one template; and the third portions of the image data that correspond to the blood vessels
in the head of the individual are identified vsing the at least one template.

[66145] Implementation 11. The method of any one of implementations 1 to 10, wherein:
the first intensity values of the first voxels indicate first densities of the first blood vessels -
located in the first region and the second intensity values of the second voxels indicate second
densities of the second blood vessels jocated in the second region; and the abnormality
corresponds to an occlusion of the second blood vessel.

{80146] Implementation 12. A system comprising: at least one hardware processor; a
computer-readable medium storing instructions that, when executed by the at least one
hardware processor, cause the at least one hardware processor to perform operations
comprising: accessing image data including information corresponding to an image of a brain
of an individual; identifying, based on the image data, one or more first blood vessels located
in a first hemisphere of the brain; identifying, based on the image data, one or more second
blood vessels located in a second hemisphere of the brain; determining a measure
corresponding to an amount of difference between one or more first densities of the one or
more first blood vessels and one or more second densities of the one or more second blood
vessel; and determining, based on the measure, a probability of an abnormality with respect to
at least one first blood vessel of the one or more first blood vessels or at least one second blood
vessel of the one or more second blood vessels.

[{66147] Implementation 3. The system of implementation 12, comprising additional
instructions stored by the coraputer-readable medium that, when executed by the at least one
hardware processor, cause the at least one hardware processor to perform operations
comprising: identifying a first region located in a first hemispherg of the brain of the individual,
the first region inchuding the one or more first blood vessels; identifying a counterpart first
region located in a second hemisphere of the brain of the individual, the counterpart first region
including the one or more second blood vessels and wherein the counterpart first region is
located substantially symmetrical with respect to the first region; and determining that the
measure corresponding to the amount of difference between the one or more first densities of
the one or more first blood vessels and the one or more second densities of the one or more
second blood vessels satisfies a threshold criteria.

{86148] Implementation 14. The system of implementation 13, comprising further
instructions stored by the computer-readable medium that, when executed by the at least one
hardware processor, cause the at least one hardware processor to perform operations

comprising: identifying, based on the image data, one or more third blood vessels located in a
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second region of the first hemisphere of the brain of the individual; identifving, based on the
image data, one or more fourth blood vessels located in a counterpart second region of the
second hemisphere of the brain of the individual; determining an additional measure
corresponding to an additional amount of ditference between one or more third densities of the
one or more third blood vessels and one or more fourth densities of the one or more fourth
blood vessels; and determining that the addifional measure satisfies an additional threshold
criteria that is different from the threshold criteria.

{86149] Implementation 15. The system of implementation 14, comprising further
additional instructions stored by the computer-readable medium that, when executed by the at
least one hardware processor, cause the at least one hardware processor to perform operations
comprising: identifving, based on the image data, one or more fifth blood vessels located in a
third region of the first hemisphere of the brain of the individual; identifying, based on the
image data, one or more sixth blood vessels located in a counterpart third region of the second
hemisphere of the brain of the individual, the counterpart third region being located
substantially symmetrical with respect to the third region; determining 2 further measure
corresponding to a further amount of difference between one or more fifth densities of the one
or more fifth blood vessels and one or more sixth densities of the one or more sixth blood
vessels; and determining that the further measure satisfies a further threshold criteria that is
different from at least one of the threshold criteria or the additional threshold criteria.

[661506] Iroplementation §6. The system of any one of implementations 12 to 15, comprising
additional instructions stored by the computer-readable medium that, when executed by the at
least one hardware processor, cause the at least one hardware processor to perform operations
comprising: generating user interface data corresponding to 2 user interface that includes an
image of blood vessels associated with the brain of the individual and that includes a user
interface element indicating a possible abnormality with respect a blood vessel located in the
head of the individual, the user interface element also indicating at least one of a probability of
an abnormality with respect to the blood vessel or a severity of the abnormality; and wherein
the image is a maximuom intensity projection (MIP) image of the underlying angiographic
image volume.

166151] Implementation 17. The system of any one of implementations 12 to 16, comprising
additional instructions stored by the computer-readable medium that, when executed by the at
least one hardware processor, cause the at least one hardware processor to perform operations
comprising: determining diameters of blood vessels located in a head of the individual;

determining a first group of the blood vessels having first diameters inchaded in a first range of
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measurements; and determining a second group of the blood vessels having second diameters
inchided in a second range of measurements, at least a portion of the first diameters being at
least twice as large as at Jeast a portion of the second diameters.

{066152] Implementation 18. The system of implementation 17, comprising further
instructions stored by the computer-readable medium that, when execated by the at least one
hardware processor, cause the at least one hardware processor to perform operations
comprising: determining first density values for the first group of the blood vessels based on
first intensity values of first voxels incloded in the image data, the first voxels corresponding
to the first group of the blood vessels; determining respective lengths of individual blood
vessels included in the first group of the blood vessels; and determining second density values
for the second group of the blood vessels based on second intensity values of second voxels
incladed in the image data, the second voxels corresponding to the second group of the blood
vessels.

[60153]  boplementation 19, The system of implementation 18, wherein: the first blood
vessels and the second blood vessels are included in the first group of the blood vessels; and
the system comprises further additional instructions stored by the computer-readable medium
that, when executed by the at least one hardware processor, cause the at least one hardware
processor to perform operations comprising: determining an additional measure corresponding
to an additional amount of difference between a first additional densities of first additional
blood vessels located in the first henusphere of the brain and second additional densities of
second additional blood vessels located in the second hemisphere of the brain, the first
additional blood vessels and the second additional blood vessels being included in the second
group of the blood vessels; and the probability of the abnormality is based on a length at least
one of the first blood vessels, a length of at Jeast one of the second blood vessels, and the
additional measure.

{80154] Implementation 20. A method comprising: accessing, using one or more hardware
processors, image data captared by an imaging device, the image data including information
corresponding to an image of a brain of an individual and the information including a plarality
of voxels with individual voxels heing associated with an intensity value; aligning, using the
one or more hardware processors, features represented by the image data with a template that
inchudes features of a human head, the features of the human head including at least one of
bone or blood vessels; removing, using the one or more hardware processors, portions of the
image data to produce modified image data, the portions of the image data corresponding (o

one or more bones located in a head of the individual; identifying, using the one or more
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hardware processors and based on the modified image data, one or more first blood vessels
focated in a first hemisphere of the brain, the one or more first blood vessels having one or
more first diameters incladed in a range of values; identifying, using the one or more hardware
processors and based on the modified image data, one or more second blood vessels located in
a second hemisphere of the brain, the one or more second blood vessels having one or more
second diameters included in the range of values; determining, using the one or more hardware
processors, a measure corresponding to an amount of difference between one or more first
densities of the one or more first blood vessels and one or more second densities of the one or
more second blood vessels, wherein the one or more first densities are less than the one or more
second densities; and determining, using the one or more hardware processors and based on
the measure, a probability of an abnormality with respect to at least one blood vessel located
in the head of the individual.

[66155] Ioplementation 21. The method of implementation 20, wherein: the imaging
device is a computed tomography angiography (CTA) imaging device; the image data is
formatted according to a Digital Imaging and Communications in Medicine (BICOM)
standard; and the image is based on a plurality of image slices obtained by the imaging device,
individual image slices of the plurality of image slices having a thickness from at least about
1.5 ram to no greater than about 5 num.

180156] Implementation 22, The method of implementation 20 or 21, comprising:
identifying the one or more bones located in the head of the individual using the template; and
wherein the first blood vessels and the second blood vessels are identified using an additional
template.

{866157] Implementation 23. The method of any one of implementations 20 to 22, further
comprising: determining that the probability of the abnormality with respect to the one or more
blood vessels located in the head of the individual is greater than a threshold probability;
responsive to the probahility of the abnormality with respect to the one or more blood vessels
located in the head of the individual being greater than the threshold probability: identifying,
based on the modified image data, third blood vessels located in the first hemisphere of the
brain; identifying, based on the modified image data, fourth blood vessels located in the second
hemisphere of the brain; determining an additional measure corresponding to an additional
amount of difference between third densities of the third blood vessels and fourth densities of
the fourth blood vessels; and determining, based on the additional measure, an additional
probability of an abnormality with respect the one or more blood vessels located in the head of

the mdividual,
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[80158] Implementation 24. A method comprising: obtaining an image of a brain of an
individual; identifying, using the image, a blood vessel located in the brain of an individual
based on a template that indicates locations of a nuraber of blood vessels located in a human
brain; determining a starting point with respect to the blood vessel, the starting point indicating
a first voxel of the image that is inciuded in a path of the blood vessel within the brain of the
individaal; determining a path along the blood vessel based on density values corresponding to
the blood vessel, the density values indicating an amount of contrast between portions of the
image related to the blood vessel and background portions of the image; determining an
endpoint of the blood vessel based at least partly on the template; determining that the blood
vessel terminates before the endpoint; and determining, based on the blood vessel terminating
before the endpoint, a probability that an abnormality is present with respect to the blood vessel.
{06159]  Implementation 25. The method of implementation 24, wherein the path along the
blood vessel corresponds to a shortest path that is determined based on vesselness values of
voxels of the image in locations that correspond to the location of the blood vessel, the
vesselness values corresponding to eigenvalues of a Hessian filter.

[86168] Implementation 26. The method of implementation 24 or 25, wherein the starting
point of the blood vessel corresponds to a voxel having a highest vesselness value, the voxel
being located in a proximal portion of the blood vessel.

{66161] Implementation 27. The method of any one of implementations 24 to 26, wherein
the path of the blood vessel terminates based on the cost of the shortest path exceeding a
threshold cost.

186162] Implementation 28. The method of any one of implementations 24 to 27, wherein
the path of the blood vessel terminates in response to determining that no voxels remain along
the path of the blood vessel that have a finite cost to pass through.

[66163] Implementation 29. The method of any one of tmplementations 24 to 28, wherein
the starting point is located in the proximal end of the middle cerebral artery and the endpoint
is located in a distal portion of the middie cerebral artery.

[66164] IDroplementation 30. A system comprising: at least one hardware processor; a
computer-readable medium storing instructions that, when executed by the at least one
hardware processor, cause the at least one hardware processor to perform operations
comprising: obtaining ar image of a brain of an individual; identifving, using the image, a
blood vessel located in the brain of an individual based on a template that indicates locations
of a mumber of blood vessels located in a human brain; determining a starting point with respect

to the blood vessel, the starting point indicating a first voxel of the image that is included in a
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path ot the blood vessel within the brain of the individeal; determining a path along the blood
vessel based on density values corresponding to the blood vessel, the density values indicating
an amount of contrast between portions of the image related to the blood vessel and background
portions of the image; determining an endpoint of the blood vessel based at Jeast partly on the
template; determining that the blood vessel terminates before the endpoint; and determining,
based on the blood vessel terminating before the endpoint, a probability that an abnormality is
present with respect to the blood vessel.

{80165] Implementation 31. The system of implementation 3{, wherein the path along the
blood vessel corresponds to a shortest path that is determined based on vesselness valaes of
voxels of the image in locations that correspond to the location of the blood vessel, the
vesselness values corresponding to eigenvalues of a Hessian filter.

[866166] Implementation 32. The system of implementation 30 or 31, wherein the starting
point of the blood vessel corresponds to a voxel having a highest vesselness value, the voxel
being located in a proximal portion of the blood vessel.

186167] Implementation 33. The system of any one of implementations 30 to 32, wherein
the path of the blood vessel terminates based on the cost of the shortest path excesding a
threshold cost.

[60168] Implementation 34. The system of any one of implementations 30 to 33, wherein
the path of the blood vesse] terminates in response to determining that no voxels remain along
the path of the blood vessel that have a finite cost o pass through.

[60169] Implementation 35. The system of any one of implementations 30 to 34, wherein
the starting point is located in the proximal end of the middle cerebral artery and the endpoint

is located in a distal portion of the middle cerebral artery.

