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PRESENTATION

This Doctoral Thesis is presented as a compendium of articles that
correspond to the same thematic unit: the value of advanced
neuroimaging techniques to assess tissue viability, blood-brain barrier
status and clinical and radiological outcome prediction. This thesis consists
of two main objectives and four original scientific articles.

The first objective of the thesis is to evaluate the association between
Computed Tomography Perfusion-derived information and clinical and
radiological outcome of acute ischemic stroke patients depending on
baseline clinical and radiological variables. The first objective is addressed
in articles 1and 2:

Article 1: Laredo C, Renu A, Tudela R, Lopez-Rueda A, Urra X, Llull L, Macias
NG, Rudilosso S, Obach V, Amaro S, Chamorro A. The accuracy of ischemic
core perfusion thresholds varies according to time to recanalization in stroke
patients treated with mechanical thrombectomy: A comprehensive whole-
brain computed tomography perfusion study. J Cereb Blood Flow Metab.
2020 May;40(5):966-977. JCR Impact Factor 2019: 5.787. JCR Ranking in the
category “Neurosciences”: 38/272 (Q1).

Article 2: Laredo C, Solanes A, Renu A, Rudilosso S, Llull L, Lépez-Rueda A,
Macias NG, Rodriguez A, Urra X, Obach V, Pariente JC, Chamorro A, Radua
J, Amaro S. Variables influencing the association between CT perfusion
predicted infarct core and clinical outcome in acute stroke. The second
article has been sent for publication but it is still unpublished.

The second objective of the thesis is to evaluate the prognostic
significance of Blood-Brain Barrier disruption measured in Computed
Tomography Perfusion and its relationship with the risk of hemorrhagic
transformation. The second objective is addressed in articles 3 and 4:

Article 3: Rent A*, Laredo C*, Tudela R, Urra X, Lopez-Rueda A, Llull L,
Oleaga L, Amaro S, Chamorro A. Brain hemorrhage after endovascular
reperfusion therapy of ischemic stroke: a threshold-finding whole-brain
perfusion CT study. J Cereb Blood Flow Metab. 2017 Jan;37(1):153-165. JCR
Impact Factor 2017: 6.045. JCR Ranking in the category “Neurosciences”:

29/261(Q1).



Article 4: Laredo C, Renu A, Llull L, Tudela R, Lépez-Rueda A, Urra X, Macias
NG, Rudilosso S, Obach V, Amaro S, Chamorro A. Elevated glucose is
associated  with  hemorrhagic  transformation  after = mechanical
thrombectomy in acute ischemic stroke patients with severe pretreatment
hypoperfusion. Sci Rep. 2020 Jun 29;10(1):10588. JCR Impact Factor 2019:
3.998. JCR Ranking in the category “Multidisciplinary Sciences”: 17/71 (Q1).









ABSTRACT

Imaging has a central role in prognostication and treatment decision
making in acute ischemic stroke (AlS). Computed Tomography Perfusion
(CTP) and Magnetic Resonance Imaging (MRI) are used to assess tissue
viability and permeability of the Blood-Brain Barrier (BBB), but their
sensibility and specificity are limited. This thesis aims to enhance the role of
neuroimaging to understand the pathophysiology of AIS and assist a better
prognostication of clinical outcomes. The main objectives of this thesis are:
1/ to evaluate the association between CTP-derived information and clinical
and radiological outcome of AIS patients depending on baseline clinical
and radiological variables and 2/ to evaluate the prognostic significance of
BBB disruption measured in CTP and its relationship with the risk of
hemorrhagic transformation (HT).

The first objective was addressed in two studies. In the first study, we
evaluated the accuracy of CTP-derived ischemic core for the prediction of
final infarct volume on MRI according to the time delay to recanalization. In
the second study, we assessed the variables that interacted between CTP-
derived ischemic core volumes and clinical outcomes and we then
constructed a prediction tool based on those variables.

The second objective was addressed in two additional studies. In one
study, we sought to identify the optimal CTP-derived parameters for the
prediction of parenchymal hemorrhage after endovascular treatment and
how these predictors could be affected by the duration of brain ischemia.
In the other study, we analyzed the potential synergistic effects between
glucose, blood perfusion parameters and brain hemorrhagic risk in patients
treated with mechanical thrombectomy.

Overall these studies reinforced the strengths and limitations of CTP for
predicting relevant clinical and radiological outcomes in AlS.



RESUM

El diagnostic per imatge té un paper fonamental en el prondstic i la presa
de decisions en el tractament de lictus isquémic agut. La Tomografia
Computaritzada de Perfusié (TCP) i la Ressonancia Magnética (RM)
s’utilitzen per avaluar la viabilitat del teixit cerebral i la permeabilitat de Ia
barrera hematoencefalica (BHE), pero la seva sensibilitat i especificitat sén
limitades. Aquesta tesi doctoral pretén millorar el paper de la neuroimatge
en el coneixement de la fisiopatologia de lictus i ajudar a aconseguir una
millor prediccié del pronostic clinic i radiologic dels pacients. Els principals
objectius de la tesi sén: 1/ avaluar I’associacié entre la informacié derivada
de [a TCP i el pronostic clinic i radiologic dels pacients amb ictus isquémic
agut en funcié de les variables cliniques i radiologiques basals y 2/ avaluar la
importancia pronostica de I’alteracié de la BHE mesurada en la TCP i la seva
relacié amb el risc de transformacié hemorragica.

El primer objectiu es va abordar en dos estudis. En el primer estudi, es va
avaluar la precisié de la definicié del nucli de I'infart a la TCP per a la
prediccié del volum final d’infart mesurat a la RM en funcié del temps de
I’inici de simptomes fins a la recanalitzacié. En el segon estudi, es van
avaluar les variables que interactuaven en I’associacié entre el volum de
nucli de I'infart definit a la TCP i el prondstic clinic i, a continuacid, es va
crear una eina de prediccid basada en aquestes variables.

El segon objectiu es va abordar en dos estudis addicionals. En el primer
estudi, es van identificar els parametres optims definits a la TCP per a la
prediccié de I’hemorragia parenquimatosa després de I'administracié del
tractament endovascular i com aquests predictors es podien veure afectats
per la duracié de la isquémia. En el segon estudi, es van analitzar els
possibles efectes sinérgics entre la glucosa, els parametres de perfusié
sanguinia i el risc hemorragic en pacients tractats amb trombectomia
mecanica.

En general, aquests estudis reforcen les fortaleses i limitacions de la TCP
per la prediccié del prondstic clinic i radiolodgic a I'ictus isquémic agut.
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1.1 Acute Ischemic Stroke

Acute ischemic stroke (AIS) occurs as the result of a sudden reduction of
blood flow to the territory of a major brain artery. This reduction in flow is,
in most cases, caused by the occlusion of a cerebral artery, which may be
produced by numerous different causes. The duration, location and
severity of the ischemia will be the main determinants of the clinical and
brain tissue consequences of ischemic stroke [1-5]. AlS represents the first
cause of permanent disability in adult people, the second most frequent
cause of death for people older than 60 years and the second most
common cause of dementia. Overall cost of stroke care accounts for
approximately 3% to 7% of the total health-care expenditure in high-income
countries [6, 7].

In the setting of AIS, the changes in cerebral blood flow (CBF) induce
adjustments in cerebral hemodynamics. The arterial occlusion generates a
decrease in cerebral perfusion pressure (CPP) that triggers the activation
of systemic compensatory mechanisms to avoid this situation. These
mechanisms include cardiovascular response, collateral perfusion
recruitment and cerebral autoregulation. In a first stage, collateral flow is
recruited to maintain CBF. The cerebral collateral circulation is the auxiliary
vascular network that maintains CBF when the principal channels fail. The
collateral networks in the brain include the posterior and anterior
communicating arteries of the circle of Willis (primary collaterals,
intracranial) and the ophthalmic artery and leptomeningeal vessels
(secondary collaterals, extracranial). Both the primary and secondary
collaterals can provide CBF to regions affected by an artery occlusion in AIS
[8]. In a second stage, if collateral circulation is not recruited or is
insufficient, CBF continues to fall thus increasing the action of the cerebral
autoregulation response. Control of CBF under conditions of normal CPP is
partly mediated by cerebral autoregulation and is determined by the
caliber of the resistance vessels, primarily arterioles but also larger
intracranial and extracranial arteries, which dilate and constrict in response
to a variety of stimuli. The metabolic factor controlling CBF in the normal
resting brain is cerebral oxygen metabolism. Vasodilation and
vasoconstriction maintain the balance between oxygen delivery [CBF x
arterial oxygen content (CaO2)] and oxygen metabolism. With both
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hypoxemia and anemia, CBF increases in proportion to the reduction in
Ca02 to maintain oxygen delivery. In order to maintain the cerebral
metabolic rate of oxygen (CMRO2) constant, cerebral autoregulation
dilates arteries to increase the oxygen extraction fraction (OEF) [9, 10].

Brain tissue has a relatively high consumption of oxygen and glucose, when
the compensatory mechanisms are not sufficient to balance the reduction
of blood flow, CBF continues to fall and the oxygen supply is then
interrupted and metabolic demands unfulfilled thus leading to neuronal
electrical activity arrest and to the impairment of the energy state
necessary to maintain ion homeostasis [1, 10, 11]. If blood flow is not
restored within minutes, a multifactorial cascade process (known as the
ischemic cascade) starts, including major pathogenic mechanisms:
excitotoxicity, inflammation [12, 13], oxidative-nitrosative stress [14],
apoptosis and their complex bidirectional or multidirectional relationships
[15]. The loss of energy reserves results in the imbalance of ion
homeostasis and the release of excitotoxic neurotransmitters to the
extracellular space, like glutamate. Glutamate binds to N-Methyl-D-
aspartate promoting an influx of Ca2+ into the cell. The accumulation of
Caz+ initiates an activation of proteolytic enzymes that degrade essential
membranes and proteins. At the same time, the overactivation of
glutamate triggers an influx of Na+, Cl- and water, with concomitant cell
swelling and edema. The accumulation of Ca2+, Na+ and adenosine
diphosphate causes the production of free radicals in the mitochondria and
reactive oxygen/nitrogen species that damage lipids, proteins, nucleic acid
and carbohydrates. Oxygen fee-radicals also act as signaling molecules that
trigger inflammation and apoptosis. Consequently, oxidative-nitrosative
stress, excitotoxicity, energy failure and ionic imbalances are linked, and
jointly and simultaneously contribute to ischemic cell death [1, 15, 16].

The metabolic, ionic and hemodynamic changes described above do not
affect the ischemic territory homogeneously. In the center or core of the
perfusion deficit permanent and anoxic depolarization develops, leading to
irreversible neuronal loss. Between this lethally damaged core and the
normal brain lies the penumbra, an area of constrained blood flow with
partially preserved energy metabolism but electrically unexcitable but
viable cells [11, 16]. These areas with residual perfusion present mild energy
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failures but have an almost normal concentration of ATP due to a sufficient
oxygen supply and low extracellular potassium accumulation. If no
treatment is administered the penumbra can progress to infarction due to
excitotoxicity or to secondary deleterious processes as spreading
depolarization, inflammation, oxidative and nitrosative stress and

apoptosis [1, 7, 11, 17].

Current therapies for AIS aim to rescue the hypoperfused but still viable
ischemic penumbra by restoring the patency of the primary occluded
artery (recanalization) and the downstream capillary blood flow
(reperfusion) [18]. Recanalization of the occluded artery after stroke onset
is associated with an increase in the odds of good functional outcome.
However, 25% of patients do not reperfuse and about 50% of them do not
achieve good clinical recovery despite complete recanalization,
highlighting the fundamental role of adequate brain perfusion for the final
ischemic tissue fate. [6]. Recanalization can be accomplished by medical or
mechanical treatment, as follows.

Recombinant tissue plasminogen activator (rtPA) is considered the medical
gold standard and is approved by the Food and Drug Administration to
treat AIS. rtPA is a serine protease administered intravenously that
activates plasminogen into plasmin, the latter dissolving and lysing the
fibrin clot [19-21]. Early arterial recanalization is achieved in 50% of cases
receiving rtPA and although it improves survival and clinical outcome [22],
it is limited by its narrow therapeutic window (first 4.5 hours from stroke
onset), contraindications (as coagulopathy, recent surgery, stroke in the
previous 3 months or brain hemorrhage history), risk of post-treatment
hemorrhagic transformation (HT) and limited efficacy when there is a
proximal intracranial occlusion [22-26].

Mechanical thrombectomy (MT) has been established as standard
treatment of AIS by seven recent randomized clinical trials (RCTs) that
evaluated MT versus the best medical treatment [27-33]. An endovascular
catheter is placed at the site of the blood clot and a mechanical
thrombectomy device called stent retriever is released from the catheter,
self-expands within the thrombus and removes it, restoring blood flow.
There are also other types of thrombectomy devices like aspiration
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catheters, which can be used combined with stent retrievers or alone,
where the process involves clot fragmentation and aspiration through an
electric pump providing negative pressure. In the meta-analysis of the data
derived from RCTs, MT was proven to be superior to best medical
treatment in improving stroke outcomes in selected patients with large
vessel occlusions. However, less than half of the patients treated with MT
achieved a good clinical outcome although 75% had full recanalization [34-
36]. The rate of complete reperfusion was only of 38%, suggesting that the
suboptimal efficacy of MT may be explained by a recanalization-
reperfusion mismatch [6, 37]. In experimental models of brain
ischemia/reperfusion, a number of mechanisms were found to play a role in
the hampering of full reperfusion of the distal microcirculation despite full
recanalization: distal micro-embolisms, blockage of perivascular space,
capillary clogs or the effect of oxidative/nitrosative stress on the
vasoconstriction and hypoperfusion of the microcirculation [38].

As mentioned before, in the context of acute brain ischemia and its
treatment to achieve recanalization/reperfusion, a number of deleterious
processes take place, including cellular bioenergetic failure, oxidative
stress, excitotoxicity, hemostatic activation, microvascular injury,
inflammation and blood brain barrier (BBB) dysfunction [16, 39, 40].