Examples
Example 1
{66170] Methods
681711 Consecutive patients who underwent multimodal CT with thin-slice CTA

between 1/1/2017 and 31/12/2018 for a suspected acute ischemic stroke within 24 hours of
onset were retrospectively identified.  These multimodal CTs were assessed by two
neuroradiclogists in consensus for the presence and site of an anterior circulation LVO or M2-
segment middle cerebral artery (M2-MCA) occlusion (the reference standard). The patients’

{UTAs were then processed using the awtomated LYO-detection algorithm (RAPID CTA}.
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Receiver-operating characteristic analysis was used to determine sensitivity, specificity and
NPV of the algorithm for detection of a) an LVO and b) either an LVO or M2-MCA occlusion.
(881721 Resulis

[66173] CTAs {from 477 patients were analyzed (271 men and 206 women; median
age 71, interquartile range 60-80). Median processing time was 158 seconds (Inter-quartile
range 150-167 seconds). 78 patients had anterior circulation LVOs and 28 had isolated M2-
MCA occlusions. The sensitivity, negative predictive value (NPV) and specificity were (.94,
0.98 and 0.76 respectively for detection of intracranial LVQOs and 0.92, 0.97 and 0.81
respectively for detection of either an intracranial LV or M2-MCA occlusion.

(66174] MATERIALS AND METHODS

[66175] Consecutive patients who presented to our institution between 1/1/2017 and
31/12/2018, underwent multimodal brain T for a suspected acute ischemic stroke, and met
the following inclusion criteria were retrospectively identified using owr Picture Archiving and
Communication System and electronic medical records. The inclusion criteria were: a) patient
older than 18 years, and b) multimodal “stroke protocol” CT performed within 24 hours of
symptom onset or jast seen well. Exclasion criteria were: a} technically inadequate CTA (poor
contrast bolus or substantial motion or metal artifact that precluded accurate assessment of the
intracranial arteries to the level of the distal M2 segments of the middle cerebral arteries by an
experienced neuroradiologist) and b) thin slice CTA images unavailfable. The justification for
these exclusion criteria were: a} the CTA had to be of sufficient quahty for accurate
interpretation by an experienced human reader, since this was the criterion standard against
which the LV{-detection algorithm was assessed; and b) thin slice images acquired using a
512x512 image matrix were necessary for processing by the algorithm.

[66176] CT Image Acquisition and Reconstruction Technigque

(881771 All patients were scanned on a 256-slice multi-detector CT (iCT 256, Philips
Healthcare, Cleveland, OH, USA). Our institution’s routine multimodal “stroke (T protocol”
consisted of unenhanced CT followed by CT perfusion (CTP) and CT angiography.

[G0178] Unenhanced CT was acquired in the helical mode with the following
parameters: 0.625 mm slice collimation, spiral pitch factor of (.283, tube voltage of 120 kV
and image matrix 512 x 512. Images were reconstructed using a UB kernel at 1 mum
overlapping sections, with axial, coronal and sagittal mudtiplanar reconstructions performed at
4 mum slice thickness.

166179] 50 mL of non-ionic contrast agent (350 mg iodine/mL., ichexol Omnipague 350,

GE Healthcare, Wisconsin, USA) was injected iniravenously for CTP.
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{8618¢] For the subsequent CTA, 80 mL of the same non-ionic contrast agent was
injected intravenously at a rate of Sml/s followed by a 40mL saline flush at 6mi/s. Contrast
bolus triggering was performed in the aortic arch. Parameters for the helical acquisition were
as follows: craniocaudal coverage from the aortic arch to vertex, 100 kV tube voltage with dose
modulation, slice collimation width 0.625 mm, image matrix 512 x 512, and spiral pitch factor
(.618. The following reconstruction parameters were used: iterative reconstruction (iDose)
factor of 5 and convolution kernel B. Axial images were reconstructed at 0.8 mm overlapping
sections. Axial, coronal and sagittal multiplanar reconstructions were performed at 4 mm slice
thickness. Axial maximum intensity projections were reconstructed at 10-mm thickness.
(801811 LYO Definitions

[60182] With respect to example 1, the term intracranial “L.VO” was used specifically
to describe anterior circulation occlusions, involving the M1-MCA and the intracranial ICA
{from the peirous segment to the ICA bifurcation). “Supraclinoid ICA” refers to the ophthalmic
and communicating segments of the [CA.

{66183] The MI-MCA was defined functionally as the segment from the ICA
bifurcation to the MCA biturcation or trifurcation. When there was early division of the MCA,
proximal to its genu, the short proximal trunk was called the M1 segment and the branches
distal to division were defined as M2 segments.

166184] The M2 segments were defined as those imunediately distal to the MCA
bifurcauon/trifurcation that ascend vertically within the Sylvian fissure (assessed on coronal
images}). Proximal M2 occlusions were defined as being located inferior to a transverse plane
drawn through the mid-point of the Sylvian cistern on coronal images. The dominance of an
M2 segment was assessed based on its size relative to the other M2 segment(s) and the extent
of the perfusion abnormality it produced.

[60185] Image Analysis

166186] Two diagnostic neuroradiologists {with § and 9 years of post-fellowship
experience, respectively) reviewed each patient’s complete multimodal CT: the unenhanced
CT, CTP, and CTA.,

{60187} . Details of the patient’s clinical presentation were provided. The findings were
then verified by an interventional neuroradiclogist with 7 years’ experience. These
neuroradiologist reads served as the criterion-standard against which the performance of the
automated LV detection tool was assessed.

[66188] For each patient, the technical adequacy of the UTA was assessed. The

following features were then recorded in consensus:

56



WO 2020/227176 PCT/US2020/031230

I. The presence, side and site of an intracranial LV O or cervical ICA occlusion;

~

2. The presence, side, site (proximal versus distal) and dominance of a MZ2-MCA

occlusion.

{66189 For tandem lesions, each site of occlusion was recorded. For MI-MCA
occlusions, the specific sub-site of occlusion {(proximal two-third versus distal third of the M1
segment) and the length of the non-opacified vessel segment were recorded.

(60190} LYV detection using Aufomated Software

166191} An automated tool (RAPID CTA, RAPID 4.9, iSchemaView, Menlo Park, CA}
was used to analyze each patient’s UTA raw data for the presence and side of an LVO.
(66192] The RAPID CTA algorithm performs the following operations: (1) imports the
UTA raw data in Digital Imaging and Communications in Medicine format; (2) motion and tilt
corrects the images; (3) trims the CTA data cranjocaudally to restrict coverage from the Cl
vertebra to the veriex; (4) elastically aligns an anatomic template of the human head with the
CTA data; (5) warps templates of relevant anatomic structures (2.g., bones and blood vessels)
onte the CTA to create masks; (6) removes the skull base and calvarium using the bone mask;
(7) identifies intracranial vessels and dichotomizes them into small and large diameter groups;
(8) determines the vessel density by assessing the length of large caliber vessels in the
suprasellar cistern (supraclinoid ICA) and proximal Sylvian cistern {M1-MCA) as well as the
sum of density values (in Hounsfield units) of the voxels constituting these vessels; (9)
determines vessel density for small caliber vessels (distal M1, M2, and M3 segments) further
distally in and adjacent to the Sylvian cisterns; (10) performs left-right comparison to determine
the relative vessel density ratio, first within the suprasellar and proximal Sylvian cistern, then
progressing further distally; (11) creates axial, coronal, and sagittal maximum-intensity
projections of the intracranial vasculature from the bone-masked CTA; (12) highlights the areas
of reduced relative interhemispheric vessel density on these MiPs applying the following color-
coded thresholds: 75% to 80% (blue}, 60% 1o 74% {green), 45% to 539% (yellow), and <45%
{red; Figure 10}; and (13} sends these MIPs as de-identified output maps to the picture
archiving and communication system. Application of the 4 different thresholds is simultaneous
and fully automated.

166193] The processing time taken to complete these steps was recorded for gach patient.
Mo further training of the algorithm occurred during the study period.

[66194] Statistical analysis
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[86195] All statistical analyses were performed using a software package {MedCale
Version 17.2, MedCalc Software bvba, Ostend, Belgium, 2017).

[66196] Receiver operating characteristic (ROC) analysis was performed to determine
the sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV)
and area-under-the ROC carve (AUC) of the algorithm for detection of:

1. An intracranial LVG; and
2. Fither an intracranial LVO or M2 segment occlusion.

(661971 A vessel density threshold of <75% (inclusive of the 60%-75%, 45%-59%, and
<45% thresholds) was used in this study for LVO detection, as this was recommended by the
software developers based on their prerelease testing.

[66198] Confidence intervals were calealated using a bootstrap procedure with 10000
samples with replacement.

(66199 RESULTS

[66200] S01 consecutive patients mesting the inclusion criteria had undergone a
multimodal CT with CTA and CTP between 1/1/2017 and 31/12/2013. § were excluded due to
a technically inadeguate CTA (poor contrast bolus in 5 and severe motion degradation in 3).
16 (including two with an LV} were excluded because thin-slice {UTA was unavailable on
PACS.

(66201] CTAs from 477 patients were analyzed: 271 male (median age70, IQR 59.5-79)
and 206 female (median age 71.5, IQR 60-83). Patients’” baseline characteristics and the details
of vessel occlusions are shown in Tables 1 and 2 respectively.

Table 1. Patient Characteristics

Numbe | Age NIHSS Male | Intravenous | Thrombectomy
¥ , ¥V Median TPA Given Performed
{Inierquartile
Range)

All Patients 477 7 271 68 57

(60- (56.8%)

8%
Intracranial anterior 73 74 46 39 52
circulation  large  vessel (65- (59.0%)
occlusion 82)
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MZ  segmept  middie 28 73 1z 2 2
cerchbral artery occlusion (70- {42.9%)

88)
No intracranial  anterior 371 70 213 27 0
circulation large vessel or (38- (57.4%)
M2 occlusion (controls) 8G)

NIHSS indicates National Institute of Health Stroke Scale; and TPA, tissue-type plasminogen activator.

Table 2. Patient Characteristics

Nuomber
LVO 76
M1 segment middle cerebral artery only 46
Intracranial internal carotid artery only 21
Supraclinoid, including terminus 14
Suprachinoid, proximal to ternrinus 3
Petrous-Clinoid segments 4
Tandem M1-middle cerebral artery and intracranial 11
internal carotid artery
M2 segmernt of muiddie cerebral 28
artery occlusions
Location Proximal 24
Thstald 4
Division Both 4
Dominant 13
Co-dominant 4
Nondominant 7

LVO indicates large vessel occlusion.
o

[66202]

158 seconds (IQR 150-167 seconds).

[66203]
[66204]

1. Intracranial LVQO detection

All cases were processed in under 5 minutes. The mean processing time was

The results of ROC analysis for LVO detection are given in Table 3.

Table 3. Results of Receiver Operating Characteristic Analysis for LYQO Detection at the

Optimal Threshold (<75%)
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Site of Occlusion Sensitivity | Specificity | PPV¥ | NPV* | Youden* | AUC¥
o %
Intracranial large vessel (n=78) (.94 0.76 (0.72- | 0.43 (.98 .76 (.85
(0.86- 3.80) (0.39- | (0.96- {G.62- (0.81-
0.98) 0.48) | 0.99) 0.76) 0.88)
M2-segment middle cerebral artery (.86 0.687 0.147 (3.997 (.54 0.77
{n=28) {0.67- (0.63-0.72) | (0.12- | (0.97- {(.36- (0.70-
0.96) 0.17) 1.6 0.64) (.84}
Intracranial large wvessel or M2 4.92 0.88 (0.77- | .58 0.97 .72 0.86
segment  middle cerebral  artery {0.85- (.85} {0.52- | (0.95- {0.65- {0.83-
(n=106) 0.96) 0.63) | 0.98) 0.79) 0.90)

AUC indicates area-under-the ROC curve; NPV, negative predictive value; LVQO, large vessel
occlusion; and PPV, positive predictive value.

* Values within parentheses represent the 95% CL

T With LVOs included. Sensttivity, specificity, PPV, and NPV were (.86, .81, (1.23, and (.99,

respectively when the 78 patients with LVOs were excluded from analysis.

Of the 78 patients with an LY O in the study population, 73 (93.6%) were correctly identified
by the algorithm, yielding a sensitivity of 0.94 (Clos20.86-0.98) and a specificity of 0.76
{(Close 0.72-0.80). The negative predictive value was very high (0.98, Clos40.96-0.99). The
ROC curve is shown in Figure 11A.

[G0205] On post hoc analysis, the algorithm did not miss any LYV O associated with poor
collateral status (as indicated by lack of opacification of the M2 and M3 segments distal to the
LYQ).