The BBB is the structure that separates the central nervous system (CNS)
from the peripheral tissues [41] and it is formed by endothelial cells (with
specialized tight junctions), pericytes, astrocytes, vascular smooth muscle
cells, microglia and neurons. Interactions between these components are
the main basis of the neurovascular unit concept, where each cell
contributes to BBB structural and/or functional task. BBB regulates the
movement of molecules, ions and cells between the blood and the CNS,
regulating CNS homeostasis and protecting it from toxins, pathogens,
injury, inflammation and disease. Despite restoration of blood flow, the
ischemic cascade continues from hours to days. Although the use of
reperfusion therapies has shown its substantial clinical benefits in selected
patients, the use of these strategies can hypothetically result in the so
called reperfusion injury and therefore increase the risk of hemorrhagic
transformation (HT) due to BBB disruption.
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HT is a relatively frequent complication of AIS and refers to a range of
ischemia-related brain hemorrhagic transformations that can be divided
into hemorrhagic infarction (HI) and parenchymal hematoma (PH) [42].
The presence of HT in the form of PH is associated with increased
morbidity and mortality [43, 44]. In addition to toxicity secondary to
thrombolytic drugs and direct procedural-related mechanical damage, one
of the mechanisms involved in the appearance of HT is the severity and
duration of brain ischemia.

1.2 Neuroimaging in Acute Ischemic Stroke

The brain accounts for approximately 2% of body weight and receives 16%
of cardiac output. Healthy young adults have an average whole-brain CBF
of approximately 46 mL/100 g/min, CMRO2 of 3.0 mL/100 g/min (134
umol/100 g/min), and cerebral metabolic rate of glucose of 25 umol/100
g/min measured using the Kety-Schmidt technique. Under physiological
conditions, brain CBF is paired to the metabolic demands and this balance
is achieved through several structural and adaptive elements of the
cerebral circulation including collateral flow and autoregulation [45, 46].

When an artery occlusion occurs, the intravascular pressure distal to the
occlusion falls abruptly and a retrograde flow can appear through the
anastomoses that characterize the collateral circulation. Retrograde
compensation of blood flow by collateral circulation is a well-known
phenomenon in major artery occlusions that affect the cerebral cortex,
where flow direction can be bidirectional through leptomeningeal arteries
and can compensate the areas of hypoperfused tissue distal to the
occlusion. Collateral circulation can prevent or delay infarct growth and
permanent neuronal damage in AIS, however, the functionality and
extension of collateral circulation present an important variability between
individuals, due to anatomic factors and others such as age, time of
occlusion and atherosclerosis [47].

At the same time, cerebral autoregulation maintains relatively constant
CBF by adjusting cerebral resistance and compensating for fluctuations in
CPP. When a decrease of CPP occurs in AlS, intracranial vessels dilate to
maintain CBF, increasing cerebral blood volume (CBV) and prolonging
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blood mean transit time (MTT) to maximize OEF. As CPP continues to fall,
vasodilation cannot compensate flow decline and CBF continues to drop.
Despite this decrease in blood flow, metabolic activity in the brain is initially
maintained by increasing the OEF from blood, but when this mechanism
fails to meet the metabolic demands of the brain, cellular metabolism is
impaired, and CMRO?2 starts to fall under physiologic values leading to the
abovementioned cascade process [9, 10, 45, 46].

Imaging has a central role for the evaluation of tissue viability, vessel
permeability and collateral circulation in AIS. Magnetic Resonance Imaging
(MRI) and Computed Tomography Perfusion (CTP) are commonly used in
clinical routine for the evaluation of brain hemodynamic status, estimation
of ischemic core, outcome prediction, and treatment decision-making in
the acute stroke setting [48-52].
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Figure 1. Time-Intensity curve of the CTP acquisition. Representation of a time-
intensity curve in a certain pixel of the image. Time (in seconds) is represented in the x-
axis and intensity (in Hounsfield Units) is represented in the y-axis. Each point in the
graph represents the intensity of the pixel in each of the timepoints of the CTP
acquisition. Cerebral Blood Flow (CBF), Cerebral Blood Volume (CBV), Mean Transit
Time (MTT) and Time To Peak (TTP) are represented.
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Diffusion-weighted imaging (DWI) provides information of the molecular
motion of water. In healthy brain tissue, water molecules encounter
several complex structures (like myelin along white matter tracts) that
force diffusion directionality in the orientation of preferred motion.
Diffusion of water drops following AIS reflecting the accumulation of
water in the intracellular space, the presence of cytotoxic edema and the
disruption of ion homeostasis. This diffusion decline translates in regions of
high DWI signal in MRI. [10, 53].

Figure 2. Perfusion Maps. Cerebral Blood Flow (CBF), Cerebral Blood Volume (CBV), Mean
Transit Time (MTT) and Time To Peak (TTP) of an AIS patient from a 60s and 31 volumes
CTP acquisition.
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On the other hand, in the CTP technique, a series of CT images are acquired
sequentially after the injection of a bolus of iodinated contrast agent. As
the contrast agent goes from vessels to parenchyma, in each pixel of the
image a time-intensity curve can be built, where the wash-in and wash-out
of the iodinated contrast can be traced (Figure 1). Following acquisition,
the pixel-wise analysis of the time-intensity curves with dedicated post-
processing software allows the generation of parametric maps [54, 55].
These parametric maps, known as perfusion maps, represent different
cerebral hemodynamic parameters, as follows [56-58] (Figure 2):

Cerebral Blood Volume (CBV)
Volume of blood in a unit of brain mass, including tissue and vessels,
expressed in the unit mL/100g.

Cerebral Blood Flow (CBF)
Volume of blood flowing through a unit of brain mass per time unit,
measured in mL/100g/min.

Mean Transit Time (MTT)
Average time required for blood passage through a volume unit of the
parenchymal capillary network, measured in seconds.

Time to Peak (TTP)
Time between the injection and the maximum concentration of the
contrast agent bolus at each voxel, measured in seconds.

Perfusion maps can be obtained by different postprocessing methods
being the deconvolution analysis the most widely used. The deconvolution
process intends to correct the time-intensity curves in each voxel for the
shape of the arterial input function (AIF) (the time intensity curve acquired
in a major artery) to obtain the tissue impulse residue function (IRF), which
represents the (theoretical) tissue time-intensity curve resulting from an
infinitely sharp bolus injection into the studied voxel:

C(t) = (CBF,/ ky) x AIF()®R(t) (Eq.1)
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Where C is the concentration of the contrast agent in the voxel
(measured), CBF is the (unknown) tissue blood flow, ky is a correction
constant taking into account different values of arterial and tissue
hematocrit (ky = (1-Ha)/(1-Ht)), AIF is the arterial input function in the artery
leading to the ROI and R(t) is the IRF. In other words, the concentration of
the contrast agent measured in a voxel is the convolution of the arterial
input function and the tissue IRF multiplied by the tissue blood flow.

Figure 3. TMAX and DT Perfusion Maps. Time to Maximum (TMAX) and Delay Time (DT)
Perfusion Maps of an AIS patient from a 60s and 31 volumes CTP acquisition.

With measured C(t) and AIF(t), an estimate of CBF and R(t) can be
obtained using a model-free deconvolution technique, such as the single
value decomposition method. Perfusion maps can be calculated from this
IRF: CBF as the peak height of the IRF curve, CBV from the area under the
IRF curve and MTT as the ratio of CBV to CBF, according to the central
volume principle. Time-to-Peak of the IRF curve will be the Time to
Maximum (Tmax).

To compensate for arterial delay and dispersion effects that arise because
the selected AIF in a major artery is taken to be the same as the AIF directly
feeding the tissue, a vascular model involving an arterial transport function
with a delay time and a relative dispersion was proposed [59]. The purpose
of applying the transport function is to shift and broaden the AIF profile in
an attempt to obtain a more realistic model of the physiology of acute
stroke. With this methodology, CBF, CBV and MTT are calculated in the
same way of a “simple” deconvolution with no delay correction, but Tmax
map is replaced by a Delay Time (DT) map, which represents the time to
peak of the delay and dispersion corrected IRF curve (Figure 3).

23



1.3 CTP definition of tissue fate

Pathophysiologically, ischemic core is defined as tissue that is irreversibly
injured and will evolve to infarction even if reperfusion is achieved
immediately, and penumbra as the tissue where blood flow levels are low
but still sufficient to prevent irreversible cellular death but which is at risk
of becoming infarct core if reperfusion does not occur [60]. CTP-derived
definitions are probabilistic, representing the gathered information of one
(or more) parametric values derived from a specific mathematical model.
Although DWI has been established as the gold standard for the
quantification of ischemic core due to its high sensitivity and
reproducibility [49, 61], CTP imaging may provide similar ischemic core
estimations as those derived from MRI [62-65] and is also used to assess
the hemodynamic status of brain parenchyma and provide information of
at-risk but still salvageable penumbra areas.

CTP provides information of tissue viability by reflecting changes in
parenchymal autoregulatory mechanisms that follow AIS. The initial
decreased CPP causes an increase in MTT and TTP. Vasodilation and
collateral flow activation in an attempt to normalize CBF following arterial
occlusion leads to an initial increase of CBV in the ischemic territory, but
when compensatory mechanisms fail due to prolonged ischemia, CBF and
CBV fall below tissue viability thresholds leading to infarct core areas [66].
On the other hand, increase in time-based maps as MTT and TTP but
maintained and moderately reduced values in CBV and CBF respectively are
indicative of penumbra areas. In order to obtain an automatic tool able to
reduce interobserver variability and to improve the generalizability of
tissue fate predictions, investigators have tried for years to establish
predefined absolute or relative to normal tissue thresholds in perfusion
maps to accurately define core and penumbra areas. The first studies used
relative MTT (>145%) and absolute CBV (<2 mL/100g) to define penumbra
and core respectively [67]. However, more recent studies have moved to
Tmax and DT maps (Tmax>6s, DT>3s) and relative CBF thresholds (30-45%)
for the definition of penumbra and core respectively [62, 64].

The definition of core of the infarct has been used as selection criteria in
the recently published DAWN and DEFUSE 3 MT trials that explored the
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benefit of mechanical thrombectomy in the extended time window
(beyond 6 hours from stroke onset) [32, 33]. The positive results of these
trials lead to the inclusion of CTP evaluation in the American Heart
Association guidelines [68] for treatment selection in patients beyond 6
hours of infarct evolution. However, a number of pitfalls related to the use
of CTP predictions of tissue fate must be taken into account in the clinical
setting. The main limitations for the extended use of CTP are the
differences in acquisition parameters used in each scanner, the differences
in software-specific optimal thresholds to define ischemic core, the
variability of pre- and post-processing platforms [49, 65, 69-71] and the fact
that perfusion maps are an “static picture” of the hemodynamic status of
the brain at the moment of the acquisition.

1.4 CTP prediction of infarct core and clinical outcome

Although theoretical definitions of infarct core and penumbra are relatively
well validated in certain stroke populations, universally accepted imaged-
based definitions of tissue fate are still lacking. Even so, in general, greater
volumes of CTP predicted infarct core have been found to be moderately
associated with larger infarcts on follow-up imaging [62-65] and with
worse clinical outcomes [72]. The variable association between predicted
infarct core and clinical or radiological outcome metrics may be due to the
fact that clinical and hemodynamic status in AIS patients is multifactorial,
making challenging the task of knowing the relative importance of every
single variable, including imaged-based definitions.

In the case of CTP imaging, a current concern is that several clinical,
radiological and acute treatment variables may affect the predictive
capacity of the CTP parameters and thresholds to predict tissue fate [49,
65, 69, 70, 71, 73, 74] and clinical outcome [75-77]. Among them, the impact
of achieving an early and complete reperfusion on the capacity of a single
CTP threshold to obtain a reliable prediction of final infarct volume or
clinical outcomes is still uncertain [69, 78-86]. Moreover, other
pretreatment and treatment-related variables have been shown to modify
the relationship between predicted infarct core and clinical outcome
metrics including age [87, 88], baseline NIHSS [60], time to reperfusion
[88, 89], degree of reperfusion achieved [88, 90], collateral status [91],
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baseline ASPECTS [92], hyperglycemia [93] or presence of white matter
lesions [88, 94, 95].

1.5 Perfusion parameters, glucose levels and hemorrhagic
transformation

As mentioned above, one of the mechanisms involved in the appearance of
HT is the initial severity of brain ischemia, which can be reliably quantified
using MRI or CTP, by measuring CBF, CBV and time-based measures such as
TTP, TMAX or DT. MRI-based clinical studies of patients with AIS treated or
not with thrombolysis have shown that very severe reductions of CBV
(termed as Very Low CBV, VLCBV) are strongly associated with the risk of
PH [96-98], particularly when delayed reperfusion occurs after
thrombolysis [97]. Using CTP, the risk of HT has been related to a myriad of
perfusion measures such as low relative CBV values [99], low relative CBF
[100], longer relative MTT or Tmax [100, 101], higher permeability values
[102] and severe hypoperfusion detected in TTP maps [103]. Specifically, in
patients receiving endovascular reperfusion therapies, reduced
pretreatment CBV or CBF values measured with CTP have been associated
with poor clinical outcomes [104], including the risk of development of
intracranial hemorrhage [105, 106]. However, the best CTP parameters and
thresholds for the prediction of PH and their relationship with the
occurrence and timing of reperfusion have not been sufficiently addressed
in this patient population. The identification and validation of these
biomarkers may be relevant for risk stratification of acute stroke patients
receiving multimodal reperfusion therapies and for the evaluation of
neuroprotective therapies in the setting of clinical trials.