[60206] A ICA occlusions

[86207] An LYO was correctly identified in 31/32 (86.9%) patients with an intracranial
ICA occlusion. There were 11 patients with tandem [CA and MI-MCA occlusions and 14
patients with isolated supraclinoid ICA occlusions that involved the ICA terminus (including
one with incomplete occlusion). These were all correctly identified using the <45% threshold
{example shown in Figure 10(A) and 10(B}}.

[GO208] In 3 patients with supraclinoid ICA occlusions that spared the YCA terminus,
the ICA terminus and MI-MCA were opacified by cross-flow via the patent anterior
communicating segment. In these patients, the proximal part of the supraclinoid ICA was not
opacified, resulting in reduction in the vessel density ratio that allowed detection by the

algorithm, albeit using a higher threshold of «<60%.
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[66209] The algorithm correctly identified 3 out of 4 petrous-cavernous segment ICA
occlusions using the <45% threshold. In these patients, the caliber and luminal density of the
supraclinoid HCA was sufficiently reduced compared with the contralateral side (Figure 11) to
aliow detection. In the remaining patient with a petrous segment ICA occhision, which was
missed by the algorithm, the supraciinoid ICA was well opacified, with no reduction in caliber
or luminal density because of collateral supply from the external carotid artery via the
ophthalmic artery.

16621401 B.) M1I occlusions

(662111 Of the 46 padents with an isolated MI-MCA occlusion, 42 (91.3%) were
correctly identified by the algorithm. 33 were identified using the <43% (red) threshold, while
5 were identified using the <60% (yellow) threshold and 4 were identified using the <75%
{green) threshold.

[66212] Of the 9 patients who were identified using the green or vellow thresholds, 6
had short segment occlusions (measuring <8mm in length). These patients had good
opacification of the M2 segments distal to the occlusion {(therefore a smaller relative vessel
density reduction), indicating good collateral status.

[66213] Two examples are shown in Figure 10(C) and 10(D}. The remaining 3 patients
also had good collaterals as indicated by reconstitution of the proximal M2 segments.

166214} Four M1-MCA occlusions were missed: one incomplete, one short segment {5
mm length), and the other 15 mm long with reconstitution of the proximal M2 segments via
collaterals. The remaining case was a long-segment proximal M1-MCA occlusion with
reconstitution of the anterior temporal branch and proximal M2 segments, again indicating
good collateral status.

(662157 2. LVO and M2-MCA occlusion

[66216] The results of ROC analysis for detection of either an LYV0s or an M2-MCA
acchusion are given in Table 3 {the ROC curve is shown in Figure 13(B)). The sensitivity of
(.92 (95% CI, (.836-0.96) was lower than for purely LVO detection but the specificity of 0.81
{95% CI, 0.77-0.85) was higher. The NPV was .97 (5% 1, 0.95-0.98).

{66217} Of the 28 M2-MCA occlusions, 4 were not detected: 2 short-segment proximal
occhisions with good collaterals (indicated by opacification of the M2 segment further distally},
a small nondominant M2 segment occlasion and a distal nondominant M2 occlusion.

[66213] 3. False positives

166219] There were 71 false positives. A cause of asymmetrical vascular density in the

supraclinoid and Sylvian cisterns was identified in 64 of these patients. Ipsilateral decreased
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vascular density was caased by: chronic M1-MCA stenosis (n=5); high-grade supraclinoid ICA
stenosts (n=1); cervical [CA occlusion with decreased density and caliber of the suprachinoid
ICA (n=1); old ipsilateral MCA territory infarction with attenuation of the M1 or M2 segments
{n=4); and early bifurcation of the MCA (n=12).

[60220] False positives also resulted from the following causes of contralateral increased
vascular density (Figure 12): a large anterior temnporal branch (n=7); asymmetrically large or
unilateral posterior communicating segment {(n=13); hyperperfusion (n=3: 2 patients with
hypervascular tumors and 1 with seizures); large MCA aneurysm (n=1}; large supraclinoid {CA
sapplying both anterior cerebral arteries (n=2); and opacified venous structares {n=13).
(662211 Cervieal FCA occlusions

[66222] There were 8 patients who had an isolated cervical ICA occlusion. The
algorithm diagnosed an intracranial LY O in one of these patients whose supraclinoid ICA was
decreased in density (15%} and caliber (50%) compared with its contralateral counterpart. The

ipsilateral suprachinoid ICA had only mildly decreased density and caliber in the remaining 7

patients.
[06223] DISCUSSION
[66224] This study retrospectively evaluated the performance of an automated LVQ

detection tool in a cohort of consecutive patients who underwent multimodal CT for a
suspected acute ischemic stroke at a large regional hospital. Our results demonstrate that a fully
antomated software algorithim can detect intracranial anterior circolation LVOs with high
diagnostic sensitivity (0.94) and negative predictive value (0.98), and moderately high
specificity ((.76). The study also shows that this can be achieved in very short computing times,
under 3 minutes, making this tool ideally suited to the emergent clinical setting.

[66225] The sensitivity of the algorithm falls within the range previously reported for
neuroradiologists of varying levels of experience (0.94-1.0). The specificity is, however, much
lower than 0.95 to 0.98 achieved by experienced human readers. Vascular asynunetry, which
caused most false positives, can be easily distingoished from an LVO by radiologists and
neurologists. We therefore do not advocate replacing experienced human readers with the
automated LY Q detection tool. Instead, given its high NPV, we propose using this software as
a clinical decision support tool to screen the multimodal CTs of stroke patients.

[86226] It can alert the treating neurologist and reporting radiologist of a potential LVO
and expedite diagnosis by prompting evaluation of the patient’s imaging as a high priority.
Such a tool would be particularly valuable in regional and peripheral centers such as ours,

which do not have the resources and experienced staff to provide arcund-the-clock on-site

62



WO 2020/227176 PCT/US2020/031230

multimodal stroke CT interpretation. While all CTAs are ultimately read by a radiclogist, they
are not always assigned the highest priority, especially after-hours where resources are limited.
Ofien, there 15 only one on-call radiologist or resident at smaller centers and in countries where
subspecialist radiclogy is not practiced. In this setting, other emergent scans such as trauma
may be prioritized ahead of a stroke patient’s muudtimodal CT, resulting in delayed diagnosis.
The authors have encountered this issue repeatedly in clinical practice. The algorithm fully
automates LYO detection and generates an output within 3 minutes in 75% of cases (and 3
minutes in all cases). This ensures that the positive findings are brought to the reporting
radiologist, teleradiologist, or resident’s attention within 3 minutes of scanning, which in tarn
expedites diagnosis. Currently, assessment is often delayed until CTA reformats are completed
and the study posted to the radiologist worklist by the CT technologist.

[60227] An added benefit of the algorithm for hospitals such as ours that do not have an
on-site thrombectorny service is notification of the nearest thrombectomy center. This in furn
expedites mobilization of the clot retrieval team and treatment of eligible patients, thereby
ensuring the best possible outcomes. Notification is currently reliant upon the local neurologist
or emergency physician contacting the thrombectomy center, which can add to delay.

[66228] The algorithm may also be a valuable diagnostic support tool. While
experienced neuroradiologists have a high sensitivity for detection of LV Os, reported to be
75% to 98%. the diagnostic performance of neurologists and trainees may be considerably
lower (63% in 1 study). At many centers around the world, such as ours, the acute review of
multimodal stroke CTAs is performed by trainee radiologists and neurologists, and these
studies are second read by a radiologist (often a generalist) at a later time. Also, even
experienced radiologists do miss LYOs. The tool can prompt a second look in these cases,
potentially averting a clinically significant miss and consequent harm. While the cost of the
software is low, that of a missed or delayed diagnosis of an LYO, where the patient misses out
on beneficial treatment and suffers significant neurclogical disability, is high. Therefore, while
we have not performed a specific intervention to assess whether or not the use of the LVO
detection software is cost effective, our experience with delayed and missed diagnosis of LVOs
suggests that it is.

166229] To our knowledge, there is no previously published complete study that has
evaluated the diagnostic pertormance of an automated L.VO-detection algorithm. Two abstracts
are available for evaluation of another LY Q-detection software: the sensitivity of (.85 t0 0.97
reported in these abstracts is comparable to ours, while the reported specificity had a wide

range (0.52-0.83). The cohort of patients in those investigations was randomly selected from
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acute ischemic stroke patients at a number of comprehensive stroke centers and enriched with
LV (s, Car study cohort consisted of consecutive patients presenting to a regional hospital with
a suspected acute ischermic stroke and is therefore likely to be more heterogenous, with a lower
prevalence of LVOs because clinical triage is less refined than at a comprehensive stroke
center. By using a noncurated dataset, we have tested our algorithm and determined its
diagnostic performance in a real-world context. Our study cohort is also felt to be more
representative of the target population for LV(-detection tools.

[8623¢] The LVO detection algorithm evaluated in this stady detects hemispheric
differences in vessel density within the suprasellar and Sylvian cisterns. Vessel density is
atfected by the length, caliber, and number (spatial density} of opacified vessels as well as the
density of luminal opacification (measured in Hounsfield units). An LVO results in vessel non-
opacification, which in turn reduces ipsilateral vessel density. The resultant asymmetry is
detected by the algorithm. For example, suprachinoid ICA occlusions involving the ICA
terminus were all detected by the algorithm, using the <45% threshold. In these patients,
nonopacification of the supraclincid ICA and at least the proximal part of the MI-MCA
resulted in severe vessel density reduction. Similarly, patients with tandem MI1-MCA and
intracranial ICA occlusions, who had extensive arterial nonopacification, were detected using
the «45% threshold. Patients with an ICA occlusion that spared the terminus, who also had a
patent anterior communicating segment, displayed milder vessel density reduction because
cross-flow opacified the distal supraclinoid ICA. The vessel density reduction was sufficient
for the algorithm to detect an LY O but required use of a higher threshold in these patients.
166231} False negatives for LV detection could be explained by insufficient relative
vessel density reduction to allow detection by the algorithm. This occurred with short-segment
{(Figure 15) and incompiete MI1-MCA occlusions, and in patients with good collaterals where
there was M1 or M2 segment opacification distal to the occlusion. High collateral grade, with
vessel opacification distal to the occlusion (therefore a smaller reduction in relative vessel
density), also accounted for the nine MI-MCA occlusions that were not detected using the
lowest (<43%)} threshold. These patients with robust collaterals are more hikely to be slow
progressors whose infarct growth is less time sensitive. Expediting detection may therefore be
less critical in this group. None of the patients in whom the algorithm missed an LVO had a
poor collateral grade. Poor collaterals are associated with fast progression; therefore, this is the
group in which fast diagnosis is most important since rapid reperfusion is necessary for tissue

salvage.
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{66232] The only other false negative was a petrous ICA occlusion, which highlights an
important Hmitation of the algorithm. Petrous-clinoid ICA occlusions cannot be directly
detected because of poor performance of the bone mask at the skull base. The supraclinoid {CA
was normally opacified in this patient, precluding detection by the algorithm. While the number
of patients {(4) with skull-base [CA occlusions in this study was too small for meaningful
analysis of the accuracy of the LVO-detection tool in this group, it is also reflective of the low
prevalence of petrous-clinoid ICA occlusions in the acute ischemic stroke population. Cervical
ICA occlusions also pose a challenge for the algorithm because the neck vessels are not
interrogated, and these occlusions do not necessarily result in reduced density or caliber of the
supraclinoid ICA. Current guidelines do not indicate thrombectomy for patients with isolated
cervical HCA occlusions, therefore identifying these using the LV O-detection tool is perhaps
less critical at present. It is important that radiologists and neurologists are cognizant of the
presence and caases of false negatives and remain vigilant in their interpretation of UTAs even
when the algorithi gives a negative result.

166233] The algorithm wag able to detect most M2-MCA occlusions. While sensitivity
decreased slightly to (.92, specificity increased to 0.81 and NPV remained approximately
stable when M2-MCA occlusions were included. There is evidence of improved functional
outcomes with thrombectomy compared with standard medical management in patients with
M2-MCA occlusions. Current guidelines therefore state that endovascular thrombectomy can
be considered in carefully selected patients with M2-MCA occlusions.® In particular,
thrombectomy may be justified to achieve rapid reperfusion in patients with severe
neurclogical deficits and ischemia of highly eloquent brain regions. In addition, in patients with
M2-MCA occlusions who are ineligible for intravenous thrombolysis (e.g., because of
presentation beyond the 4.5 hours window), thrombectomy is the only available reperfusion
therapy. It could therefore be argued that an LVO-detection tool should also identify M2-MCA
occlusions.