As mentioned before, the potential mechanisms contributing to
exacerbated neurovascular injury and poor outcomes after the onset of
brain ischemia are multifactorial and include augmented oxidative and
nitrosative  stress,  tissue  acidosis, = mitochondrial  dysfunction,
thromboinflammation and impairment of cerebral perfusion, among others
[107, 108]. Consequently, severe hypoperfusion might not be a sufficient risk
factor for the occurrence of HT and additional concurrent susceptibility
conditions might be needed, such as elevated glucose levels. Higher blood
glucose levels have been associated with a higher risk of HT after
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reperfusion therapies as well as with significant reductions on the benefits of
MT [109-111].

In preclinical models of brain ischemia, the interaction between
hyperglycemia and reduced CBV or CBF during ischemia and at reperfusion
is controversial and this issue has not been explored previously in humans
[112-119]. Most studies found increased extent and severity of ischemia and
greater neurological deficits in hyperglycemic animals [112, 113, 115-119].
However, when studying the interaction between hyperglycemia and
blood perfusion measures, some authors found global reductions in blood
flow or volume [112, 113], while other found only regional [115, 116, 118] or
no differences between these measures [119]. Furthermore, the
mechanisms by which glucose load affects post-ischemic cerebral
perfusion remains unknown. The possible explanations for global or
regional variations of CBF and CBV due to hyperglycemia found in the
literature range from systemic changes induced by glucose, such as
increased cerebrovascular resistance [115, 116] to endothelial cell injury
[112], increased plasma hyperosmolality and blood hyperviscosity,
decreased cerebral metabolic rate [113] or possible associations with
downregulation of endogenous tissue plasminogen activator [114].
Arguably, the identification of a synergistic effect between hyperglycemia
and severe hypoperfusion prior to reperfusion might be useful for the
identification of subgroup of patients more prone to hemorrhagic
complications after mechanical thrombectomy.

Overall, CTP allow the quantification of the severity of brain ischemia for
the prediction of final infarct volume, clinical outcome and risk of HT.
However, the information derived from CTP imaging is inaccurate and its
sensibility and specificity may be influenced by a number of baseline
clinical, radiological and procedure-related variables.
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2- HYPOTHESIS
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2.1

2.2

2.3

2.4

CTP estimation of infarct core is able to predict final infarct volume
with an acceptable accuracy in AlS patients. However, an early and
complete recanalization of the occluded vessel through
endovascular treatment may impact significantly on the reliability
of this prediction. We hypothesize that the optimal perfusion
thresholds used for the definition of ischemic core will be modified
according to the time from stroke onset to complete
recanalization.

Infarct core estimated using CTP may not be reliable to predict
accurately clinical outcome in AIS patients as it is dependent of
clinical and radiological baseline variables. An advanced analysis of
interaction between CTP-predicted infarct core and relevant clinical
and radiological baseline variables will allow the identification of a
selected subgroup of AIS patients in whom CTP-derived infarct core
will be more accurate for predicting clinical outcome.

CTP allows the quantification of the severity of brain ischemia, one
of the pathophysiological mechanisms involved in the appearance
of HT in AIS patients treated with reperfusion therapies. We
hypothesize that very severe reductions of CTP-derived perfusion
parameters will be able to accurately predict the risk of HT in AIS
patients receiving endovascular therapy.

Elevated glucose levels at stroke onset are associated with a higher
risk of hemorrhagic complications after reperfusion therapies as
well as with significant reductions on the benefits of MT. However,
whether this association is influenced by the severity of
hypoperfusion is unknown. We hypothesize that severely reduced
CBV or CBF will boost the toxicity of increased blood glucose levels
further increasing the risk of HT after endovascular treatment.
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3:- OBJECTIVES
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3.1

3.2

33

3.4

To evaluate the impact of time from symptom onset to complete
reperfusion on the accuracy of CTP maps for predicting final infarct
volume and clinical outcome in AIS patients treated with MT.

To identify the pretreatment and treatment-related variables that
influence the association between CTP-derived ischemic core and
clinical outcome and to generate an integrative prediction tool in AIS
patients.

To evaluate the best CTP parameters and the impact of time from stroke
onset to treatment for the prediction of HT in AIS patients treated with
MT.

To evaluate whether blood glucose levels modify the association
between severe hypoperfusion measured with CTP and post-treatment
HT in AIS patients treated with MT.
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4. RESULTS
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4.1

Study 1

The accuracy of ischemic core perfusion thresholds varies
according to time to recanalization in stroke patients
treated with mechanical thrombectomy: A comprehensive
whole-brain computed tomography perfusion study.
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Abstract

Computed tomography perfusion (CTP) allows the estimation of pretreatment ischemic core after acute ischemic
stroke. However, CTP-derived ischemic core may overestimate final infarct volume. We aimed to evaluate the accuracy
of CTP-derived ischemic core for the prediction of final infarct volume according to time from stroke onset to
recanalization in 104 patients achieving complete recanalization after mechanical thrombectomy who had a pretreatment
CTP and a 24-h follow-up MRI-DWVI. A range of CTP thresholds was explored in perfusion maps at constant increments
for ischemic core calculation. Time to recanalization modified significantly the association between ischemic core and
DWVI lesion in a non-linear fashion (p-interaction = 0.018). Patients with recanalization before 4.5 h had significantly lower
intraclass correlation coefficient (ICC) values between CTP-predicted ischemic core and DWI lesion (n=>54; best
threshold relative cerebral blood flow (rCBF) < 25%, ICC =0.673, 95% Cl =0.495-0.797) than those with later reca-
nalization (n = 50; best threshold rCBF < 30%, ICC =0.887, 95% Cl=0.811-0.935, p=0.013), as well as poorer spatial
lesion agreement. The significance of the associations between CTP-derived ischemic core and clinical outcome at
90 days was lost in patients recanalized before 4.5h. CTP-derived ischemic core must be interpreted with caution
given its dependency on time to recanalization, primarily in patients with higher chances of early recanalization.
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core estimations as those derived from MRL*’
However, the main limitation for the extended use of
CTP is the imprecision of the optimal perfusion param-
eters used for the quantification of ischemic core, in
part due to its poor signal-to-noise ratio and to the
variability of pre- and post-processing platforms.”” '

Current data support the use of relative cerebral
blood flow (CBF) with a threshold of 30% as the
most accurate CTP estimator of ischemic core.*®
However, a current concern is that several clinical,
radiological and acute treatment variables may affect
the predictive capacity of the CTP parameters and
thresholds.>” 12 Specifically, the impact of achieving
an early and complete reperfusion on the capacity of
a single CTP threshold to obtain a reliable prediction of
final infarct volume or clinical outcomes is still
uncertain.® !

Under the hypothesis that early reperfusion may
impair the predictive capacity of CTP, we aimed to
explore the impact of the timing of complete reperfu-
sion on the accuracy of CTP for predicting final infarct
volume and clinical outcomes through a comprehensive
analysis of perfusion parameters and thresholds.

Material and methods
Subjects

Patients were part of a prospectively collected clinical
registry of acute stroke patients treated with reperfu-
sion therapies between March 2010 and December 2017
in a referral comprehensive stroke center. The specific
selection criteria for this analysis were: 1/ availability of
a pretreatment whole-brain CTP scan, 2/ the presence
of a proximal intracranial arterial occlusion in the ter-
minal internal carotid artery or the M1 segment of the
middle cerebral artery without tandem occlusions, 3/
complete reperfusion after mechanical thrombectomy
(MT). and 4/ availability of a follow-up MRI imaging
performed within the first 24-72h after stroke onset.
According to these criteria, a total of 104 consecutive
patients were retrospectively analyzed, as shown in
the flowchart (Supplementary Figure 1). Ethics
approval was acquired from the local Clinical
Research Ethics Committee from Hospital Clinic
of Barcelona under the requirements of Spanish legis-
lation in the field of biomedical research, the protection
of personal data (15/1999) and the standards of
Good Clinical Practice, as well as with the
Helsinki Declaration of 1975/1983. Patient consent
was not required due to the retrospective nature
of the study design and the lack of patient interaction.
We adhered to the STARD (Standards for Reporting
of Diagnostic Accuracy) guidelines (http://www.stard-
statement.org/).
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Demographics, clinical course, baseline neurological
status (monitored with the National Institutes of
Health Stroke Scale score, NIHSS),”? stroke subtype
(according to the Trial of Org 10 172 in Acute Stroke
Treatment criteria, TOAST),” functional outcome
(scored with the modified Rankin Scale score, mRS)
at 90 days, and reperfusion-therapy modality (primary
or rescue MT) were prospectively recorded on all
patients. In this cohort of patients, reperfusion thera-
pies were administered following contemporary guide-
line recommendations. MT was performed within 8 h in
eligible patients with proximal arterial occlusion on CT
angiography. The presence of a CTP-defined infarct
core volume higher than 70mL. an ASPECTS score
lower than 6 or the absence of mismatch in patients
with symptoms lasting >4.5h from stroke onset typo-
redundant were considered as exclusion criteria for
receiving MT. The mismatch profile was defined as
the presence of a hypoperfusion lesion that was equal
or higher than 120% of the infarct core. In patients
treated with rescue MT after systemic thrombolysis,
rtPA infusion was interrupted prematurely according
to endovascular suite availability at the time of groin
puncture.

CT perfusion imaging

Patients were scanned using a SIEMENS Somatom
Definition Flash 128-section dual-source multidetector
scanner (Siemens Healthineers, Erlangen, Germany),
with a 98 mm z-coverage and 26 time points acquired
each 1.5s (total acquisition time, 39s). Fifty milliliters
of nonionic iodinated contrast were administered intra-
venously at SmL/s by using a power injector, followed
by a saline flush of 20 mL at an injection rate of 2mL/s.
The imaging protocol included a baseline multimodal
whole-brain CT scan, which included a plain CT
(140 Kv, 127 mAs, FoV 225mm, matrix 512 x 512,
slice thickness 5mm), a CT angiography (120 Kv, 663
mAs, FoV 261 mm, matrix 512 x 512, slice thickness
0.6mm), and a CT perfusion (80kV peak, 250 mAs,
1.5-s rotation, FoV 18 mm, matrix 512 x 512, and 49
2-mm thickness slices). CTP maps were then calculated
by commercial software MIStar (Apollo Medical
Imaging Technology, Melbourne, Australia) using a
model-free singular value decomposition (SVD) algo-
rithm with a delay and dispersion correction. The soft-
ware automatically performs motion correction and
selects an arterial input function (AIF) from an unaf-
fected artery (usually the anterior cerebral artery) and a
venous output function (VOF) from a large draining
vein (the sagittal sinus). The software generates CBF,
CBV, MTT and delay time (DT) maps. Of note, the
delay corrected deconvolution method produces DT
maps rather than the more extensively used Tmax
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maps. An image processing pipeline using in-house
fully automated software running in Matlab (v.2017b,
Mathworks, Natick, MA) was developed in order to
implement a comprehensive analysis of the perfusion
maps. An absolute threshold of 3s was selected on
the DT map to obtain the hypoperfused tissue (perfu-
sion lesion). Inside this area, a range of relative and
absolute thresholds was explored in the CBF and
CBV maps at constant increments, as shown in
Table 1. The relative thresholds were calculated as a
percentage of mean perfusion values from the entire
unaffected/contralateral hemisphere.

Angiographic assessment

The occlusion was graded on dynamic subtraction
angiography (DSA) according to the modified thromb-
olysis in cerebral infarction (mTICI) -classification
(Grade 0: no perfusion; Grade |: minimal flow
past the occlusion but no perfusion; Grade 2a: partial
reperfusion of less than half of the entire vascular terri-
tory; Grade 2 b: partial reperfusion of more than half of
the entire vascular territory; Grade 3: complete reperfu-
sion without any flow defects). Recanalization was
defined as complete if a grade 3 was obtained at the
end of the MT. The mTICI score was graded by the
interventionist team at the end of the procedure.

MRI imaging

The follow-up MRI was performed within a median
(IQR) 38 h (20-64 h) from treatment and included dif-
fusion-weighted images (DWI, parameters: Repetition
time (TR)/echo time (TE) 10.,800/89ms, matrix
192 % 192, field of view (FoV) 240 mm, slice thickness
3mm, directions X,y.z, b-values: 0 and 1000 mm/s®) and
gradient echo T2*-weighted (GRE: TR/TE 764/26 ms;
matrix 384 x 512; FoV 240 mm; slice thickness 5mm)
sequences. DWI lesion was delineated using AMIRA
software by means of a semi-automated thresholding
method to identify regions of interest with high DWI
signal intensity (selection of pixels exceeding the DWI
signal intensity of the mean values in the contralateral
hemisphere by more than three standard deviations), as
shown in Supplementary Figure 2.°* In order to assure
the comparability between pretreatment ischemic core
CTP predictions and final DWI lesion, each CTP map
was co-registered to the corresponding follow-up DWI
using a rigid co-registration protocol (6-degrees of free-
dom) implemented with statistical parametric mapping
(SPM12, Functional Imaging Laboratory, University
College London, London, UK), as summarized in
Supplementary Figure 2. CTP and DWI lesion overlap
and spatial agreement were assessed using the Dice
similarity coefficient that was calculated using the

Table |. Range of thresholds explored in CT perfusion maps.

Range of explored

CTP map Parameter thresholds Increments
CBF aCBF 0 to 36mL/100g/min  2mL/100 g/min
rCBF 0 to 100% 5%

CBvY aCBV 0to20mL/100g 0.1 mL/100g
rCBY 0 to 100% 5%

Imaging Processing Toolbox (MATLAB v.2017b,
Mathworks, Natick, MA).