[66234] False positives were caused by vascular asymmetry related to developmental
variants {e.g., early snilateral bifurcation of the ipsilateral MCA, which produces asymmetry
in vessel caliber, and a onilateral or large contralateral posterior comununicating segment),
chronic stenc-occlusive disease, and contralateral hyperperfusion (e.g., because of
hypervascular tumors). Since the algorithm does not differentiate between venous and arterial
structures, asymumetry in venous structures such as the deep and superficial middle cerebral

veins can cause false positives. This can be avoided by measures that prevent venous
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contamination of the CTA such as rapid contrast bolus injection and performing CTA befuore
CTP.

[66235] A limitation of this study is that it i3 a single-center experience. Further
investigation of the utility of the tool in a multicenter study that involves multiple regional

spoke hospitals and a clot retrieval hub is planned.

[60236] CONCLUSIONS
(602371 The algorithm evalvated in this study had high sensitivity and NPV for LVO

detection in a cohort of patients who underwent multimodal CT for a clinically suspected
stroke. M2-MUCA occlusions were also reliably detected, which is important since these patients
can be considered for thromabectomy. While sensitivity is in the range previously reported for
neuroradiologists, the specificity is much lower than that of experienced human readers. The
algorithm should therefore be used as a screening tool to expedite diagnosis rather than a
strrogate for an experienced human reader. Fast processing times make its use feasible in the
emergent clinical setting.

[68238] Figures

[66239] Figure 1. Examples of large vessel occlusion detection by the algorithm {an
expanded version is shown in Figure 14). A, Coronal computed tomography angiography
maximum intensity projection (MIP) shows terminal internal carotid artery and proximal M1
segment of the middle cerebral artery (M1-MCA) occlusion {(arrows) in a 44 y-old woman who
presented with sudden onset right-sided weakness and dysphasia. B, The resulting severe
vessel density reduction (to <45% contralateral) in the supraseliar cistern allowed the algorithm
to detect a large vessel occlusion. Software output of an axial bone-masked MiP with the area
of vessel density reduction highlighted in red. C, Eighty-eight-year-old woman who presented
with sudden onset left-sided weakness. Soltware output of a coronal MIP showing short-
segment distal right MCA-M1 occlusion (arrow) with the area of vessel density reduction
highlighted in yellow {(«<60% contralateral). One of the M2 segments was opacified distal to
the occlusion, therefore the vessel density reduction was less than in the previous case
necessitating use of a higher threshold. B, Sixty-one-year-old man presenting with sudden
onset left-sided weakness. Software output showing a short-segment distal right M1-MCA
occhision {arrow) with the area of vessel density reduction highlighted in green (<73%
contralateral). Sampling of a larger region was required to identify vessel density reduction,
which was less marked than in the previous examples due to good opacification of the M2 and

M3 segments distal to the short segment occlusion (indicating good collaterals). The
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pseudocontrast because of color overlays make the vessels seem more conspicuous than on
corresponding conventional MIPs.

[66240] Figure 11. Fifty-nine-year-old man with a left petrous internal carotid artery
{lCA} occlusion secondary to dissection. A, Software output with an axial bone-subtracted
maximum intensity projection (MiIP). Vessels in the suprasellar and Sylvian cisterns are
highlighted in red, indicating severe density reduction compared with the contralateral side
despite the normal appearance on the MIP. B, Axial 0.8 nun computed tomography
angiography showing nonopacification of the left cavernous ICA (arrow). C, The left
sapraclinoid ICA had a lower luminal density (roean density 390 Hounsfield units, top text
box) than the right (mean density 510 Hounsfield units, bottom text box}, which allowed the
algorithm to detect the large vessel occlusion (LVO).

(66241 ] Figure 12. Example of a false positive in a 50-y-old man presenting with
dysphasia and right-sided weakness. A, Software output showing right-sided vessel density
reduction to <60% contralateral when vessels in the saprasellar and Sylvian cistern are
interrogated. B, Coronal computed tomography angiography maximum intensity projection
(MIP) (20 mim) showing an increase in vessels in the left Sylvian cistern. £, Contrast-enhanced
computed tomography axial image showing the causative hypervascular tumor (ghoblastoma,
arrowed) in the left teraporal lobe and insula. B, Elevated relative cerebral blood flow and

engorgement of the ipsilateral middle cerebral artery are seen on the blood flow map.

(602427 Supplemental Material
(662431 CT technigue.
160244 For TP, 50 mb of non-ionic contrast agent (350 mg iodine/ml, ichexol

Omnipague 350, GE Healthcare, Wisconsin, USA) was injected intravenously, followed by a
50 ml saline flush at 5 ml/s. Perfusion CT data was acquired using an axial approach
consisting of 35 consecutive scans of the brain with the following parameters: 8§80 kV tube
voltage, 160 mA tube current, 2.03 s mean temporal resolution, 500 ms gantry rotation time,
80 mm z-axis coverage, 1.5 mm slice collimation and 512 x 512 acquisition matrix. Images
were reconstructed using an iterative reconstruction (iDose) factor of 4 at 10 mim shice thickness
and processed using a commercially available software (RAPID, iSchemaView, Menlo Park,
California).

166245] Figure 13: ROC curves for A. detection of intracranial LVOs and B. detection
of either an intracranial LVO or M2-MCA occlusion. The sensitivity decreases slightly but the

AUC increases due to improved specificity when M2-MCA occlusions are included.
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[86246] Figure 14: Examples of large vessel occlusion detection by the algorithm. A-C:
44-year-old woman who presented with sudden onset right sided weakness and dysphasia. A.
Coronal CTA MIP shows terminal ICA and proximal M1-MCA occlusion {(arrows). The
resulting severe vessel density reduction {to < 45% contralateral) in the supraselar cistern
allowed the algorithm to detect an LVO. B. and C. The seftware output of axial and coronal
bonemasked MIPs, with the areas with vessel density reduction highlighted in red. D-E: 88-
year-old woman presenting with sudden onset left sided weakness D. Axial CTA MIP showing
a short segment distal right MCA-MI occlusion (arrow}. One of the M2 segments is filled but
attenuated. E. and F. Software output highlighting the areas of vessel density reduction (to
<60% contralateral). G-E 61-year-old man presenting with sudden onset left sided weakness.
G. Axial CTA MIP showing short-segment distal right M1-MCA occlusion {(arrow). H. and L
Software output highlighting an extensive area in green, within which vessel density was
reduced to <73% contralateral. Sampling of a larger region was required to identify vessel
density reduction, which was less than in the previous examples due to opacification of the M2
and M3 segments distal to the short segment of the occlusion (indicating good colaterals). The
pseudocontrast due o color overlays make the vessels appear more conspicuous than on
corresponding conventional MIPs.

(66247} Figure 15 false negative. A. Axial CTA MIP tmage showing a short segment
right distal MI-MCA occlusion with reconstitution of the proximal M2 segments via

leptomeningeal collaterals. B. The algorithm failed to detect this LVO.

Example 2

[66248] Methods

166249] For this retrospective study, data were pooled from: two stroke trials, DEFUSE
2 {(n=62; 07/08-09/11) and 3 (n=213; 05/17-05/18); a cohort of ECR candidates {(n=82;
08/02/14 — 0OR8/30/15) and normals (n=111; 06/06/17 — 01/28/19) from 2 single quaternary
center; and ‘code stroke’-patients (n=501; 01/01/17 — 12/31/18) from a single regional hospital.
Al CTFAs were assessed by the automated algorithm. Consensus reads by two neuroradiologists
served as the reference standard. ROC analysis was used to assess diagnostic performance of
the algorithim for detection of: 1.) anterior circulation LY Qs involving the intracranial internal
carotid artery (ICA) or M1 segment middle cerebral artery (M1-MCA); 2.) anterior circulation
LVOs and proximal M2 segment middle cerebral artery (M2-MCA) occlusions and; 3.)

individual segment occlusions.
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1662567 Resuiis

[66251] CTAs from 926 patients (median age 70 years IQR: 38-80; 422 females) were
analyzed. 395 patients had an anterior circulation occlusion LVO or M2-MCA occlusion
{(NIHSS 14 [median], IQR: 9-19). Sensitivity and specificity were 97% and 74%, respectively,
for LYO detection, and 95% and 79%, respectively, when M2 occlusions were included. Oun
analysis by occlusion site, sensitivities were 90% (M2-MCA), 97% (MI1-MCA), and 97%
{(intracranial ICA) with corresponding area under the ROC curves of 0.874 (M2), 0.962, (M1),
and 6.997 (intracranial ICA).

[66252] Conclasions

[66253] Intracranial anterior circulation LVOs and proximal M2 occlusions can be
rapidly and reliably detected by an automated detection tool, which may facilitate intra and
inter-institutional workflows and emergent imaging triage in the care of stroke patients.
{66254 Materials and Methods

[G0255] This retrospective study was approved by the {RBs of the participating regional
and quaternary hospitals, who waived the requirement for informed consent.

[60256] a. Patient Sclection

[66257] A total of 969 patients were included in this retrospective study. The patient
population comprised 5 individual cohorts which constituted a well-represented sample of
scanner models from all major CT vendors and typical variants of CTA protocols seen at
hospitals: Two hundred seventy-five patients pooled from DEFUSE 2 (Diffusion and Perfusion
Imaging Evaluation for Understanding Stroke Evolution; n=62; §7/08-09/11) and DEFUSE 3
{(n=213; G5/17-05/18), 2 large multi-center stroke trials; 193 patients came from a singie
quaternary center of which 82 were patients who had been imaged as potential ECR candidates
(Aungust 2, 20i4-August 30, 2015), and 111 were imaged for nonstroke related indications
(June 6 2017-January 28, 2019) with normal anterior circulation. The fifth cohort was a
consecutive series of 501 patients who had CTA as part of a code stroke work up at a regional
hospital that is a primary stroke center (January 1, 2017-December 31, 2018). Note that for
DEFUSE 2 and 3, only the subset of consented patients who had ondergone acute CTA were
used. Data from the patients in the fifth cohort were used for follow-on study which has already
been published.

166258] Forty-three patients (4.4%) were excluded due to (1) screen failures (n=4, from
DEFUSE 2); (2) CTA not being included in the acute CT protocol (n=7); (3) inadequate data
format (thin slice CTA raw data unavailable); and (4) the CTA being deemed by an experienced

neuroradiologist (5.A.) to be technically inadequate therefore of insufficient quality to allow
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accurate interpretation by a human reader {n=15 with severe motion in 3, poor/no contrast bolus
in 8 and incomplete coverage of the intracranial arteries in 4).

[60259] The remaining 926 patients (age 70 [median; interquartile range (IQR)], 38-80
vears) were analyzed, of which 504 were female (age 69 IQR, 58-78) and 422 male (age 71,
IQR, 39-82). Five hundred thirty-one of these patients, who were imaged for a diagnostic
workup of their cervico-cerebral vascuiature, had either no evidence of an anterior circulation
vessel occlusion or distal (M3/M4 segments) occlusions only, and for this study were
considered controls. Based on CTA expert reads, the remaining 393 patients had an ceclusion

in the anterior circulation at the following location:

L Single site (n=241) cervical {CA (n=13); intracranial ICA (n=16); MI-MCA
{(n=161); M2-MCA (n=37}; and distal MCA (n=12).

H. Tandem lesions (n=154): Any ICA+M1 (n=124); Any ICA+M2 (n=8); M1+M2
{n=3); cervical ICA+intracranial ICA (n=9); and M2+distal MCA (n=8).
166260] Of those 395 patients with occluded vessels, 15 patients had isolated cervical
[CA occlusions, and 60 had M2-MCA occlusions without any intracranial LVOs. Of the
remaining 320 patients with intracranial LVQOs, 16 had isolated intracranial ICA, 161 had
isolated MI-MCA occlusions, and 143 had tandem/multiple occlusions: M1+M2 (n=3);
cervical ICA+M1 (n=21); intracranial ICA+M1 (n=103); intracranial ICA+M2 (n=3); and
intracranial and cervical ICA (n=9).
(662617 b. Reference standard
166262] For patients enrolled in DEFUSE 2 and 3, the presence and exact location of an
occhusive lesion had been previously determined by the investigators and was verified by a
neuroradiologist with § years post-fellowship experience. For the remaining patients, 2
neuroradiologists, with 9 years post-fellowship experience, evaluated the multimodal CTs
inclading CTA for the presence and site of an occlusive lesion, in consensus, with all clinical
and imaging data (including perfusion imaging)} available for review. Any disagreements were
resolved by review of all available imaging for the patient, including perfusion. These
neuroradiologist reads served as the reference standard against which the diagnostic
performance of the algorithm was assessed.
166263] ¢. Algorithm Description
[60264] The underlying concept of the LV detection presented here relies on software
that performs elastic registration of 3 prespecified anatomic assessment regions (R1, RZ, and

R3) onto and then tubular filtering of CTAs to detect reduced opacification of anterior
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intracranial vessels relative to the contralateral hemisphere. This algorithm was implemented
into RAPID 4.9.1 (iSchemaView, Menlo Park, CA) and ran on a conventional computer
environment {2x Intel Xeon E5-2680 2.7 GHz CPUs with 8 cores and hyperthreading each, 64
B RAM, CentOS 7 Linux). The algorithm used in this study has received Conformité
Européenne labeling and has been cleared by the US Food and Drug Administration. It was
used as provided by the vendor, without any modification or any further pre- or postprocessing.
Relative vessel density thresholds for LVO detection can be chosen arbitrarily by the user, but
for this study the software’s default values were used: <80% to 75% (BLUE), <75% to 60%
(GREEN), <60% to 45% (YELLOW), and <45% (RED).

[68265] Statistical Analysis

[60266] The primary outcome was the diagnostic performance of the algorithm for
detecting intracranial LVOs. Sensitivity and specificity for detecting an intracranial LVO were
assessed using ROC analysis. Specifically, the algorithm’s ability to detect the presence of CT
angiographic signs of an LV(O—as indicated by absence or severe reduction of arterial
opacification—was assessed for the intracranial ICA and the M1-MCA. The assessment of
diagnostic performance was then repeated with proximal M2-MCA occlusions added to the
LV group.

[60267] Bootstrap analysis (1000 repeats) was used to compute 95% Cls for all
parameters. The area-under-the-ROC-curve (AUC) was used in conjunction with the Delong
algorithm for calculating the SE of the AUC. As the software is primarily intended to be used
as a screening tool, a diagnostic sensitivity of >95% was made a requirement.

1662658] Secondary outcomes were diagnostic performance of the algorithm for
detecting LVOs in specific vessel segments and the processing speed. The algorithim’s
diagnostic performance was evaluated for detecting occlusions at the following subsites: (1)
intracranial ICA (including terminal ICA); (2) MI-MCA; and (3) proximal M2-MCA. For
analysis of each occlusion site, acclusions at the other 2 subsites were excluded.

[(6269] All statistical testing was performed using MedCalc (MedCalc Version 17.2,
Med(Calc Software, Ostend, Belgiuom, 2017). An o level of 0.05 was used o indicate
significance for all tests.

16062781 Kesults

{66271} Representative examples of automatic lesion detection in 4 patients with
intracranial LY Qs are shown in Figure 16. For the %26 cases that were processed, the median

turn-arcund time, that is, from start of data transmission to receipt of results, was 158 seconds
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(IQR: 140-176 seconds) of which the elastic registration was the most time-consuming step
(=138 seconds).

(66272} Figure 16. Example results for automatic large vessel occlusion (LLVO)
detection. A, 65-yo male with distal internal carotid artery (ICA) occlusion (open arrows) and
occlusion of A1-ACA segment {curved arrow) with partial reconstitation of through collaterals
{arrow). The area of severe vascular density reduction as deternuned by the algorithm is shown
inred. B, 72-vo female with a left proximal M1-middle cerebral artery (MCA) occlusion (open
arrows). The area of abnormal density found by the software is highlighted in red. C, 84-yo
male with a distal M1 occlusion on the left {open arrows) and the area of abnormal vessel
density in red. B, 55-yo male with occlusion of the proximal left saperior M2 division {open
arrows) and corresponding region picked by the software. The degree of vessel density

reduction was less than in the other 3 patients.

[6a273] Intracranial LVQOs:
[66274] Table 1. Algorithin’s Diagnostic Performance for Intracrandal LVOs
N(%) | AUC* | Target Target | Threshold Jinax Jooan Joax (95%
(95% Sens Spec (Range, | Sessitivity | Specificit Chy;
Ch (% {(%; Color (%, 95% vy (%, threshold

93% Ct | 95% ClI Code) Clin % 95% Cl (Range,

in %) in %) in %) Color
Code)
Intra- 320 0.941 | 310/320 | 437/588 <75%- 2641320 560/588 0.7774
cranial (25.24) | (0.926 | (96.87) | (74.32) 60% (82.50) {95.24) (0.7352-
L.VQOs - 94.3- 70.6- GREEN | 77.9-86.5 | 93.2-96.8 | 0.8160)
.9537) 98.5 77.8 <45%
RED
No VO | 388
{64.76)
ntra- 368 0.947 | 351/368 | 431/543 <75%- 334/369 4697543 0.7713
cranial (40.40) | (0933 | (95.38) | {79.37) 0% (50.76) (36.37) ((1.7322-
LVOs - 92.7- 75.7- SREEN | 87.3-93.5 | 83.2-80.1 | 0.8117)
incl $.962) 97.3 82.7 <60%-
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isolated 45%
M2s YELLOW
No VO | 543

(59.60)

Target sens is associated with threshold that yields >95% sensitivity at the highest specificity
(Target Spec). Jmax is the maximum Youden index (sensitivity + specificity-1) across all
threshold. Juax provides an optimality criterion with equal weighting for sensitivity and
specificity and serves as a secondary reference point. AUC indicates area under the curve; and
LV, large vessel occlusion.

* The Del.ong algorithm was ssed to compute the 3E of the AUC.

166275] Three hundred-twenty patients had an intracranial anterior circulation LV,
while the remaining 588 did not (Table 1). The automatic algorithm yielded an AUC of .941
(95% (1, 0.926-0.957). The sensitivity target of >95% was achieved at a <75% w 60%
{GREEN) threshold, yielding a sensitivity of 96.87% (310/320 {95% (I, 94.3%-98.5%}) and
specificity of 74.32% (437/588 [95% 1, 70.6%-77.8%1; Figure 17(A)).

[66276] Figure 17. ROC analysis. ROC curves for detection of all intracranial (large
vessel occlusion [LYV Qs A) and all intracranial LVOs and proximal M2-middle cerebral artery
{MCA) segment occlusions (B). Dots on the ROC curve indicate individual threshold levels;
the one with the lowest sensitivity and highest specificity is the <45% threshold whereas the
highest sensitivity and lowest specificity were at the <80% to 75% threshold. The open circle
indicates the maximum Youden index. The asterisks indicate the threshold at with the 295%
sensitivity target was reached with the highest specificity. The significance level in the legend
indicates the P value of the z-statistic derived from the Delong algorithm. AUC indicates area
under the curve.

(882771 Intracranial LVQOs + M2-MCA occlusions:

166278] Three hundred sixiy-eight patients had an anterior circulation LVO or a
proximal M2-MCA occlusion, while 543 patients did not. The target sensitivity of >95% was
met at the <75% to 60% (GREEN) threshold, which yielded a sensitivity of (351/368) 95.38%
(95% CI, 92.7%~-97.3%) and specificity of (431/543) 79.37% (953% CI, 75.7%-82.7%). The

improved slightly by adding M2 segments; this was due primarily to improved specificity with
only a minor (1.49%) drop in sensitivity (Figure 17B).

[68279] b. Individual Vessel Segments
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{6628¢] For this sub-analysis, the 531 patients who had no LVO or M2-MCA occlusion
served as controls.

(602811 Intracranial ICA (including ICA terminus):

[66282] One hundred thirty-three patients had an intracranial ICA occlusion. The

algorithm yielded an AUC of 0.977 (95% 1, (L965-0.989). The >95% sensitivity target was
achieved with the <60% to 45% (YELLOW) threshold that vielded a very high sensitivity of
96.99% (129/133 [95%C1, 92.5%-99.2%]) at a specificity of 86.44% (459/531 {95% Cl,
83.2%~89.2%1; Table 2).

{66283 Intracranial EVOs:

Table 2. Algorithm’s Diagnostic Performance for Individual Vessel Segments

No. AUC* | Target Target | Threshold Jivax Jrnax Jimax (95%
Occlusi | (95% Sens Spec (Range) | Sensitivity | Specificit Ch
ons Ch (%; (% COLOR (%, 95% v (%, threshold
(%) 95% Cl | 93% Ci Clin %) 95% Cli (Range,
No. in %) in %} mn %) Color
Control Code)
S
ntra- 133 0,977 | 129/133 | 459/531 <503%- 1187133 5217531 {1.86064
cranial (20.03) | (0965 | (96.99) | (86.44) 45% (88.72) (98.12) {0.8174-
ICA 531 - (892.5- (83.2- | YELLOW {82.1- 96.6-99.1 | 0.9153)
inch 0.989) | 99.23 89.2) 93.5) <45%
terminal RED
ICA
Mi- 290 0.962 | 2817290 | 423/531 <75%- 2431290 5217531 (0.8191
MCA (36.32) | (0.948 | (96.90) | (79.66) 60% (83.79) {93.12} (0.7724-
531 - (94.2- (6.0- GREEN (79.0- 96.6-99.1 1 0.8494)
0.976) | 98.6) 83.0) 87.8) <45%
RED
M2- 60 0.874 54/60 | 398/331 <80%-~ 52/60 423/531 $.6633
MCA (10.15) | (0.826 | (900007 | (74.95) 75% (86.67) (79.66) (0.5479-
531 - {79.5- (71.0- BLUE (75.4- 76.0-83.0 1 0.7327)
0.921) | 96.2) 78.6) 94.1) <75%-
60%
GREEN

Target sens is associated with threshold that yields >95% sensitivity at the highest specificity
{Target Spec). Jmax is the maximum Youden index (semsitivity + specificity-1} across all
threshold. AUC indicates arga under the curve; ICA, internal carotid artery; and MCA middle
cerebral artery

* The Delong algorithm was used to compute the SE of the AUC.

T For M2-MCA segments 295% sensitivity could not be met.

[66284] MI-MCA:
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[66285] Two handred ninety patients had an M1-MCA occlusion. The algorithm yielded
an AUC of 0.962 (95% (1, (0.948-0.976). Although the diagnostic performance as measured
by AUCs was slightly inferior for detection of Mi1-MCA occlusions compared with intracramial
ICA occlusions. The =95% sensitivity target was met at the <73% to 60% (GREEN) threshold,
which yielded a sensitivity of 96.90% (281/290 [95% CI, 94.2-98.6]) and specificity of 79.66%
(4237531 195% (1, 76.0%-83.0%]; Figure 18B).

{08286] M2-MCA:

{86287] Sixty patients had a proximal M2-MCA segment occlusion. The astomated
algorithm performed slightly worse than for detection of the M1-MCA segment occlusions,
nevertheless yielding an AUC of 0.874 (95%CI, 0.826-0.921). The >95% sensitivity target
could not be reached at any threshold but at the <80% to 75% (BLUE) threshold a sensitivity
and specificity of 90.00% (54/60 [95% CL, 79.5%-96.2%}) and 74.95% (398/531 {953% (L,
71.0-78.6]), respectively was achieved (Figure 18(C).

[B0288] ¢. False Negatives

[602589] The number of false negative, where an intracranial LV} was not detected even
at the most sensitive threshold (<80%-75%; BLUE), were relatively small (n=14): 1
intracranial ICA, § M1-MCA occlusion and 3 proximal M2-MCA occluasions.