Statistical analysis

Continuous variables were reported as mean and stand-
ard deviation (SD) or as median and interquartile range
(IQR) and were compared with the Student t or Mann—
Whitney tests. Categorical variables were reported as
proportions and compared with the x2 and Fisher
exact test. To assess the correlation between CTP-pre-
dicted ischemic core and final DWI lesion volume on
MRI, we conducted simple linear regression and intra-
class correlation coefficient (ICC) and its 95% confi-
dence intervals (95% CI). We used the ICC (two-way
mixed model, absolute agreement for single measures)
beyond other association tests to study the repeatability
between the two repeated measurements of ischemic
core, as the ICC estimation reflects both the degree of
correlation and agreement between measurements of
continuous data.” Reliability was considered to be
good when the ICC was 0.80 or higher. To assess the
consistency of the optimal parameter thresholds for
predicting ischemic core found in the whole population,
a sensitivity analysis including only those patients in
whom tissue time attenuation curves (TACs) were not
truncated at the end of the CTP acquisition was per-
formed. For this subset analysis, truncated curves were
defined as those in which the TACs did not have return
of the venous outflow function to at least 50% of peak
and not truncated curves as those who were effectively
completed. To analyze the agreement and association
between the predicted ischemic core and final DWI
infarct volume, we also conducted difference plots
(Bland-Altman plots), spatial agreement analyses
through the use of the Dice similarity coefficient and
Spearman correlation analyses. The best perfusion
threshold at an individual level was defined as the one
that achieved the lowest volume difference between
final DWI lesion and CTP-defined ischemic core. To
evaluate the relationship between the individual best
threshold and time to recanalization, a set of regression
models were used: linear, logarithmic, quadratic and
cubic. A general lincar model adjusted for the
HERMES collaboration confounding variables (age,
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Table 2. Demographics, baseline and procedure-related variables according to time to recanalization.

mTICI3 <4.5h (n=54) mTICI3 > 45h (n=>50) p

Age (years), median (IQR) 73 (64-78) 76 (64-82) 0.172
Prior mRS, median (IQR) 0 (0-1) 0 (0-1) 0.646
Females, n (%) 26 (48) 29 (58) 0315
Smoking, n (%) 5(9) 7 (14) 0450
Hypertension, n (%) 24 (44) 31 (62) 0.073
Diabetes, n (%) 4 (7) 7 (14) 0.275
Dyslipidemia, n (%) 25 (46) 19 (38) 0.392
Atrial fibrillation, n (%) 17 (32) 21 (42) 0.266
Previous stroke, n (%) S (9) 4(8) 0819
Prior antithrombotic treatment, n (%) 23 (43) 25 (50) 0.449
Baseline SBP (mmHg), mean (SD) 138 (21) 143 (24) 0237
Glucose (mg/dl), median (IQR) 115 (105-136) 119 (107-142) 0711
Baseline NIHSS, median (IQR) 6 (10-20) 17 (8-19) 0.604
Pre-angio NIHSS, median (IQR) 8 (11-21) 17 (12-19) 0.207
Baseline ASPECTS, median (IQR) 9 (9-10) 9(8-9) 0.135
Collateral score, median (IQR) 2 (2-3) 2 (1-3) 0.472
Time to CT perfusion (min), median (IQR) 81 (60-119) 269 (204-352) <0.001
Time to MT onset (min), median (IQR) 156 (125-185) 348 (290-425) <0.001
Duration of MT (min), median (IQR) 6 (1540 35 (16-45) 0.151
Time to mTICI 3 (min), median (IQR) 195 (I55 225) 379 (318-477) <0.001
TOAST classification 0.955
Atherothrombotic origin, n (%) 5(9) 4 (8)

Cardioembolic origin, n (%) 31 (58) 30 (60)

Other eticlogies, n (%) 18 (3 ) 16 (32)

Ischemic core (mL), median (IQR) 3 (9-48 12 (6-28) 0.055
Hypoperfused tissue (mL), median (IQR) 137 (IOJ 168) 135 (67-165) 0.409

mTICI: modified thrombolysis in cerebral infarction; IQR: interquartile range; mRS: modified Rankin Scale; SBP: systolic blood pressure; NIHSS:
Mational Institutes of Health Stroke Scale; ASPECTS: Alberta stroke program early CT score; CT: computed tomography; MT: mechanical thromb-

ectomy; TOAST: trial of ORG 10172 in acute stroke treatment.

sex, baseline NIHSS, baseline ASPECTS, previous
rTPA administration and occlusion site defined as
Internal Carotid Artery. segments M1 or M2 of the
Middle Cerebral Artery) was applied to assess the asso-
ciation between CTP-derived ischemic core and func-
tional outcome at 90 days (ordinal mRS shift) with
exploratory purposes.”® For correlation and regression
analysis, volume variables were transformed (cubic
transformation) to meet normality criteria. The analysis
was performed using SPSS Version 19.0 and R (v3.5.1),
and the level of significance was established at a 0.05
level (2-sided).

Results
Baseline traits of the included population

Overall, 104 patients were included in the analysis from
whom a total of 54 (52%) had complete recanalization
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within the first 4.5h and 50 (48%) after 4.5h from
symptom onset. Descriptive data on demographics
and baseline variables according to time to recanaliza-
tion are shown in Table 2. Of note, the baseline clinical
and radiological traits were similar across time groups
except for a trend towards higher CTP-predicted ische-
mic core volumes in the earlier recanalization group.

Best CTP definition of ischemic core in the whole
population

According to the correlation coefficient analyses, the
best pretreatment ischemic core perfusion definition
for final DWI-lesion corresponded to the absolute
CBF (aCBF) threshold of 6mL/100mg/min
(ICC=0.814, 95% CI=0.758-0.890) and to the rela-
tive CBF (rCBF) threshold of 25% (ICC = 0.800, 95%
CI=0.743-0.881). Similar but slightly lower ICC
values were obtained for the remainder perfusion
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flow (CBF) and cerebral blood volume (CBV) maps.

parameters (rCBV <45%, ICC=0.787, 95% Cl=
0.724-0.873; and aCBV <1.1mL/100g ICC =0.769,
95% CI=0.701-0.861) (Figure 1). Volumetric agree-
ment was tested with the Bland Altman plots, and
total volumetric bias (average difference between
DWI-CTP-predicted ischemic core) was —1.39mL
(95% limits of agreement: —42.22-39.44) for the ische-
mic core definition of aCBF <6mL/100mg/min
and+2.17mL (95% limits of agreement: —36.34-
40.68) for the ischemic core definition of rCBF < 25%
(Supplementary Figure 3).

Best CTP definition of ischemic core according to
time from stroke onset to complete recanalization

A strong association was found between CTP lesion
volume defined with cach of the perfusion parameters
and final DWI lesion. The strongest correlation was
found for the rCBF threshold of 25% (Spearman
rho=0.522, p <0.001). However, the time to complete
recanalization modified significantly the association
between the perfusion threshold and final DWI lesion
(p-interaction=0.018). The relationship between the
best definition of CTP-predicted ischemic core for
each patient (individual best threshold) and the time
to recanalization was analyzed through the use of

curve estimation regression analysis that included
linear, logarithmic, quadratic and cubic models.
Overall, the best R-squared values were obtained in
cubic regression models for all the perfusion parameters
(Supplementary Table 1). Specifically, the highest R-
squared values were 0.235 for rCBF, 0.178 for rCBV,
0.193 for aCBF and 0.171 for aCBV. To determine a
discrete time to recanalization cutoff’ point, we esti-
mated the range of values where a plateau was reached
in the cubic-fitted model for every perfusion parameter
(Figure 2). Overall, the range of values fell between 240
and 420min from symptom onset to recanalization.
For practical purposes, a cutoff point of 4.5h
(270min) was selected for further analyses.

In stratified analyses, patients with recanalization
after 4.5h had significantly higher ICC values (n=50;
best threshold rCBF<30% ICC=0.887, 95%
CI=0.811-0.935) than those with earlier recanalization
(n=54; best threshold rCBF < 25% ICC=0.673, 95%
Cl=0.495-0.797), p=0.013 (Figure 3). According to
Bland-Altman plots, CTP-predicted ischemic core
was overestimated in the group of patients with earlier
complete recanalization (average difference of
—4.54mL, 95% limits of agreement: —36.78-32.24;
rCBF <25% threshold) in comparison with those
with  later  recanalization (average  difference
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Figure 2. Individual best threshold (patient level) depending on the time from symptom onset to recanalization. The best fitting
(highest %) was observed in cubic regression models and the plateau was reached for every threshold in the range between 240 and
420 min: rCBF (a, 240-350 min), rCBV (b, 280—420 min), aCBF (c, 250-370 min) and aCBV (d, 260-380 min).

of +2.30mL, 95% limits of agreement: —36.14-40.74;
rCBF <30% threshold) (Supplementary Figure 3).
As shown in Figure 4, the volumetric difference ana-
lysis between CTP predicted ischemic core and
final DWI lesion resulted in a significant overestimation
of final DWI lesion in most of the explored perfu-
sion thresholds in the group of patients with full
recanalization within the first 4.5h in comparison
with those with later recanalization. The correlation
between CTP-predicted ischemic core and final
DWI lesion was also poorer in patients who recanalized
earlier [(Spearman rho =0.446 (95% confidence inter-
val =0.255-0.637); rCBF <25% threshold)] in com-
parison  with those with later recanalization
[(Spearman rho=0.679 (95% confidence inter-
val =0.553-0.805); rCBF < 30% threshold)], p =0.049.
According to spatial agreement analyses, the Dice
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similarity coefficient was significantly lower in the
group of patients with earlier complete recanalization
[median (IQR) 0.160 (0.118-0.202); rCBF <25%
threshold] in comparison with those with later recana-
lization  [median  (IQR) 0.228  (0.179-0.277);
rCBF < 30% threshold)], p =0.037.

To assess the consistency of the optimal parameter
thresholds for predicting ischemic core that were found
in the whole population, a sensitivity analysis including
only those patients with not truncated TACs at the end
of the CTP acquisition was performed. A total of 92
(88%) patients had non-truncated curves, and 50 (54%)
of them had recanalization within the first 4.5h from
stroke onset. In this subset of patients, those with reca-
nalization after 4.5h had significantly higher ICC
values (n=42; best threshold rCBF <30%
ICC=0.892, 95% CI=0.809-0.940) than those with
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Figure 3. Intraclass correlation coefficient (ICC) and 95% confidence intervals (95% Cl) between the volume of ischemic core
defined on CT perfusion and final infarct volume defined on DWI depending on time from symptom onset to recanalization (complete
recanalization before or after 4.5 h from symptom onset). Higher ICC values were found in patients with later recanalization for every

analyzed threshold: rCBF (a), rCBV (b), aCBF (c) and aCBV (d).

earlier recanalization (n=50; best threshold
rCBF <25% ICC=0.700, 95% CI=0.583-0.819),
p=0.007 (Supplementary Figure 4), as in the whole
study sample.

CTP definition of ischemic core and functional
outcome
In the whole cohort of patients, a subset of thresholds

of relative and absolute perfusion parameters was
found to be significantly associated with functional

outcome in exploratory analyses. These thresholds
ranged from 30% to 40% of rCBF, 40% to 80% of
rCBV and 1.2 to 2mL/100g of aCBV (Figure 5).
However, the significance of these associations was
influenced by the time from stroke onset to complete
recanalization. In the subset of patients recanalized
before 4.5 h of symptom onset, there were no significant
associations between ischemic core and functional out-
come, whereas some of these associations remained sig-
nificant with wider confidence intervals in the subset of
patients recanalized after 4.5h (Figure 5).
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Discussion

In this study, we implemented a comprehensive
approach to evaluate the accuracy of pretreatment
CTP hemodynamic parameters and thresholds for the
prediction of final infarct volume and long-term clinical
outcome in a cohort of acute ischemic stroke patients
successfully reperfused after MT. We demonstrated
that the association between CTP-derived ischemic
core predictions and final DWI lesion volume was sig-
nificantly modified by time from stroke onset to reca-
nalization in a non-linear fashion. Thus, the reliability
of CTP-predicted ischemic core was good in patients
with complete recanalization after 4.5h from stroke
onset, whereas it was only moderate in those who
achieved earlier and complete recanalization. We also
found associations between CTP-derived ischemic core
and functional outcome regardless of time from stroke
onset to complete recanalization, although these asso-
ciations were lost in patients recanalized before 4.5h
from symptom onset. Altogether, these results high-
lighted the relevance of time to recanalization in the
accuracy of pretreatment CTP imaging prediction of
final infarct and long-term clinical outcome.