[66290] For the 8 MI-MCA lesions, there were 3 short-segment or incomplete
acchusions with reconstitution of flow immediately distal to the occlusion. Here, trickle flow
across an incomplete occlusion or retrograde filling via leptomeningeal coilaterals led to
normal or increased ipsilateral vessel density. The 5 remaining were mid-to-distal M1-MCA
occhisions distal to the R1 region level with robust leptomeningal collaterals reconstituting the
M2-MCA segments, resulting in normal or increased vessel density in the ipsilateral RZ and
R3 regions (Figure 19 provides examples of these false-negative cases). The only intracranial
ICA occlusion that was missed was at the skullbase, with normal opacification of the
supraclinoid ICA (Figure Z0A}.

(66291 ] Five M2-MCA occlusions were missed: one oeclusion was located in the upper
half of the Sylvian cistern, which was not covered by the R2 ternplate; 2 were occluded
nondominant proximal superior M2-MCA branches; 2 were short-segment proximal
occhusions of their inferior M2 divisions with reconstitution immediately distal to the
occlhusion{ Figure 20B), indicating robust leptomeningeal collaterals. When proximal M2-MCA
occlusions were included in the group, in addition to intracranial LY QOs, the total number of
false negatives decreased from 14 to 9.

[aa292] . False Positives
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[66283] There were 11 false positives for LVO detection at the most specific threshold
(RED, where there was a marked inter-hemispheric vessel density difference of <43%). These
were atiributed to (1) substantial inter-hemispheric variation in MCA anatomy (n=4) or fetal-
origin of the posterior cerebral artery (n=1)}; (2} holohemispheric subdural hematoma with mass
effect resulting in 17 mm midline shift (u=1); (3} an 8 mm distal MCA aneurysm; (4) M2-
MCA stenosis (n=3); and (§) incomplete recanalization (TICI 2b) after a wmechanica

thrombectomy attempt 24 hours before the CTA (n=1). There were an additional 17 false
positives for LYQs detection when M2-MCAs were not included in the LVO group; all 17
were proximal M2-MCA occlusions.

(642941 False positives at the <80% to 73% (BLUE), <75% to 60% (GREEN), and
<60% to 45% (YELLOW) thresholds were due to: anatomic variation in M1-MCA branching
patterns and vessel calibers, fetal origin of the posterior cerebral arteries, and other vascular
pathology, such as ipsilateral segmental flow reduction in chromic steno-occlusive disease and
coniralateral increase in blood flow due to reactive hyperemia (e.g., due to reperfusion of a

infarct or seizures in a patient with a gliohlastorna). These examples can be found in Figures
V1and VI

[66295] Biscussion

[66296] This study evaluated a new algorithm for automated detection of intracranial
anterior circulation LVOs and demonstrated that it has excellent diagnostic sensitivity and high
specificity. The short processing time (<160 seconds} makes its application feasible in the
emergent clinical setting.

1882971 Previous studies have shown that neuroradiologists can detect LY Os with 89%
to 98% sensitivity and 95% to 98% specificity. Automation, which does not achieve this high
specificity, cannot replace radiologists; rather, its strength and utility lie in the high sensitivity,
which allows expedited diagnosis of LY Os by flagging and prioritizing these scans as requiring
urgent radiologist review. A very high sensitivity is a requirement for a screening tool. The
algorithm met the targeted sensitivity of 295% for the detection of any intracranial LVQO. This
is comparable to that of experienced neuroradiologists, whose sensitivity for detecting LVOs
is high but imperfect, reported to be 90% for detection of ICA occlusions in one
study. Sensitivity is lower for readers with less experience in interpreting cranial CTA, such as
general radiologists and trainees, with sensitivity as low as 63% in one study.

[66298] At many centers around the world, trainees are the first to interpret multimodal
stroke {Ts, which are subsequently formally read by a neuroradiologist. Further, not all

hospitals and healthcare services around the world have access to arcund-the-clock
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neuroradiology expertise. At some primary stroke centers and community hospitals, such as
that {rom which cohort 5 was drawn, general radiologists interpret multimodal stroke CTs, and
there is typically only one on-call radiclogist or resident after-hours due to limited resources.
Acute stroke scans may be overlooked in this setting when other emergent scans such as trauma
are given priority. These factors can contribute to delayed and missed diagnosis of LVOs in
the authors’ experience. The fully antomated algorithm is likely to be both a valuable diagnostic
aide and screening tool in these settings. It can expedite the correct diagnosis by bringing
positive findings to the reporting radiologist’s or resident’s attention. It can also facilitate
notification of the stroke team and nevrointerventionalist, allowing mobilization of the clot
retrieval team which in turn would expedite treatment of eligible patients. Another important
consideration is that the algorithm provides consistency, in contrast to the surprisingly poor
interrater agreement between human readers.

[60299] For individual segments, an almost perfect sensitivity was achieved for
occlusion of the intracranial ICA or MI1-MCA; sensitivity for detection of proximal M2-MCAs
was slightly lower. This was attributable to false negatives resulting from short-segment (where
collaterais reconstituted the M2 segment immediately distal to the oeclusion) and incomplete
{with antegrade flow) occlusions, where the inter-hemispheric vessel density reduction was oo
small for the algorithma to detect. It is thought that robust collaterals confer a longer time-
window for treatment. O On post hoc analysis, the algorithm did not miss an LYO in any patient
with poor collaterals; these patients are likely to be fast progressors, in whom expeditious
reperfusion is imperative for tissue salvage. It is importang that radiologists and neurologists
are cognizant of the presence and causes of false negatives, and a negative result should not
dissuade thorough and careful evaluating the CTA as soon as practicabie.

[66300] The algorithm’s overall specificity was »>74% for intracramial LVO detection
and >79% when M2-MCAs were included. For individual segments, specificity was 75% for
detection of M2-MCA occlusions, increasing to 80% for M1-MCA and 86% for intracranial
ICA occhusions. The justification for including M2-MCA occlusions in the LV detection
algorithm s that they are now a subject of interest as a mainstream target for ECR.
Thrombectomy may improve outcomes compared with standard medical management in
patients with M2-MCA occlusions. Detection of M2-MCA occlusions was, however, maore
challenging due to the greater anatomic variability and smaller caliber of these vessels.
Moreover, the version of the software used for this study constrained the region of interest, in

which vessel density was determined, to cover only the proximal half of the M2 segments, to
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the mid-point of the Sylvian cistern; futare implementations will expand the region further
distally.

(843011 The LVQ detection tool evaluated in this stady had 3 regions, R1-R3, and 4
different thresholds for LVQO detection, reflecting lesion location and increasing severity of
vessel density reduction. The diagnostic sensitivity decreased while specificity increased when
the threshold was changed from «<80% to <43% vessel density reduction. The (<75%—60%)
threshold was found to be optimal; it yielded the desired sensitivity of 205% with an acceptable
specificity between 70% to 80%. For radiclogists, this would still sebstantially decrease the
nurnber of scans that require emergent review. If, however, fewer false LV alerts are desired,
this can be achieved simply by moving along the ROC curve and trading the target >93%
sensitivity for increased specificity.

[66302] To our knowledge, this is the first peer-reviewed publication which has
introduced an automated LVO detection tool and evaluated its performance in a multicenter
study that incorporates a large and diverse cohort of patients. A few conference abstracts have
been published recently related to this topic yet wiwelated to this algorithm. The mumber and
mix of patients enrolled, and the resuits reported in these abstracts vary widely, with a
sensitivity for LVO detection of 90% to 97% and a broad specificity range of 52% 0 83%.
[66303] A strength of this pooled cohort study is that we included patients who were
enrclied in 2 high-profile multicenter stroke trials. This provided validation of the algorithm in
a preselected cohort of patients with acute ischemic stroke with an LVO who were considered
thrombectomy candidates. The large number of patients with LVOs allowed robust testing of
diagnostic sensitivity. The other large cohort consisted of consecutive patients presenting to a
regional hospital with a suspected acute ischemic stroke. Inclusion of this cohort of all comers
aliowed testing of the algorithm on a broad spectrum of stroke mimics and ensures broad
applicability of our findings to the population of patients in whom LVO detection tools will
most likely be used. Inclusion of multiple patient cohorts from different sites in this study
allowed testing and validation of the algorithm on different makes and models of CT scanners
and CTA protocols.

[60304] This study has a few pertinent Hmitations. First, it is a retrospective study. As
such, we did not have complete data sets for all patients, particularly with regard to clinical
information regarding long-term outcomes and clinical scores. A prospective study that
includes at least one comprehensive stroke center (hub) and several peripheral and
regional/community hospital (spokes) is required to test whether the tool can be used to

streamline infra- and inter-institutional workflows. Limitations related to the algorithin itself
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include the processing requirement for thin-slice CTA raw data and arterial opacification. Thin-
slice CTA data is routinely acquired even on older generation multi-shice CT scanners, which
may still be in use at some centers. The requirement for contrast opacification of the intracranial
arteries also applies to the human reader. There were 15/969 (1.5%) patients in whom arterial
opacification on CTA was deemed either absent or too poor to allow accurate interpretation by
an experienced human reader. Eight of these cases were from cohort §, a regional hospital. The
proportion of technically inadeqguate studies may be higher at smaller conumunity hospitals
where the volume of (UTAs performed is smaller and technologist staff are, therefore, less
experienced. All cases where the arterial opacification was deemed to be sufficient o aliow
human interpretation were successfully processed by the algorithm.

[66305] It is noted that the algorithm does not directly detect the clot but rather the
resultant loss of vessel opacification, therefore false positives result from chronic occlusions.
The purpose of this software is to serve as a triage tool that alerts radiologists to a patient with
a potential LVO, and in turn trigger evaluation of the patient’s multimodal CT by the human
reader who can then use all available information (not just the CTA) to make a judgement call.
Precise localization of the occlusion site and differentiation of chronic occlusions by the
algorithm is, therefore, not critical and was hence not evaluated in this study.

[88306] In summary, intracranial LVQOs within the anterior circulation—inclusive of
proximal M2-MCA occlusions—can be detected effectively and efficiently by an automated
computerized screening tool. FPuture prospective swudies may be warranted to determine

whether this tool can be used to improve workflow and expedite treatment.

[60307] Supplemental Material
{663058] Supplemental Methods ~ Algorithm Description
[66309] The underlying concept of the LVO detection presented here relies on software

that is able to detect reduced opacification and mumber of anterior intracranial vessels. It is
composed of eight major steps:
1. Batalmport:Native,thin-sliceCTADICOMimagesareimportedintothesoftware.
2. Pre-Processing: a. Trim CTA input data to keep only slices located between C1
vertebrae and vertex. b, Remove CT head holder from all CTA images.

3. Identify Anatomy: a. An anatomic template of a human head is elastically aligned with

the patient’s C'TA dataset using non-rigid registration . b. Templates of relevant
anatomic structires {(e.g. bones, vessels) and the three pre-specified hemispheric

regions of interest (R1, R2, and R3) relevant for subsequent analysis (defined in the
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coordinate space of the anatomic template} are warped onto the patient’s CTA using
the transformation parameters determined in {(a). Of note here, the R2 region covers
the M2-MCA segment from its genu half-way to the top of the Sylvian cistern.

4. BoneRemoval: Using the bone mask defined in step 2, the skull base and calvarium

are removed from the CTA volume.

i

Vessel Detection: Tntracranial vessels are identified and categorized into large and

-
. F b P ) . 4
small diameter vessel groups using fubular filtering ~.

6. Evaluate Regions: a. The total sum of voxel densities {in Hounsfield Units) within the
large caliber vessels — the intracranial ICA and proximal M1-MCA segment (R1) ~is
assessed together with each vessel’s segment length. b. For “small caliber” vessels —
the mid-to-distal M1 (R2), M2, and more distal MCA segments (R3) — the total sum
of voxel densities {as determined in the previous step) is measured.

7. Abnormality Detection: a. Density metrics for R1, R2, and R3 are compared between
hemispheres. b. The following thresholds for relative hemispheric vessel density ratio
and corresponding color schemes were used: <80%-75% (BLUE); <75%-60%
(GREEN); <60%-45% (YELLOW); and <45% (RED). Here, the percentage indicates
the fraction of signal relative to the opposite hemisphere, i.e. <45% (RED) constitutes
the greatest drop in vessel density whereas <80%-75% is the most mild reduction. ¢.
The regions are priority ranked from R1 to R3 with R1 given the highest priority. That
is, the algorithm compares R1 regions in both hemispheres first and only progresses to
the next regions (i.e. R2 and then R3) if the density reduction did not meet the chosen
severity threshold.

8. Report Generation: a. De-tilted and rotation-corrected axial, coronal, and sagittal
maximum intensity projections (MiIPs) of the intracranial vasculature were rendered
from the bone-masked CTA volumes. b. The regions R1, R2, or R3 — depending on
which are deemed abnormal (based on the aforementioned metrics) — are highlighted
as color overlays on the MIP images. For simplicity of review, only the most proximal
region demonstrating hemispheric abnormality 1s shown on the overlay. ¢. Annotated

and unannotated MIPs are then exported as secondary capture DICOM images.

Supplemental References
1. Klein S, Staring M, Murphy K, Viergever MA. Elastix: A toolbox for intensity based

medical image registration. JEFE Transactions on Medical Imaging. 2010;29:196-
205.
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filering. Medical image computing and computer-assisted intervention - miccai’95.
1998;1496:130-137.

Supplemental Figures

(66310] Figure 18 - ROC Analysis for occlusion of individual vessel segments,
Dnagnostic performance for detection of intracranial ICA oeclusions (A) was almost perfect,
with excellent performance also for MI-MCA occlusions (B) and good performance for M2-
MCA occlusions (€). Dots on the ROC curve indicate individual threshold levels; the one with
the lowest sensitivity and highest specificity is the «45% threshold whereas the highest
sensitivity and Jowest specificity were at the <80%-73% threshold. The open circle indicates
the maximm Youden index. The asterisks indicate the threshold at with the >95% sensitivity
target was reached with the highest specificity. The significance level in the legend indicates
the p-value of the z-statistic derived from the Delong algorithm.

1663113 Figure 19 — False MNegative Results, (A)-(B) show axial and coronal MiIPs of
patients with short-segment M1-MCA occlasions (open arrows) with good collaterals
reconstituting the distal M1 segment and the M2 segments, indicated by high luminal density
{(“CTA signal™) distal to the occlusion, atbeit with reduced caliber. (A) 76-vo female with a
right mid M1 occhusion. (B) 61-yo male with a right distal M1 occlusion. (C)-(3) show two
patients with complete mid-M1 occlusions (open arrows). Both patients had robust collaterals,
indicated by opacification of the proximal M2 segments, that led to the negative output of the
algorithm.

[66312] Figure 20 — False negative examples at softest (BLUE) thresheld, (A) Skall
base 1CA occlusion (arrow). Opacification of the supraclinoid ICA and distal to region
highlighted by the yellow arrow led to a false negative detection. {B) One out of five false
negatives with mid-to-distal M1 occlusion (arrow) with prominent collaterals (asterisk)
immediately distal to occlusion.

[66313] Figure 21 — False Peositive Results related fo Normal Variants. (A) 67-vo
male with a very early bifurcation of the right M1-MCA {(curved arrow) and consequently more
prominent distal vessels in the left hemisphere. (B) 68-yo male with an early trifurcation of the
right M1-MCA (curved arrow) resulting in greater prominence of the left MCA M1 segment
and distal branches. A left fetal PCA (open arrow) was also present and contributed to the
hemispheric asymmetry in vessel density. () 71-yo male with prominent anterior {arrowhead)
and posterior (curved arrow) M2 divisions relative to their contralateral counterparts. A left

fetal PCA {open arrow} contributed to further hemispheric imbalance. Corresponding original
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it harder to appreciate the reduced vessel density.

(66314] Figure 22 — False Positive Results from other pathology. (A) 89-yo male with
an old infarct (curved arrow)} within the posterior aspect of the left MCA territory {(distal
inferior M2 subdivision). Reduced blood flow and high Tmax from CTP is also shown. There
was a chronic occlusion of the distal inferior M2 division, resulting in a paucity of vessels in
the infarcted region and hemispheric imbalance (green region). (B) 82-yo female with
hyperperfusion in the right anterior MCA and ACA territory (curved arrow) and hypodensity
on NCCT {open arrow). likely due to a reperfused acute infarct. The substantially higher flow
within this area (seen best on perfusion parametric maps as elevated relative CBF and decreased
Tmax) increased the overall vessel density, which in turn led to asymmetry which was
interpreted by the algorithm as lower CTA opacification in the contralateral hemisphere. ()
79-vo male patient with a GBM 1in the right insula (curved arrow). Hypervascularity related to
the tumor itself and seizure activity led to increased blood flow (best appreciated on CBF and
Tmax maps) within and adjacent to the insula, which increased overall CTA opacification in

this region relative to the contralateral hemisphere.

Supplemental Tables

The five tables below provide the full confusion matrices for all tests performed and will

allow interested researchers to reproduce the ROC analyses performed for this study.

Table Ia ~ Diagnostic Performance for EVQOs

threshold ¢ I 2 3
TP 31t 310 300 264
FP (type 1) 180 151 106 28
TN 408 437 482 560
FN {type 2} 9 10 20 56
1-Spec 30.61% 25.68% 18.03% 4.76%

Sens 97.19% RERR 93.75% Nk
Spec 69.39% s 81.97% Nk

PPV 63.34% 67.25% 73.89% 90.41%
NPV 97.84% 97.716% 96.02% 90.91%
Accuracy 79.19% 82.27% 86.12% 90.75%
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Youden } 0.6638 07119 0.7572 0.7774

m& threshold that meets >95% sensitivity requirement at highest achievable specificity

W threshold that yields the maximum Youden index, Jnax

Table b — Diagnostic Performance for LVOs, incl. M2-MCAs

threshold 0 1 2 3
TP 354 351 334 282
FP (type 1) 139 112 74 i1
TN 404 431 469 532
FN (type 2) 14 17 34 86
1-Spec 25.60% 20.63% 13.63% 2.03%
Sens 96.20% SRR e 76.63%
Spec 74.40% T RN 97.97%
PPV 71.81% 75.81% 81.86% 96.25%
NPV 96.65% 96.21% 93.24% 86.08%
Accuracy §3.21% 85.84% 88.14% 89.35%
Youden 0.7060 0.7485 0.7713 0.7460

m& threshold that meets >95% sensitivity requirement at highest achievable specificity
W\\ threshold that yields the maximum Youden index, Jnax

Table [fa — Diagnostic Performance for Intracranial ICAs alone

threshold ) 1 2 3
TP 132 132 129 118
FP (type 1) 133 108 72 10
TN 398 423 459 521
FN (type 2) 1 1 4 15
1-Spee 25.05% 20.34% 13.56% 1.88%
Sens 99.25% 99.25% Saae nnk
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Spec 74.95% 79.66% R nkkt
PPV 49.81% 55.00% 64.18% 92.19%
NPV 99.75% 99.76% 99.14% 97.20%
Accuracy 79.82% 83.58% 88.55% 96.23%
Youden J 0.7420 0.7891 0.8343 0.8684

m\ threshold that meets >93% sensitivity requirement at highest achievable specificity

W threshold that yields the maximum Youden index, Jmax

Table 1Ib - Diagnostic Performance for M1 - MCAs slone

threshold 0 1 2 3
TP 282 281 274 243
FP (type 1) 133 108 72 10
TN 308 423 459 521
EN (type 2) 8 9 16 47
i-Spec 25.05% 20.34% 13.56% 1.88%
Sens 97.24% Sh 94.48% NNk
Spec 74.95% Shaaa 86.44% Nk
PPV 67.95% 72.24% 79.19% 96.05%
NPV 98.03% 97.92% 96.63% 91.73%
Accuracy 82.83% 85.75% 89.28% 93.06%
Youden J 0.7219 0.7656 0.8092 0.8191

\ threshold that meets >95% sensitivity requirement at highest achievable specificity

W threshold that yields the maximum Youden index, Juax

Table Tic - Diagnostic Performance for M2 - MCAs alone

threshold O i 2 3
TP 54 52 42 23
FP {type 1} 133 108 72 10
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TN 398 423 459 521
FN {type 2) 6 & 18 37
I-Spec 25.05% 20.34% 13.56% 1.88%

Sens S Il 70.00% 38.33%
Spec e nm 86.44% 98.12%

PPV 28.88% 32.50% 36.84% 69.70%
NPV 98.51% 98.14% 96.23% 83.37%
Accuracy 76.48% 80.37% R4.774% 92.05%
Youden J 0.6495 0.6633 0.5644 (.3645

Wﬁ threshold that meets >95% sensitivity requirement at highest achievable specificity
DO threshold that yields the maximom Youden index, Fua

Example 3

166315} The LVO algorithm has a 0/1 or no LV{VLVO outcome. The outcome is
determined by setting a threshold to a score determined throagh a decision tree:

1. If the vessel segment does not reach the distal end of the evaluation region (a hard
stop is detected inside the evaluation region) then score = 0.0 for vessel density ratio
(VDR).

2. If the vessel-tracker is unable to track the vessel towards M2 then score = (.59 for
VDR,

3. (therwise assess the vessel density ratio (this will have a value between 0.0 and 1.0}
A score of < 0.6 from any analysis is considered positive for LVQ detection as
described below:

a. I MCA M1 proximal VDR is < (0.6, report LVO
b, If MCA M1/M2 distal VDR is < (.45, report LYQO
¢. If hemispheric VDR < 0.6, report LVO

[60316] Based on 217 cases the ROC curve for the LVO algorithm score vs. the
Reference LVO determination has an AUC = 0.99 (95% bootstrap CL: 0.971, 0.9949).

166317] Figure 23: ROC curve for vessel density ratio scores as predictor of LVQ.
Performance on group of 271 patients 22-95 years old, 100 female, 116 female, 1 unknown;

109 ground-truth-positive and 108 ground-truth-negative cases.
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CLAIMS

What is claimed is:

1. A method comprising:

accessing image data captured by an imaging device, the image data including
information corresponding to one or more images of a brain of an individual and the
information including voxels with individual voxels being associated with an intensity value;

removing, using one or more hardware processors, first portions of the image data to
produce first modified image data, the first portions of the image data corresponding to one or
more first features that are outside of a head of the individual;

aligning, using the one or more hardware processors, one or more second features
represented by the first modified image data with one or more templates that correspond to
Features of a human head;

identifying, using the one or more hardware processors and based on the one or more
templates, second portions of the image data that are included in the first modified image data
and that correspond to bone included in the head of the individual;

removing, using the one or more hardware processors, the second portions of the image
data from the first modified image data to produce second modified image data;

identifying, using the one or more hardware processors, third portions of the image data
that are included in the second modified image data and that correspond to blood vessels
located in the head of the individual;

determining, using the one or more hardware processors, a first group that includes a
first portion of the blood vessels having first diameters included in a first range of values;

determining, using the one or more hardware processors, a second group that inclades
a second portion of the blood vessels having second diameters included in a second range of
values that is different from the first range of values;

determining, using the one or more hardware processors, a first metric of first intensity
values of first voxels corresponding to a first blood vessel located in a first region of a first
hemisphere of the brain, the first blood vessel being incloded in the first group;

determining, using the one or more hardware processors, a second metric of second
intensity values of second voxels corresponding to a second blood vessel located in a second
region of a second hemisphere of the brain, the second blood vessel being substantially
symmetrically located in the brain of the individual with respect to the first blood vessel and

the second blood vessel being included in the first group;
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determining, using the one or more hardware processors, a measure of a difference
between the {irst metric of first intensity values and the second metric of second intensity
values, wherein the second metric of intensity values is different from the first metric of
intensity values;

determining, using the one or more processors and based on the measure, that a
probability of an abnormality being present with respect to the second blood vessel is greater
than a threshold probability; and

generating user interface data that corresponds to an image that includes the first blood
vessel, the second blood vessel, and a aser interface element that highlights the second blood

vessel.

2. The method of claim 1, comprising:

determining additional portions of the image data that correspond o features of the
individual that are at a pre-specified anatomic landmark of the individual; and

wherein the first portions of the image data removed to produce the first modified immage

data include the additional portions of the image data.

3. The method of claim 1 or 2, comprising determining additional portions of the image
data that correspond to a part of the imaging device; and
wherein the first portions of the image data removed to produce the first modified image

data include the additional portions of the image data.