Previous studies have shown strong correlations
between CTP-derived ischemic core volume estimation
with both final infarct volume and clinical out-
come* $: 1171620212629 1y qoreement with these data,
we found significant associations between CTP-derived
ischemic core values. final infarct volume and clinical
outcome at follow-up in the full cohort of patients who
achieved a complete recanalization after MT. However,
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a number of pretreatment variables, including baseline
imaging features and acute reperfusion treatment
modality have been extensively proved to modify the
performance of CTP for final infarct prediction.” '?
Our results reinforce and expand previous observations
supporting the dependency of optimal CTP thresholds
on time to recanalization and the notion that CBF
thresholds for tissue infarction may be more restrictive
in patients with shorter time from stroke onset to reper-
fusion.®'?'” Beyond the differences in CTP acquisition
and post-processing protocols that were used in these
studies, herein we included only a highly homogeneous
stroke population consisting in patients that achieved
full reperfusion at the end of MT thus minimizing the
risk of infarct growth from the end of MT to follow-up
MRI secondary to non-complete recanalization.
Moreover, as a novel approach, we modeled the rela-
tionship between time to recanalization and CTP-DWI
volumetric differences through curve estimation ana-
lyses across different perfusion parameters and thresh-
olds and also explored their impact on long-term
clinical outcome. Indeed, in contraposition with previ-
ous published data and according to ICC ana-
lyses,'*1*1% in patients with earlier recanalization, the
reliability of CTP for the prediction of final infarct
volume was only moderate; even using restrictive per-
fusion thresholds and ischemic core predicted values
tended towards the overestimation of irreversible
tissue injury. Reassuringly, Dice similarity coefficient
and Spearman correlation analyses showed poorer spa-
tial agreement and association between CTP-predicted
ischemic core and final DWI lesion in patients with
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Figure 5. Odds ratios (OR) and 95% confidence intervals (95%CIl) of the association between ischemic core defined with different
absolute and relative thresholds and functional outcome. The significant associations are shown in bold (p < 0.05). A range of absolute
and relative thresholds are significantly associated with functional outcome on the whole cohort of patients, fewer in the subset of
patients recanalized after 4.5 h from symptom onset but no associations were found in those recanalized earlier.

earlier recanalization compared to those who recana-
lized later than 4.5h. Moreover, the significance of the
association of CTP-predicted ischemic core values with
clinical outcome in multivariate models adjusted for the
effect of confounders was lost in the subgroup of
patients with earlier and complete recanalization
regardless of the perfusion parameters and thresholds
used for the prediction of infarct core. Overall, these

data support current guidelines arguing against the use
of CTP-predicted ischemic core as selection criteria for
MT in patients with short evolution from stroke onset
to expected complete recanalization (e.g. if complete
recanalization is expected within the first 4.5h from
stroke onset).>

The main strength of the study was the comprehen-
sive analysis of absolute and relative CTP parameters
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and the exhaustive scanning of multiple different thresh-
olds in whole-brain CTP acquisitions, a methodology
that allowed obtaining perfusion measures of most of
the affected brain tissue. Moreover, the imaging modal-
ity used for final infarct definition was CTP co-registered
DWTI in all the study population thus avoiding volumet-
ric biases related to the use of different modalities (CT or
MRI).*"*? In addition, patients were collected consecu-
tively and managed following homogeneous therapeutic
protocols according to contemporary clinical guidelines.
Nonetheless, the study has several limitations. First,
there should be acknowledged that the CTP methods
used for the definition of ischemic core are a pragmatic
approximation to a complex, dynamic and heteroge-
neous pathological process.'ﬂ"1 Furthermore, a number
of additional variables beyond time to recanalization
such as collateral status, age, pretreatment hypergly-
cemia or leukoaraiosis might hamper CTP-derived
measures of ischemic core and penumbra.'® Further stu-
dies with larger numbers of patients to allow the com-
parison of CTP performance in subgroups of patients
defined by more than one characteristic are warranted.
Second, we analyzed the best perfusion parameters in
two acquisitions that were not concurrent as pretreat-
ment CTP-derived ischemic core estimates were com-
pared with post-treatment DWI lesions. Although we
restricted our analysis to patients who achieved a com-
plete recanalization at the end of MT to minimize the
odds of lesion change overtime between CTP acquisition
and recanalization, individual imbalances in time from
CTP acquisition to recanalization or post-recanalization
lesion changes could have derived in some uncontrolled
volume differences. Of note, CT perfusion acquisition
parameters and post-processing platforms are an essen-
tial source of variability regarding the values obtained
from perfusion maps and therefore our results may
apply only to the protocol of acquisition and analysis
that were employed in these series and may not be gen-
eralizable to other methodologies.””!" Specifically, in
this study CTP maps were calculated using a deconvo-
lution algorithm with delay and dispersion correction
and therefore the obtained results may not be applicable
to delay-sensitive algorithms and software. Regarding
the acquisition protocols, a limited acquisition time
(<60s) may result in a delayed arrival of contrast
agent with a consequent incomplete capture of the
tissue TACs during acquisition. This delay may derive
in truncation of tissue TACs that may preclude an accur-
ate calculation of CTP parameters with a shift towards
overestimation of perfusion deficits. Reassuringly, in this
study. the consistency of the thresholds found in the
whole population was confirmed in a sensitivity sub-
group analysis that included only those patients without
truncated typo-redundant TACs. In relation with the
spatial agreement analysis, in this cohort of patients,
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the Dice values were generally poor in agreement with
previous reports. As previously described, the low values
of the Dice coefficient might be related to limitations of
co-registering different imaging modalities (pretreatment
CTP and post-treatment DWI) that include non-
isotropic data, different slice angulations and inherent
distortions in DWI images.”"'® Finally, the analyses of
the association between perfusion thresholds and clinical
outcome were not corrected for multiple comparisons
for their exploratory nature and might have been under-
powered because of the limited size of the study.

In summary, this comprehensive threshold-finding
study showed that time from symptom onset to recanali-
zation modifies the association of CTP-derived ischemic
core with final infarct DWI volumes and with long-term
clinical outcome measures in patients who achieve com-
plete recanalization after MT. We found accurate predic-
tions of final infarct volume and long-term clinical
outcome from CTP-derived ischemic core definitions,
especially in those patients that achieved recanalization
after 45h from symptom onset. Conversely, in the
subset of patients who achieved complete and early reca-
nalization within the first 4.5h from stroke onset, we did
not find a single CTP typo-redundant parameter and
threshold for the definition of pretreatment ischemic
core accurate enough for the prediction of final infarct
volume or long-term clinical outcome. Overall, these find-
ings suggest that the reliability of CTP for the prediction
of tissue fate or long-term clinical outcome must be inter-
preted with caution in the setting of acute stroke patients
eligible for MT, primarily in those with short time of
infarct evolution and with higher chances of early
recanalization.
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SUPPLEMENTARY MATERIAL

Supplementary table 1

Model R? (p value)

Linear Logarithmic Quadratic Cubic
aCBF | 0.103 (p=0.001) | 0.145 (p<0.001) | 0.150 (p<0.001) | 0.193 (p<0.001)
Best | TCBF | 0.151(p<0.001) | 0.173 (p<0.001) | 0.159 (p<0.001) | 0.235 (p<0.001)
threshold = 5y 70.092 (p=0.002) | 0.133 (p<0.001) | 0.144 (p<0.001) | 0.171 (p<0.001)
rCBV | 0.112 (p=0.001) | 0.150 (p<0.001) | 0.154 (p<0.001) | 0.178 (p<0.001)

Supplementary table 1 legend: R squared and p values of the fitting of the different models
(Linear, Logarithmic, Quadratic and Cubic) to explain the relationship between the best threshold in
each patient depending on the time from symptom onset to recanalization. R squared and p value is

shown for every absolute and relative threshold.
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Supplementary figure 1

( Patients with stroke b/w Mar 2010 and Dec 2017

(n=4816)

-
Stroke code activated

(n=2899)

-

Cd

Anterior circulation with multimodal CT available

(n=662)

>

Mechanical thrombectomy with MRI available
(n=145)
-
| >

v

Complete recanalization (TICI 3)

(n=104)

Supplementary figure 1 legend: Flow chart of the study.
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EXCLUDED (n=2237) \
Brain hemorrhage (n=375)
Distal/No occlusion (n=713)
Lacunar Stroke (n=413)
Vertebro-basilar stroke (n=315)
Stroke mimic (n=323)

Inadequate CTP acquisition (n=47)
No CTP acquisition (n=51)

EXCLUDED (n=517)

Tandem occlusion (n=97)

No mechanical thrombectomy (n=82)
No follow-up MRI (n=338)

EXCLUDED (n=41)
TICI 0-2b (n=41)




Supplementary figure 2

A. CTP - MRI co-registration methodology

Baseline Baseline 24h Co-registered
TP T bDwi bwi

-

3 4
> é: > 9

Wi Tissue at risk Co-registration M Final Infarct
Ischemic core

B. Representative cases of semiautomatic final infarct
segmentation

\9 9 LA

Mean and standard deviation
in contralateral hemisphere:

mean = 141
=5 9 mean + 3sd =177

Mean and standard deviation
in contralateral hemisphere:

=108
::f_a?s 9 mean + 3sd =153

Supplementary figure 2 legend: CT Perfusion and MRI co-registration methodology scheme (A).
Representative examples of the methodology used for final infarct segmentation (B). Mean and
standard deviation (sd) were extracted from a manual region of interest in the contralateral

hemisphere and the mean plus 3 sd was used as a threshold to define final infarct.
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Supplementary figure 3
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Supplementary figure 3 legend: 2A and 2B: Bland-Altman plots for the two best definitions of
NVT, aCBF6 (2A) and rCBF25% (2B). 2C and 2D: Bland-Altman plots for the best definition of NVT

in patients with complete recanalization before (rCBF25%) (2C) and after (rCBF30%) (2D) 4.5

hours, respectively.
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Supplementary figure 4

ICC (95%C1)
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Supplementary figure 4 legend: Intraclass correlation coefficient (ICC) and 95% confidence

intervals (95%Cl) between the volume of ischemic core non-viable tissue (NVT) defined on CT

Perfusion and final infarct volume defined on DWI depending on time from symptom onset to

recanalization (complete recanalization before or after 4.5 hours from symptom onset) including

only those patients with not truncated tissue time attenuation curves at the end of the PCT

acquisition. Higher ICC values were found in patients with later recanalization for every analyzed

threshold: rCBF (A), rCBV (B), aCBF (C) and aCBV(D).
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4.2

Study 2

Variables influencing the association between CT
Perfusion predicted infarct core and clinical
outcome in acute stroke. (UNPUBLISHED)
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Variables influencing the association
between CT perfusion predicted infarct core
and clinical outcome in acute stroke

Carlos Laredo™*, Aleix Solanes™*, Arturo Renu'3, Salvatore Rudilosso"3, Laura Llull'3,
Antonio Lépez-Rueda*, Napoleén G Macias?, Alejandro Rodriguez'3, Xabier Urra", Victor
Obach'3, Jose Carlos Pariente?, Angel Chamorro"?, Joaquim Radua®3, Sergio Amaro">.

Background and Purpose: After an acute ischemic stroke, patients with a large CT Perfusion
(CTP) predicted infarct core (pIC) commonly have poor clinical outcome. However, previous
research suggests that this relationship may be relevant for a subgroup of patients
determined by pretreatment and treatment-related variables while negligible for others.
We analyzed a large cohort of patients to identify these subgroups.

Methods: We included a cohort of 828 patients with acute proximal arterial occlusions in
the carotid territory imaged with a whole-brain CTP within 8 hours from stroke onset. pIC
was computed on CTP Maps (Cerebral Blood Flow<30%) and poor clinical outcome was
defined as a 90-day modified Rankin Scale score higher than 2. Potential mediators of the
association between plIC and clinical outcome were evaluated through first order and
advanced interaction analyses in the derivation cohort (n=654) for obtaining a prediction
model. The derived model was further validated in an independent cohort (n=174).

Results: The volume of pIC was significantly associated with poor clinical outcome (OR=2.19,
95%Cl=1.73-2.78, p<0.001). The strength of this association depended on baseline National
Institute of Health Stroke Scale, glucose levels, the use of thrombectomy, and the
interaction of age with thrombectomy. The model combining these variables showed good
discrimination for predicting clinical outcome in both the derivation and validation cohorts
[area under the Receiver Operating Characteristic curve 0.780 (95%Cl=0.746-0.815) and
0.782 (95%Cl=0.715-0.850), respectively].

Conclusions: These results highlight the need for an individualized evaluation of pIC for
predicting clinical outcome in patients imaged within 8 hours from stroke onset.

Keywords: CT Perfusion; Infarct Core; Clinical Outcome.
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Introduction

CT Perfusion (CTP) is extensively used in the
acute stroke setting to obtain a predicted
infarct core (plC) volume, which is a
perfusion based estimation of the non-viable
despite the
between pIC and

tissue." However, overall

association clinical
outcome metrics, a number of pretreatment
and treatment-related variables have been
shown to modify these relationships
including age, baseline National Institute of
Health Stroke Scale (NIHSS), Alberta Stroke
Program Early CT score (ASPECTS), time to
CTP acquisition, degree of reperfusion,
collaterals or hyperglycemia.”® A better
delineation of the interaction between these
variables would be relevant for assuring
better outcome predictions. We aimed to
identify which pretreatment and treatment-
related variables are the most relevant
modifiers of the association between pIC
and clinical outcome in a cohort of acute
ischemic stroke patients with large-vessel

anterior circulation occlusions.

Materials and methods

Patients

The study population included consecutive
acute stroke patients admitted in a referral
comprehensive stroke center between
March-2010 and December-2017 (derivation
cohort) and between January-2018 and
December-2018 (validation cohort) who had
a whole-brain CTP scan within the first 8
hours from stroke onset showing a
perfusion deficit due to a proximal arterial
occlusion in the carotid territory (flow-chart
in Online Figure 1). Ethics approval was

acquired from the local Clinical Research
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Ethics Committee of the institution. Patient
consent was not required due to the

retrospective  nature of the study.

Demographics, clinical course, stroke

etiology, reperfusion-therapy modality and

clinical outcome were prospectively
recorded. Reperfusion therapies were
administered  following  contemporary

guideline recommendations. Poor outcome
was defined as a modified Rankin Scale
score (mRS) higher than 2 at 3 months.

The imaging protocol included a baseline
multimodal whole-brain CT scan (SIEMENS
Somatom  128-section  dual-source  CT
scanner), which included a Non-Contrast CT,
a CT angiography and a CTP (98 mm z-
coverage, total acquisition time of 59s). CTP
maps were calculated through a model-free
singular value decomposition algorithm with
a delay and dispersion correction (MIStar,
Medical Imaging Technology,
Melbourne, A delay

threshold of 3s was used to obtain the

Apollo
Australia). time
hypoperfusion area and a relative Cerebral
Blood Flow threshold of 30% was used to
define the plC. ASPECTS on Non-Contrast
CT, collaterals and recanalization were
defined according to validated methods

(more details in the Online supplement).

Statistics

We created a multiple logistic model with
the data from the derivation cohort. The
dependent variable was the clinical outcome
at 9o days, and the independent variables
were plC volume and the interaction

between pIC and several potential

modulators. We followed an advanced
analysis of interaction (AAI) to select
significant first and second-order
interactions in the regression (Online Figure

I1). Before inclusion in the regression, we



Association between pIC and clinical outcome at 90 days .
Figure 1 Forest plot of
S0dds ratio (954 Cl)  pvalue | the association between
Whol lati I pIC and poor outcome.
ole population p e 219 ?(;-gls;:tzgfgn <0001 | Unadjusted and adjusted
) R o ’ Odds Ratios (OR) and
Mechanical thrombectomy (p, = 0.04) 95% Confidence Intervals
No MT o 2.89 (1.92 to 4.33) <0.001 of the  association
[ 1.72 (0.98 to 3.00) 0.058 | between pIC and clinical
MT © 169 (1.23 t0 2.32) o.001 outcome in the whole
& 1.43 (1.02 to 2.00) 0.036 . .
population and in
Baseline NIHSS (p; = 0.001) subgroups defined by
<10 —e— 1.08 (0.63 t0 1.87) 0.772 significant  interaction
SR 1.26 (0.71 to 2.24) 0.438 | variables. Age, glucose
210 e 2.19 (1.65 to 2.90) <0.001 levels and NIHSS were
e 2.28 (1.70 to 3.06) €0.001 | 4 for obtaining
Glucose levels (p; = 0.024) adjusted-OR.
1st quartile H—e— 1.34 (0.83 to 2.17) 0.237
[ ! 0.94 (0.53 to 1.67) 0.828 | mRS: modified Rankin
2nd quartile —o—1 2.28 (1.40 t0 3.73) 0.001 Scale score;
| 1.90 (1.09 to 3.32) 0.024 | MT: Mechanical
3rd quartile —e— 2.34 (1.48 t0 3.68) <0.001 th ) sc ?nlca.
- 1.95 (1.18 to 3.21) 0.009 rombectomy;
4th quartile —e—  279(1.66t04.68)  <0.001 NIHSS: National
o 2.34 (1.36 to 4.01) <0.001 | Institutes of Health
Stroke Scale;
A A __ Unadjusted pi interastion p value;
0.1 1 10 ... Adjusted pIC: predicted infarct
§ (Odds ratio per each unit increase core.
G°°d outcome Poor outcome r‘nroot-tmnpsfcrmed value of pIC)

applied the fourth root transformation to
plC volume to approach normality. We
conducted ten two-fold internal cross-
validations to assess the model's internal
validity with the area under the Receiver
Operating Characteristic (ROC) curve. This
statistic may range from 0.5 (tossing a coin)
to 1 The

validation yielded 2000 models, and we

(perfect prediction). cross-
chose the model most similar to the others
according to the maximum Dice coefficient.
Finally, we estimated the validity of the
model in the validation cohort with the area
under the ROC curve. We conducted all
analyses with SPSS v.20 (IBM, Armonk, NY)

and R (v.3.4.4, https://www.R-project.org).

Results

During the 2010-2018 828
patients were admitted to the unit, of which

timeframe,

we assigned 654 to the derivation cohort

(2010-2017) and 174 to the validation cohort
(2018) (flow-chart Figure |,
description in Online Tables I-11). A larger pIC

in  Online

volume predicted a poorer clinical outcome
(Figure 1). The AAI showed that baseline
NIHSS, blood glucose levels, mechanical
thrombectomy (MT) use, age, and the
interaction agexMT significantly modified
the strength of the association between pIC
and clinical outcome (Figure 1 and Online
Table 1lI).
variables showed good discrimination in

The model combining these

both the derivation cohort [area under the
ROC curve=0.780 (95%Cl=0.746-0.815)] and
the validation cohort [area under the ROC
(95%Cl=0.715-0.850)]
respectively (Figure 2 and Online Table IV).

curve=0.782
Representative examples of applying the

model for different levels of the identified
modifiers are shown in Figure 3.
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Figure 2. Discrimination of the derived model assessed through ROC Analysis in the derivation (A) and

validation (B) cohorts. pIC: predicted Infarct Core.

Discussion

In this study we aimed to assess the

interaction between baseline and
treatment-related variables and pIC on the
prediction of clinical outcome in a cohort of
acute stroke patients with proximal arterial
occlusions in  the carotid territory.
Expectedly, we found that higher volumes
of plC were associated with poor clinical
outcome,*® although this association was
significantly modified by the combination of
baseline stroke severity,
glucose levels, thrombectomy use and age.?

According to our data, the prognostic

pretreatment

relevance of pIC is weakened in the context
of milder stroke syndromes, lower baseline
glucose levels and in younger patients,
especially when the odds of performing of
MT are high. These observations support
current guidelines and discourage the use of
plC as screening tool for
therapies in the non-extended

reperfusion
time
window."?
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This study has several limitations. First,
patients were treated within the first 8
hours from stroke onset following local
guidelines where treatment decisions were
not randomized and included the use of
information derived from CTP. Although we
used a validated software our results may
cTpP
postprocessing platforms or in the

not be generalizable to other
population of patients reperfused beyond 8
hours. Otherwise, the main strength of the
study was the use of a comprehensive
methodology to
strength of the interactions between plIC
and relevant pretreatment and treatment-
related variables. Although the obtained

prediction model was supported by internal

statistical assess the

cross-validation and performed similarly well
at derivation and validation cohorts, it
external validation in

deserves larger

observational studies.

Overall, these data highlight the limited
accuracy of CTP for predicting clinical
outcome in the early temporal window and
supports the need for an individualized
evaluation of pIC.
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Figure 3. Representative examples of the application of the model in individual patients (A). Summary table
for different levels of exposition to the identified modifiers (B). Values are Odds Ratios of the association
between predicted infarct core and poor clinical outcome (mRS>2) across different exposition levels of the
modifiers. CBF: Cerebral Blood Flow; DT: Delay Time; mRS: modified Rankin Scale score; MT: Mechanical
thrombectomy; NIHSS: National Institutes of Health Stroke Scale; pIC: predicted infarct core.
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SUPPLEMENTAL MATERIAL

Supplemental methods

Patients

Demographics, clinical course, functional
outcome and reperfusion-therapy modality
(no treatment, intravenous thrombolysis
Mechanical

and primary or rescue

Thrombectomy, MT) were prospectively

recorded. Reperfusion therapies were

administered  following  contemporary
guideline recommendations, as previously
described.’ Systemic rtPA was given within
4.5 hours from stroke onset at a dose of 0.9
mg per kg (10% administered as an initial
bolus followed by an infusion of o’9mg/d|,
maximum total dose of 90 mg). MT was
performed within 8 hours in eligible patients
with proximal arterial occlusions on CT
angiography (CTA). The presence of a
malignant profile in CTP (predicted infarct
core, plIC, higher than 7oml) and the absence
of mismatch in patients with symptoms
lasting >4.5 hours from the onset of stroke
were exclusion criteria for receiving MT.
Qualifying strokes were classified according
to the Trial of Org 10 172 in Acute Stroke
Treatment (TOAST) criteria.® Neurological
deficits were assessed using the National
Institutes of Health Stroke Scale (NIHSS)
score.? Functional outcome was scored with
the modified Rankin Scale score (mRS) at 3
months and poor clinical outcome was
defined as an mRS > 2.

The imaging protocol included a baseline
multimodal whole-brain CT scan, which
included a Non-Contrast CT (NCCT), a CTA
and a CTP. All patients were scanned using a
SIEMENS Somatom 128-section dual-source
CT scanner (Siemens Healthcare, Erlangen,

Germany), with a 98 mm z-coverage and 31
time points (26 acquired each 1.5s and the
last 5 each 4s (total acquisition time, 59s).
Images were formatted as 49 2-mm slices.
For this analysis, CTP maps were calculated
with commercial software MiStar (Apollo
Medical Imaging Technology, Melbourne,
Australia). A model-free singular value
decomposition with a delay and dispersion
correction was used to perform the
deconvolution of the tissue-enhancement
curve and the arterial input function.*
Cerebral Blood Flow (CBF), Cerebral Blood
Volume (CBV), Mean Transit Time (MTT) and
Delay Time (DT) maps were generated.
According to previously published data,* a
DT threshold of 3s was used to obtain the
hypoperfusion area and a relative CBF
threshold of 30% of the value in the
contralateral tissue was used to define plIC.
Alberta Stroke Program Early CT Score
(ASPECTS) was assessed on baseline NCCT.
Collaterals were scored on CTA according to
a validated grading system that ranged from
0 to 3 (o, absent collateral supply; 1,
collateral supply filling <50%; 2, collateral
supply filling >50% but <100% of the occluded
arterial territory; and 3, 100% collateral
supply).® In patients receiving MT, early
reperfusion was graded on digital
subtraction angiography (DSA) according to
the modified Thrombolysis in Cerebral
Infarction (mTICI) classification (Grade o, no
perfusion; Grade 1, penetration with minimal
perfusion; Grade 2a, partial filling of the
entire vascular territory; Grade 2b, complete
filling, but the filling is slower than normal;
Grade 3,
Recanalization was defined as complete if a
grade 2b-3 was obtained at the end of the
imaging
evaluated by investigators blinded to clinical
data.

complete perfusion).

procedure. All studies were
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Data were stored in a local database and
declared to a web-based registry that
legal
protection of personal data, monitored by
the Catalan Health Department. Ethics
approval was acquired from the local Clinical

satisfied  all requirements  for

Research Ethics Committee from Hospital
Clinic of Barcelona under the requirements
legislation in the field of
research, the protection of

of Spanish
biomedical
personal data (15/1999) and the standards of
Good C(linical Practice, as well as with the
Helsinki Declaration of 1975/1983. Patient
consent was not required due to the
retrospective nature of the study design and
the lack of patient interaction. We adhered
to the STARD (Standards for Reporting of
Diagnostic

Accuracy) guidelines

(http://www.stard-statement.org/).

Statistics

Continuous variables were reported as mean
(standard deviation, SD) or median
(interquartile range, IQR) and were

compared with the Student t test, one-way
analysis of variance, Mann-Whitney, or
Kruskal-Wallis appropriate.
Categorical variables were compared with

tests as

the x2 and Fisher exact tests as appropriate.
Unadjusted and adjusted logistic regression
models were used to obtain the association
between plIC and poor clinical outcome. An
analysis of interaction was performed in the
whole derivation cohort to identify the
baseline clinical and radiological variables
that significantly modified the association
between pIC and clinical outcome. The
database included poor clinical outcome as
dependent variable and pIC volume was
forced as independent variable in each
in the
adjusted models were those who showed

model. The variables included

and independent association with poor
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clinical outcome in the whole derivation
cohort after applying a stepwise backwards
procedure. Treatment-related variables and
those neuroimaging variables that were
highly correlated with pIC were not included
in order to avoid losing not-treated patients
from the analysis and to prevent collinearity
issues (online Table I1).

The analysis of interaction was performed in
two stages. First, we evaluated the first
order interaction between pIC and the
potential mediators in unadjusted and
adjusted binary logistic regression models
and subgroup analyses were performed in
the presence of significant interaction term
(p value lower than o0.1). Second, we
implemented a three steps advanced
analysis of interaction (AAIl) including first
and second-order interactions, as illustrated
in online Figure Il. In AAl step 1 a binary
logistic regression was applied for every
interacting variable to predict poor clinical
outcome (PO) in a model including four
terms: intercept, plC, the interacting
variable and the first-order interaction term
plC-interacting variable (Eg. 1). In this stage
all the interacting variables that had a
significant first order interaction term in the
model were stored. The interaction variable
alone was also stored if it was significant
together with the interaction term. In the
AAl step 2, a binary logistic regression was
applied for every pair of interacting variables
identified in the previous step into a model
with seven terms including second order
interaction terms (Eq. 2). In this step all the
pair of interacting variables that had a
significant second order interaction term in

the model were stored. In the AAI third step,

a final logistic regression model was
constructed with all the significant
interacting variables stored in previous



steps, including significant variables alone,
first-order interaction terms and second-
order interaction terms (Eq. 3). In the final
model, the sum of all the beta values of the
terms related to pIC provided the strength
of the association between pIC and poor
outcome taking into account the interacting
variables. Finally, before applying the AAIl to
the whole cohort of patients, two-fold cross-
validation (CV) was carried out ten times to
test the validity of the AAl approach (Online
Figure I A). The allocation of patients in the
2 folds of the internal CV was controlled
through balancing the distribution of mRS
between both groups. To test if the
influenced  the

interacting  variables

relationship between pIC and poor
outcome, the final model obtained in the
training fold was applied to the validation
fold and the beta values of the terms related
to pIC were stored in a new continuous
variable called POWER and the beta value
for the interaction term pIC¥*POWER was
stored (Egs. 4 and 5 respectively). A meta-
analysis using fixed and random effects was
then applied to the ten 2-folds. The mean of
the 20 meta-analytic beta values, variances
and global Z and p values were recorded
(significant global Z and p values were
considered as indicative of model validity).
After the internal CV, the AAl procedure was
applied to all the database of 654 patients
(Online Figure 1l B). A hundred iterations of
the procedure were processed (20 models
per iteration, 2000 models) and the Dice
coefficient was calculated for every pair of
2000 models. Finally, the models with a
maximum Dice coefficient were stored and
the mean beta values for every variable
were computed to obtain a representative
final model.

unique Finally,  the

discrimination of the AAI derived model was

assessed though ROC analyses in the

derivation and validation cohorts.

All the analyses were performed using SPSS
v.20 (IBM Corp., Armonk, NY) and R (v.3.4.4,
R foundation for Statistical Computing,
Vienna, Austria, https://www.R-project.org).