4. The method of claim 1 or 2, comprising:
determining a digital representation of a plurality of regions of the human brain; and
aligning the digital representation of the plurality of regions of the human with portions

of the first modified image data.

5. The method of claim 4, wherein the plarality of regions of the human brain inclode
a first region that includes at least a portion of an intracranial internal carotid artery and at least
a proximal portion of an M1 segment of the middle cerebral artery, a second region that
inchades at feast a middle to distal portion of the M1 segment of the middie cerebral artery, and

a third region that includes at least a portion of the M2 segment of the middle cerebral artery.
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6. The method of claim 4, wherein the digital representation of the plurality of regions

of the human brain i3 generated using one or more machine learning technigues.

7. The method of claim 4, wherein:

the digital representation of the plurality of regions of the human brain includes at least
one template; and

the plurality of regions of the human brain indicated by the at least one template are

aligned with the portions of the first modified image data.

8. The method of claim 1 or 2, wherein:

the first intensity values of the first voxels indicate first densities of the first blood
vessels -located in the first region and the second intensity vahies of the second voxels indicate
second densities of the second blood vessels located in the second region; and

the abnormality corresponds to an occlusion of the second blood vessel.

9. A system comprising:

at least one hardware processor;

a computer-readable medium storing instructions that, when executed by the at least
one hardware processor, cause the at least one hardware processor to perform operations
comprising:

accessing image data incloding information corresponding to an image of a
brain of an individual;

identifying, based on the image data, one or more first blood vessels located in
a first hemisphere of the brain;

identifying, based on the image data, one or more second blood vessels located
in a second hemisphere of the brain;

determining a measure corresponding to an amount of difference between ong
or more first densities of the one or more first blood vessels and one or more second
densities of the one or more second blood vessel; and

determining, based on the measure, a probability of an abnormality with respect
to at least one first blood vessel of the one or more first blood vessels or at least one

second blood vessel of the one or more second blood vessels.
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10. The system of claim 9, comprising additional instructions stored by the computer-
readable medium that, when executed by the at least one hardware processor, cause the at jeast
one hardware processor to perform operations comprising:

identifying a first region located in a first hemisphere of the brain of the individual, the
first region including the one or more first blood vessels;

identifying a counterpart first region located in a second hemisphere of the brain of the
individual, the counterpart first region including the one or more second blood vessels and
wherein the counterpart first region is located substantially symmetrical with respect to the first
region; and

determining that the measure corresponding to the amount of difference between the
one or more first densities of the one or more first blood vessels and the one or more second

densities of the one or more second blood vessels satisties a threshold criteria.

11. The system of claim 10, comprising further instructions stored by the computer-
readable medium that, when executed by the at least one hardware processor, cause the at least
one hardware processor to perform operations comprising:

identifying, based on the image data, one or more third blood vessels Jocated in a second
region of the first hemisphere of the brain of the individual;

identifying, based on the image data, one or more fourth blood vessels located in a
counterpart second region of the second hemisphere of the brain of the individual;

determining an additional measure corresponding to an additional amount of difference
between one or more third densities of the one or more third blood vessels and one or more
fourth densities of the one or more fourth blood vessels; and

determining that the additional measure satisfies an additdonal threshold eriteria that is

different from the threshold criteria.

12. The system of claim 11, comprising further additional instructions stored by the
computer-readable medium that, when executed by the at least one hardware processor, cause
the at least one hardware processor to perform operations comprising:

identifyving, based on the image data, one or more fifth blood vessels located in a third
region of the first hemisphere of the brain of the individual;

identifying, based on the image data, one or more sixth blood vessels located in a
counterpart third region of the second hemisphere of the brain of the individual, the counterpart

third region being located substantially symimetrical with respect to the third region;
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determining a further measure corresponding to a further amount of difference between
one or more fitth densities of the one or more fifth blood vessels and one or more sixth densities
of the one or more sixth blood vessels; and

determining that the further measure satisfies a further threshold criteria that is different

from at least one of the threshold criteria or the additional threshold criteria.

13. The system of any one of claims 9 to 12, comprising additional instructions stored
by the computer-readable medium that, when executed by the at least one hardware processor,
cause the at least one hardware processor to perform operations comprising:

generating user interface data corresponding to a user interface that includes an image
of blood vessels associated with the brain of the individual and that includes a user interface
element indicating a possible abnormality with respect a blood vessel located in the head of the
individaal, the user interface element also indicating at least one of a probability of an
abnormality with respect to the blood vessel or a severity of the abnormality; and

wherein the image is 2 maximum intensity projection (MIP} image of the underlying

angiographic image volume.

14. The system of any one of claims 9 to 12, comprising additional instructions stored
by the computer-readable medium that, when executed by the at least one hardware processor,
cause the at least one hardware processor to perform operations comprising:

determining diameters of blood vessels located in a head of the individual;

determining a first group of the blood vessels having first diameters included in a first
range of measurements; and

determining a second group of the blood vessels having second diameters included in a
second range of measurements, at least a portion of the first diameters being at least twice as

large as at least a portion of the second diameters.

15. The system of claim 14, comprising further instructions stored by the computer-
readable medium that, when executed by the at least one hardware processor, cause the at least
one hardware processor to perform operations comprising:

determining first density values for the first group of the blood vessels based on first
intensity values of first voxels included in the image data, the first voxels corresponding to the

first group of the blood vessels;
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determining respective lengths of individual blood vessels included in the first group of
the blood vessels; and

determining second density values for the second group of the blood vessels based on
second intensity values of second voxels included in the image data, the second vozxels

corresponding to the second group of the biood vessels.

16. The system of claim 15, wherein:

the first blood vessels and the second blood vessels are included in the first group of
the blood vessels;

the system comprises further additional instructions stored by the computer-readable
medium that, when executed by the at least one hardware processor, cause the at least one
hardware processor to perform operations comprising:

determining an additional measure corresponding to an additional amount of

difference between a first additional densities of first additional blood vessels located

in the first hemisphere of the brain and second additional densities of second additional

blood vessels located in the second hemisphere of the brain, the first additional blood

vessels and the second additional blood vessels being included in the second group of

the blood vessels; and

the probability of the abnormality is based on a length at least one of the first blood

vessels, a length of at least one of the second blood vessels, and the additional measure.

17. A method comprising:

obtaining an image of a brain of an individual;

identifying, using the image, a blood vessel located in the brain of an individual based
on a template that indicates locations of a nurnber of blood vessels located in a human brain;

determining a starting point with respect to the blood vessel, the starting point
indicating a first voxel of the image that is included in a path of the blood vessel within the
brain of the individual;

determining a path along the blood vessel based on density values corresponding to the
blood vesse], the density values indicating an amount of contrast between portions of the image
related to the blood vessel and background portions of the image;

determining an endpoint of the blood vessel based at least partly on the template;

determining that the blood vessel terminates before the endpoint; and
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determining, based on the blood vessel terminating before the endpoint, a probability

that an abnormality is present with respect to the blood vessel.

18. The method of claim 17, wherein the path along the blood vessel corresponds to a
shortest path that is determined based on vesselness vahies of voxels of the image in locations
that correspond to the location of the blood vessel, the vesselness values corresponding to

eigenvalues of a Hessian filter.

19. The method of claim 17 or 18, wherein the starting point of the blood vessel
corresponds to a voxel having a highest vesselness value, the voxel being located in a proximal

portion of the blood vessel.

2(. The method of claim 17 or 1§, wherein the path of the blood vessel terminates based

on the cost of the shortest path exceeding a threshold cost.

21. The method of claim 17 or 18, wherein the path of the blood vessel terminates in
response o determiming that no voxels remain along the path of the blood vessel that have a

finite cost to pass through.

22. The method of claim 17 or 18, wherein the starting point is located in the proximal
end of the middle cerebral artery and the endpoint is located in a distal portion of the middie

cerebral artery.
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Box No. IT Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos..

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

--- ( See Continuation in Supplemental Box ) ---

1. L—_| As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
clais.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which lees were paid, specifically claims Nos.:

4. ﬁ No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:
Claims 1-16

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2019)
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A. CLASSIFICATION OF SUBJECT MATTER
IPC-  GO6K 9/00 (2020.01)
CPC -

GO6T 2207/30016, GO6T 7/68, GO6T 7/0012, GO6T 2207/10088

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by ¢
See Search History document

lassification symbols)

Ser Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2007/0019846 A1 (Bullitt et al.), 25 January 2007 (25.01.2007), entire document, especially | 1-16
Abstract; para [0049], {[0053]-[0054], [0074], {0096], [0118]

Y US 2016/0125595 A1 (Algotec Systems Ltd), 05 May 2016 (05.05.2016), entire document, 1-8
especially Abstract; para [0004], (0068], [0231]

Y US 2010/0021035 A1 (Gupta et al.), 28 January 2010 (28.01.2010), entire document, especially | 1-16
Abstract; para [0017]-[0018], [0076], [0092] -[0080]

Y US 2009/0328239 A1 (Brauner et al.), 31 December 2009 (31.12.2008), entire document, 8-16
especially Abstract; para [0005], [0010], [0064]-[0068]

A US 2016/0287100 A1 (MCLEAN HOSPITAL CORPORATION), 06 October 2016 (06.10.2016), |1-16
entire document

I:' Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“D” document cited by the applicant in the international application

“E" earlier application or patent but published on or afier the international
filing date

“L” document which may throw doubts on priority claim(s) or which
is cited to establish t qﬁpubhcanon date of another citation or other
special reason (as specified)

“O" documentreferring toan oral disclosure, use, exhibition or other means

“P"  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

02 September 2020

Date of mailing of the international search report

18 SEP 2020

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Lee Young

Telephone No. PCT Helpdesk: 571-272-4300
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Continuation of:
Box Ili. Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Group ! - Claims 1-16 are directed to a method and system for determining probability of an abnormality based on difference between
two different hemispheres of brain.

Group |1 - Claims 17-22 are directed to a method for determining abnormal termination of blood vessel in brain.

The inventions listed as Groups |-11 do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features:

The invention of Group | included the features of produce the first portions of the image data corresponding to one or more first features
that are outside of a head of the individual; aligning, one or more second features represented by the first modified image data with one
or more templates that correspond to features of a human head; identifying, second portions of the image data that are included in the
first modified image data and that correspond to bone included in the head of the individual; removing, the second portions of the image
data from the first modified image data to produce second modified image data; determining, a first metric of first intensity values of first
voxels corresponding to a first blood vessel located in a first region of a first hemisphere of the brain, determining, a second metric of
second intensity values of second voxels corresponding to a second blood vessel located in a second region of a second hemisphere of
the brain, determining, a measure of a difference between the first metric of first intensity values and the second metric of second
intensity values, determining, based on the measure, that a probability of an abnormality, not required by group II.

The invention of Group Il included the features of determining a starting point with respect to the blood vessel, the starting point
indicating a first voxel of the image that is included in a path of the blood vessel within the brain of the individual; determining a path
along the blood vessel based on density values corresponding to the blood vessel, the density values indicating an amount of contrast
between portions of the image related to the blood vessel and background portions of the image; determining an endpoint of the blood
vessel based at least partly on the template; determining that the blood vessel terminates before the endpoint; determining, based on
the blood vessel terminating before the endpoint, a probability that an abnormality is present with respect to the blood vessel, not
required by group |.

Common Technical Features

Groups | and |l share the features of obtaining an image of a brain of an individual; identifying, using the image, a blood vessel located in
the brain.

However, the shared technical features do not represent a contribution over prior art as being anticipated by US 2016/0287100 A1
(MCLEAN HOSPITAL CORPORATION), 06 October 2016 (06.10.2016).

MCLEAN HOSPITAL CORPORATION teaches obtaining an image of a brain of an individual (para [0009]- method is provided for
analyzing blood flow in the brain of a subject; functional magnetic resonance imaging (fMRI) data from the subject); identifying, using the
image, a blood vessel located in the brain (para [0050}, [0095] - Identifying regions containing minimal brain tissue (e.g. gray matter) but
a great amount of blood vessels; voxel representative of blood vessels in the bottom slice of an fMRI scan).

As the common features were known in the art at the time of the invention, this cannot be considered a common technical feature that
would otherwise unify the groups. Therefore, Groups I-Il lack unity under PCT Rule 13.

Form PCT/ISA/210 (extra sheet) (July 2019)
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