(Eq.1)
PO = A + B*pIC + C*var + D*plC*var

(Eq.2)
PO = A + B*plC + C*var, + D*var, +
E*plC*var, + F*plC*var, + G*plC*var,*var,

(Eq.3)
PO = A + B*plC + X, (C*var,) +
2a(Dp*plC*var,) + X n(Enm*plC¥*var,*vary,)

(Eq. 4)
POWER =B + %,D, + =, ZrEnm

(Eqg.5)
PO=A+ B*plC + C*POWER + D*pIC*POWER
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Supplemental Tables

Online Table I. Demographics, baseline and procedure related variables
for all patients and according to treatment modality

Age (years)
Prior mRS
Females, n (%)
Hypertension, n (%)
Diabetes, n (%)
Dyslipidemia, n (%)
Atrial Fibrillation, n (%)
Glucose (mg/dl)
NIHSS, median (IQR)
ASPECTS, median (IQR)
Collateral score
Time to CTP (min)
Time to MT onset (min)
Recanalization (yes), n (%)
Time to Recanalization (min)
TOAST classification
Atherothrombotic, n (%)
Cardioembolic, n (%)
Other etiologies, n (%)
Location of the occlusion
Tandem, n (%)
ICA-T or M1, n (%)
M2, n (%)
pIC(ml)

All patients
N=654
72 (62-80)
o(o-1)
308 (47)
405 (62)
118 (18)
268 (41)
190 (29)
124 (107-146)
16 (10-20)
9(8-10)
2(1-3)
181(103-288)

110 (17)
327(50)
217 (33)

90 (14)
446 (68)
118 (18)

20 (8-37)

No IVT/MT
N=92

75 (66-80)
o(o-1)
44 (48)
59 (64)
23(25)
35(38)
29(32)
125 (109-160)
15 (6-21)
8(6-10)
2(13)
245 (114-636)

15 (16)
52(57)
25 (27)

1(12)
50 (54)
31(34)
23(6-83)

IVT alone
N=129
74 (64-79)
0 (0-0)
47 (45)
86 (67)
26 (20)
55 (43)
30(23)
128 (111-154)
16 (9-20)
8 (7-10)
2(1-2)
179 (110-251)

19 (15)
56 (43)
54 (42)

18 (14)
79 (61)
32(25)
28 (9-81)

MT= IVT
N=433
73 (61-80)
o(o-1)
206 (48)
260 (60)
69 (16)
178 (41)
131(30)
119 (105-142)
17 (11-20)
9(8-10)
2(1-3)
179 (100-285)
251(180-360)
376 (87)
300 (217-398)

76 (18)
219 (51)
138 (32)

61(14)
317 (73)

55 (13)
19 (8-36)

0.354
0.187
0.863
0.356
0.095
0.788
0.262
0.008
0.067
<0.001
0.015
0.002

0.160

<0.001

0.002

Data are median (IQR) unless otherwise specified.
ASPECTS: Alberta Stroke Program Early CT Score; CTP: Computed Tomography Perfusion;

IVT: Intravenous Treatment;

mRS: modified Rankin Scale score;

MT: Mechanical

Thrombectomy; NIHSS: National Institutes of Health Stroke Scale; pIC: predicted Infarct
Core; TOAST: Trial of ORG 10172 in acute stroke treatment.
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Online Table Il. Demographics, baseline and procedure related variables

according to clinical outcome at day 9o.

mRS<=2 mRS>2 P p*
N=294 N=360

Age (years) 69 (59-78) 74 (65-80) <0.001 <0.001
Prior mRS o (0-1) o (0-1) <0.001 -
Females, n (%) 130 (44) 178 (49) 0.183 -
Smoking, n (%) 37 (13) 32(9) 0.126 -
Hypertension, n (%) 166 (57) 239 (66) 0.009 -
Diabetes, n (%) 43 (15) 75 (21) 0.040 -
Dyslipidemia, n (%) 121(41) 147 (41) 0.933 -
Atrial Fibrillation, n (%) 76 (26) 114 (32) 0.103 -
Glucose (mg/dl) 116 (102-136) 127 (111-152) <0.001 0.002
NIHSS 13 (8-18) 18 (13-22) <0.001 <0.001
ASPECTS 9(8-10) 9 (7-10) <0.001 -
Collateral score 2(2-3) 2(1-2) <0.001 0.097
Time to CTP (min) 172 (107-245) 194 (116-289) 0.089 -
TOAST classification 0.541 -

Atherothrombotic, n (%) 49 (17) 61(17)

Cardioembolic, n (%) 141(48) 186 (52)

Other etiologies, n (%) 104 (35) 13 (31)
Location of the occlusion 0.474 -

Tandem, n (%) 39(13) 51(14)

ICA-T or M1, n (%) 196 (67) 250 (69)

M2, n (%) 59 (20) 59 (17)
pIC (ml) 14 (6-29) 27 (10-67) <0.001 0.002

Data are median (IQR) unless otherwise specified. The final multivariate model for obtaining
adjusted p values (p*) was constructed through a stepwise backwards procedure after
removing the treatment-related variables (in order to avoid losing not-treated patients from
the analysis) and also the neuroimaging based variables that were highly correlated with
pIC (to avoid collinearity). The variables that remained in the final multivariate model were
used for the adjustment of the association between pIC and poor outcome at 90 days in the
whole population and in subgroups shown in Figure 1 (Main text).

ASPECTS: Alberta Stroke Program Early CT Score; CTP: Computed Tomography Perfusion;
mRS: modified Rankin Scale score; NIHSS: National Institutes of Health Stroke Scale; pIC:
predicted Infarct Core; TOAST: Trial of ORG 10172 in acute stroke treatment.

72



Online Table Ill. Clinical variables and coefficients of the final derived

model

Variable Coefficient
Intercept -0.629416935
plIC -1.549562775
plC:Age 0.015214074
plC:Glucose 0.003234035
pIC:NIHSS 0.056892900
plC:MT 0.021245386
pIC:MT:Age -0.008793370

MT: Mechanical Thrombectomy; NIHSS: National Institutes of Health

Stroke Scale; plC: predicted Infarct Core.
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Online Table IV. Results of the metagen analysis on the ten two-folds of
the internal cross-validation procedure.

foldbeta | foldSE fold z foldp | ';‘::: metaVAR | metaz | metap
POV\IIER*p PO:\IIE.R* POV\II:.R*P Pg:\II:.R weight POWER P(::\I/:_R PO:\IIER* P(::IIER
*pIC

1,43 0,49 2,9 0,004 | 4,09 1,11 0,09 3,8 0,0001
0,94 0,36 2,6 0,010 | 7,59

1,46 0,45 3,3 0,001 | 5,01 1,15 0,07 4,2 0,0000
0,97 0,34 2,8 0,005 | 8,47

0,42 0,43 1,0 0,324 | 5,49 0,40 0,14 1,1 0,2799
0,34 0,76 0,5 0,653 | 1,73

1,39 0,45 3,1 0,002 | 4,91 1,37 0,13 3,8 0,0002
1,35 0,62 2,2 0,030 | 2,59

0,78 0,46 1,7 0,085 | 4,83 0,85 0,09 2,8 0,0048
0,91 0,41 2,2 0,025 6,06

1,29 0,35 3,7 0,000 | 8,31 0,81 0,04 4,0 0,0001
0,40 0,25 1,6 0,107 16,25

0,56 0,47 1,2 0,240 | 4,48 0,45 0,17 1,1 0,2797
0,09 0,85 0,1 0,912 1,39

0,14 0,38 0,4 0,722 | 6,93 0,73 0,09 2,5 0,0125
1,38 0,46 3,0 0,003 | 4,79

-0,72 0,86 -0,8 0,404 | 1,34 0,38 0,30 0,7 0,4851
1,36 0,70 1,9 0,053 | 2,02

0,98 0,38 2,6 0,010 6,88 0,78 0,10 2,5 0,0120
0,38 0,55 0,7 0,489 | 3,36

Beta values, standard errors, Z values and p values for the 20 models constructed in the
internal cross-validation process to explore the validity of the Advanced Analysis of
Interaction are shown in the first four columns. Metagen weights, beta values, variances, Z
values and p values of the 10 two-folds are shown in the last 5 columns.

plC: predicted Infarct Core; SE: Standard Error; VAR: Variance.
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Supplemental Figures

Online Figure I. Flow chart of the included population.

A

Patients with stroke between March

2010 and December 2017
(n=4816)

Stroke Codeactivated
(n=2899)

AN

-~ : . . :
Proximal anterior occlusion with

CTP available
(n=654)

Excluded (n =2245)

- Brain hemorrhage (n=375)

- Distal/no occlusion (n=714)

- Lacunar Stroke (n=414)

- Vertebro-basilar stroke (n=315)

- Stroke mimic (n=326)

- Inadequate/no CTP acquisition (n=101)

B

Patients with stroke between
Januray 2018 and December 2018

(n=1173)

Stroke Code activated
(n=858)

Proximal anterior occlusion with
CTP available

(n=174)

Excluded (n=684)

- Brain hemorrhage (n=163)

- Distal/no occlusion (n=51)

- Lacunar Stroke (n=121)

- Vertebro-basilar stroke (n=57)

- Stroke mimic(n=206)

- Inadequate/no CTP acquisition (n = 86)

Derivation (A) and validation (B) cohorts.
CTP: Computer Tomography Perfusion.
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Online Figure II: Graphical representation of the study design and analysis.

A. Advanced Analysis of Interaction - Internal Cross Validation

Derivation
dataset
N =654

TRAINING TRAINING
Fold AAl MODEL
Internal
CROSS
1 VALIDATION
10 repetitions
2-Folds - Application of TRAINING MODEL
VALIDATION - Sum plC-related beta values = POWER variable
Fold - Logistic regression with pIC and POWER:

CO=A +B*pIC + CXPOWER + D*pIC*POWER

B. Advanced Analysis of Interaction - Derivation and External Validation

YES

significative?

NO

Derivation
dataset
N =654

100 repetitions
20 imputations

AAl

2000
“FINAL”
MODELS

- Dice between models
- Mean beta values for

every variable

AAIl
Valid
method

Final
Model

External
Validation
dataset
N =174

AAIl: Advanced Analysis of Interaction; CO: Clinical Outcome; pIC: predicted Infarct Core.
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Study 3

Brain hemorrhage after endovascular reperfusion therapy
of ischemic stroke: a threshold-finding whole-brain
perfusion CT study.
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Abstract

Endovascular reperfusion therapy is increasingly used for acute ischemic stroke treatment. The occurrence of paren-
chymal hemorrhage is clinically relevant and increases with reperfusion therapies. Herein we aimed to examine the
optimal perfusion CT-derived parameters and the impact of the duration of brain ischemia for the prediction of paren-
chymal hemorrhage after endovascular therapy. A cohort of 146 consecutive patients with anterior circulation occlusions
and treated with endovascular reperfusion therapy was analyzed. Recanalization was assessed at the end of reperfusion
treatment, and the rate of parenchymal hemorrhage at follow-up neuroimaging. In regression analyses, cerebral blood
volume and cerebral blood flow performed better than Delay Time maps for the prediction of parenchymal hemorrhage.
The most informative thresholds (receiver operating curves) for relative cerebral blood volume and relative cerebral
blood flow were values lower than 2.5% of normal brain. In binary regression analyses, the volume of regions with
reduced relative cerebral blood volume and/or relative cerebral blood flow was significantly associated with an increased
risk of parenchymal hemorrhage, as well as delayed vessel recanalization. These results highlight the relevance of the
severity and duration of ischemia as drivers of blood-brain barrier disruption in acute ischemic stroke and support the
role of perfusion CT for the prediction of parenchymal hemorrhage.

Keywords
Brain imaging, brain ischemia, hemodynamics, intracerebral hemorrhage, reperfusion

Received 4 May 2015; Revised |3 July 2015; Accepted 14 July 2015

ischemia, toxicity secondary to thrombolytic drugs
and procedure-related direct vessel damage.’® Of
those mechanisms, the severity of brain ischemia can
be reliably quantified using dynamic contrast-enhanced
magnetic resonance imaging (MRI) or computerized

Introduction

Endovascular therapy (ET) is increasingly used for
acute ischemic stroke treatment due to proximal
vessel occlusions and its clinical benefit over best med-
ical therapy in selected patients has been recently
shown."* The risk of intracerebral hemorrhage
increases with reperfusion therapies and is associated
with increased morbidity and mortality.* Therefore,
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Clinic, University of Barcelona and August Pi i Sunyer Biomedical
Research Institute (IDIBAPS), Barcelona, Spain

the identification of clinical and radiological predictors
of hemorrhagic complications in patients with acute
stroke receiving reperfusion therapies is highly relevant.

The pathophysiological mechanisms involved in the
appearance of cerebral hemorrhage associated with
reperfusion therapies are multiple, including several
processes such as the severity and duration of brain
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tomography (CT) by measuring cerebral blood flow
(CBF), cerebral blood volume (CBV) or time-based
variables such as Tmax, mean transit time (MTT),
time to peak (TTP) or delay time (DT). MRI-based
clinical studies of patients with acute stroke treated or
not with thrombolysis have shown that very severe
reductions of CBV (termed as Very Low CBV) are
strongly associated with the risk of PH,” ? particularly
when delayed reperfusion occurs after thrombolysis.®
Using perfusion CT, the risk of hemorrhagic trans-
formation has been related to a myriad of perfusion
measures such as low relative CBV values,10 low rela-
tive CBF values," longer relative MTT or Tmax
values,'""'? and severe hypoperfusion detected in TTP
maps.'? Specifically in patients receiving endovascular
reperfusion therapies, reduced pretreatment CBV or
CBF values measured with perfusion CT have been
associated with poor clinical outcomes,'* including
the risk of development of intracranial hemorrhage.'>'¢
However, the best perfusion CT parameters and thresh-
olds for the prediction of PH and their relationship
with the occurrence and timing of reperfusion have
not been sufficiently addressed in this patient popula-
tion. Moreover, the identification and validation of
these biomarkers may be relevant for risk stratification
of acute stroke patients receiving multimodal reperfu-
sion therapies and for the evaluation of neuroprotective
therapies in the setting of clinical trials.

Here we performed a comprehensive analysis of
whole-brain perfusion CT maps to assess the relevance
of the severity and duration of brain ischemia in pre-
dicting the risk of parenchymal hemorrhage in acute
stroke secondary to proximal arterial occlusion treated
with endovascular reperfusion therapies. Expressly, we
aimed to examine the optimal parameters and thresh-
olds of perfusion maps for the prediction of PH after
ET and to evaluate the impact of the timing from the
onset of ischemia to reperfusion on the risk of PH.

Materials and methods
Patients

Patients were part of a prospectively collected clinical
registry of acute ischemic stroke treated with reperfu-
sion therapies in a single Comprehensive Stroke Center.
The study population included consecutive patients
with occlusions in the carotid territory treated with
endovascular recanalization therapy between March
2010 and July 2013. Additional inclusion criteria for
this analysis were: (1) the availability of a technically
adequate pre-treatment whole-brain perfusion CT scan,
and (2) the availability of a post-treatment follow-up
neuroimaging adequate for evaluating the develop-
ment of hemorrhagic transformation. Post-treatment

8o

follow-up neuroimaging included Dual Energy CT
(DE-CT) or MRI. DE-CT scan was required instead
of plain CT scan to allow an accurate differentiation
between blood and contrast media extravasation.'” A
total of 146 patients fulfilled these criteria and were
finally included in the study. A contemporary group
of 51 patients was not included because of vertebro-
basilar location of the arterial occlusion (n=24),
absence of baseline perfusion CT imaging (n=7), tech-
nically inadequate perfusion CT acquisition (n=10),
no availability of follow-up DE-CT or MRI (n=10).
ET was performed in patients with a proximal artery
occlusion on CT angiography if the patients and/or
their legal representatives signed a written informed
consent accepting to receive ET and to be included in
the registry. The presence of a malignant profile in per-
fusion CT and the absence of mismatch in patients with
symptoms lasting >4.5h from the onset of stroke were
exclusion criteria for receiving ET. This pre-treatment
perfusion evaluation was performed using a commer-
cially available semi-automated perfusion analysis soft-
ware (Siemens) based on the maximum slope model of
perfusion. Infarct core was segmented based on a CBV
threshold of 0.6 relative to the contralateral white
matter and ischemic penumbra was segmented based
on a TTP relative threshold of 6 s compared to contra-
lateral hemisphere for identification of critically hypo-
perfused tissue. In patients with proximal occlusions,
malignant profile was defined as infarct core higher
than 70ml, and mismatch profile was defined as the
presence of a hypoperfusion lesion that was higher or
equal than 120% of the infarct core. Data were stored
in a local database and declared to a Web-based regis-
try that satisfied all legal requirements for protection of
personal data, monitored by the Catalan Health
Department. The study protocol was also approved
by the local Clinical Research Ethics Committee from
Hospital Clinic of Barcelona under the requirements of
Spanish legislation in the field of biomedical research,
the protection of personal data (15/1999) and the stand-
ards of Good Clinical Practice, as well as with the
Helsinki Declaration of 1975/1983.

Patients were admitted into an intermediate care
Stroke Unit and were managed by certified stroke neur-
ologists following the European Stroke Organization
Guidelines. The qualifying strokes were classified
according to the Trial of Org 10172 in Acute Stroke
Treatment (TOAST) criteria after a complete diagnos-
tic workup.'® Demographics, risk factors, laboratory
tests, neuroimaging, concomitant therapies, clinical
course, and functional outcome were prospectively col-
lected. Neurological status was monitored with the
National Institutes of Health Stroke Scale (NIHSS)
score and functional outcome was quantified with the
modified Rankin Scale (mRS) score at 3 months.
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Imaging protocol

The imaging protocol included a baseline multimodal
whole-brain CT scan, which included a plain CT
(140Kv, 127mAs, FoV 225mm, matrix 512 x 512,
slice thickness Smm), a CT angiography (120Kyv,
663 mAs, FoV 261 mm, matrix 512 x 512, slice thick-
ness 0.6mm), and a perfusion CT performed before
ET. When systemic recombinant tissue plasminogen
activator (rt-PA) was administered, the multimodal
neuroimaging was performed at the end of rt-PA infu-
sion. The Alberta Stroke Program Early CT Score
(ASPECTS) was assessed on baseline CT, and collat-
erals were scored on CT angiography according to a
validated grading system (Tan scale) that ranged from
0 to 3 (0, absent collateral supply; 1, collateral supply
filling <50%: 2, collateral supply filling >50% but
<100% of the occluded arterial territory; and 3,
100% collateral supply).'” After ET, a DE-CT and/or
an MRI were performed within 72 h [median 38 (IQR
17-72) h] of hospital admission. The implemented DE-
CT protocol allowed simultaneous imaging acquisition
at 100kV/250mAs and 140kV/250mAs, and a
20 x 0.6 mm collimation. The MRI included diffusion-
weighted images (DWI, parameters: Repetition time
(TR)/echo time (TE) 10,800/89 ms, matrix 192 x 192,
Field of View (FoV) 240 mm, slice thickness 3 mm, dir-
ections x,y,z, b-values: 0 and 1000 mm/s®) and gradi-
ent.echo T2*-weighted (GRE: TR/TE 764/26ms;
matrix 384 x 512; FoV 240 mm; slice thickness 5 mm)
sequences. The bleeding complications were scored on
follow-up brain imaging (up to 72 h) according to the
European Cooperative Acute Stroke Study (ECASS)
criteria as hemorrhagic infarction (HI) and parenchy-
mal hematoma (PH) type 1 and type 2.** Symptomatic
intracranial hemorrhage was defined as any PHs asso-
ciated with an increment of at least 4 points in the
NIHSS score. Investigators blinded to clinical data
and baseline perfusion CT analysis (AR, SA) evaluated
in consensus the post-treatment imaging studies.

Final vessel patency was graded on digital subtraction
angiography (DSA) at the end of ET according to the
Thrombolysis in Cerebral Infarction (TICI) classifica-
tion (Grade 0, no perfusion; Grade 1, penetration with
minimal perfusion; Grade 2a, partial filling of the entire
vascular territory; Grade 2b, complete filling, but the
filling is slower than normal; Grade 3, complete perfu-
sion). For this analysis recanalization was defined as a
grade 2-3 if it was obtained at the end of ET and was
further classified as early if obtained within the first 6h
from symptom onset or delayed if obtained after 6 h.

Perfusion CT imaging analysis

Threshold-finding perfusion CT analysis. A total of 146
patients who fulfilled the inclusion criteria for the

study were analyzed to obtain the optimal baseline per-
fusion parameters and thresholds for the prediction of
PH after ET, which was the main outcome of this
study. All patients were scanned using a SIEMENS
Somatom Definition Flash 128-section dual-source
multidetector scanner (Siemens Healthcare, Erlangen,
Germany), with a 98mm z-coverage and 26 time
points acquired each 1.5s (total acquisition time,
39s). Fifty milliliters of nonionic iodinated contrast
was administered intravenously at SmL/s by using a
power injector, followed by a saline flush of 20ml at
an injection rate of 2ml/s. Perfusion CT imaging par-
ameters were 80kV (peak), 250 mAs, 1.5-s rotation,
FoV 18 mm, matrix 512 x 512, and 2-mm thickness
(49 slices in total). Perfusion CT maps were then calcu-
lated by commercial software MIStar (Apollo Medical
Imaging Technology, Melbourne, Australia) using a
model-free singular value decomposition (SVD) algo-
rithm with a delay and dispersion correction.?’ The
software automatically performs motion correction
and selects an arterial input function (AIF) from an
unaffected artery (usually the anterior cerebral artery)
and a venous output function (VOF) from a large
draining vein (the sagittal sinus). The software gener-
ates CBF, CBV, MTT and DT maps. Of note, the delay
corrected deconvolution method produces DT maps
rather than the more extensively used Tmax maps.
With this methodology, a DT over 2s is equivalent to
a Tmax over 6s when a SVD method without delay
correction is employed.?! An image processing pipeline
using in-house fully automated software running in
Matlab (v.2013a, Mathworks. Natick, MA) was devel-
oped in order to implement a comprehensive analysis
of the perfusion maps. An absolute threshold of 2s
was selected on the DT map to obtain the hypoperfused
tissue (perfusion lesion). Inside this area, a range
of relative and absolute thresholds was explored in
the CBF, CBV and DT maps at constant increments,
as shown in Table 1. The relative thresholds were cal-
culated as a percentage of mean perfusion values from
the complete unaffected/contralateral hemisphere.
To assess the consistency of the optimal parameter
thresholds for predicting PH found in the whole popu-
lation, a sensitivity analysis including only those
patients in whom tissue time attenuation curves
(TACs) were not truncated at the end of the perfusion
CT acquisition was performed. For this subset analysis,
truncated curves were defined as those in which
the TACs did not achieve a plateau state at the final
time point of the acquisition, and not truncated
curves as those that were effectively completed.
Investigators blinded to clinical data and post-
treatment neuroimaging studies (C.L.; R.T.) performed
the post-processing and analysis of baseline perfusion
CT data.
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Table 1. Range of explored thresholds in CT maps.

Range of explored

PCT map Parameter thresholds Increments

CBV aCBY 0t 2.0ml/I00g 0.Iml/100g
rCBV 0 to 100% 2.5%

CBF aCBF 0 to 36 ml/100g/min 2 ml/100 g/min
rCBF 0 to 100% 2.5%

DT aDT 0to 20s | second

PCT: perfusion CT; CBV: cerebral blood volume; aCBV: absolute CBV;
rCBV: relative CBY; CBF: cerebral blood flow; aCBF: absolute CBF;
rCBF: relative CBF; DT: delay time; aDT: absolute DT.

Perfusion  CT-MRI  coregistered  regions  of interest
analysis. Patients who developed PH at follow-up and
had both baseline perfusion CT and follow-up MRI
(n=19) were additionally analyzed to explore the
differences in baseline perfusion values between three
coregistered regions of interest delineated in MRI:
non-infarcted tissue, infarcted tissue, and tissue with
hemorrhagic transformation. The MR imaging proto-
col included DWI and GRE sequences. Each MR
image (DWI and GRE) was coregistered to the corres-
ponding perfusion CT map using a rigid co-registration
protocol implemented with Statistical Parametric
Mapping (SPMS, Functional Imaging Laboratory,
University College London, London, UK). DWI and
GRE lesions were delineated using AMIRA software
by means of a semi-automated thresholding method to
identify regions of interest with high DWI and low
GRE signal intensity. DWI lesions were defined as
pixels exceeding the DWI signal intensity of the contra-
lateral hemisphere by more than three standard devi-
ations and GRE lesions as pixels with intensity below
20% of the mean in the contralateral hemisphere. DWI
and GRE Regions of Interest (ROI) were then placed in
the coregistered perfusion CT maps and automatically
mirrored to the contralateral hemisphere. The mean
values of CBF, CBV and DT in the respective individ-
ual perfusion CT maps were extracted and compared
within these ROls.

Statistics

Continuous variables were reported as mean (standard
deviation, SD) or median (interquartile range, IQR)
and were compared with the Student t-test, ANOVA,
Mann-Whitney, or Kruskal-Wallis tests as appropri-
ate. Categorical variables were compared with the x2
and Fisher exact tests. Receiver-operating characteristic
(ROC) curve analysis was performed to determine the
most accurate perfusion CT parameter, and the optimal
threshold for each parameter for the prediction of PH.
After transformation to the third root to approach
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normality, the selected perfusion CT parameters were
included in binary logistic regression models to evaluate
their association with the risk of PH. In each model, the
coefficient of determination (Rz)q and information cri-
teria indicators, such as the Akaike’s information cri-
terion (AIC) and the Bayesian information criterion
(BIC) were calculated to compare their predictive
effects on the risk of PH. A better model is evidenced
by a lower AIC, a lower BIC. and a higher R>??
Univariated logistic regression models were used to
assess the value of the selected perfusion measures (rela-
tive CBV and CBF) to predict the risk of PH.
Afterwards, multivariate logistic regression models
were used to adjust the estimations for the effect of
time from stroke onset to recanalization, baseline
NIHSS and pre-stroke antithrombotic use (p values
lower than 0.10 on univariate analysis), and for other
potential relevant confounding variables such as age,
gender and treatment modality (primary ET versus
rescue ET). The analyses were performed using SPSS
Version 19.0 and the level of significance was estab-
lished at the 0.05 level (2-sided).

Results

A total of 146 patients were included in the analysis, of
whom 27 (18.5%) had parenchymal hemorrhage (PH)
at follow-up neuroimaging performed within 72h of
hospital admission [PH-1n=13 (9.6%), PH-2n=14
(9.6%)]. and 41 (28.1%) HI [IH-1n=20 (13.7%),
[H-2n=21 (14.4%)]. A total of 14 (9.6%) PHs were
identified at the first post-treatment neuroimaging
(within 24 h), and only 7 (4.8%) were symptomatic.
Subarachnoid hemorrhage after ET was observed in
20 of the 146 included patients (14%), and in 9 of the
27 patients with PH (33%). Descriptive data on demo-
graphics and baseline variables according to the pres-
ence of PH are shown in Table 2. Of note, patients with
PH had higher baseline NIHSS, lower baseline
ASPECTS scores and longer times from stroke onset
to recanalization, in comparison with patients who did
not have PH. The location of arterial occlusions prior
to ET, the modality of ET (rescue ET versus primary
ET), baseline glucose and baseline systolic blood pres-
sure levels were similar across groups. Overall, the pres-
ence of any PH type at follow-up was associated with
an increased mRS score at 90 days (OR for shifting to a
worse mRS category 3.417, 95% CI 1.596-7.312,
p=0.002).

Perfusion parameters and risk of PH: ROC and
regression analysis

The optimal baseline perfusion parameters and thresh-
olds for the prediction of PH after ET were evaluated in
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Table 2. Demographics, baseline and procedure related variables according to the occurrence of PH.
NoPH N=119 PH N=27 p

Age (years), median (IQR) 72 (62-79) 67 (57-81) 0.954
Males, n (%) 53 (45) 13 (48) 0.734
Smoking, n (%) 28 (24) 5(19) 0.560
Hypertension, n (%) 71 (60) 18 (67) 0.501
Diabetes, n (%) 23 (19) (1) 0314
Dyslipidemia, n (%) 49 (41) I (41) 0.967
Atrial fibrillation, n (%) 36 (30) 10 (37) 0.493
Previous stroke, n (%) 10 (8) 4 (15) 0.307
Previous antithrombotic treatment, n (%) 51 (43) 18 (68) 0.025
Baseline SBP (mmHg), mean (SD) 148 (23) 147 (27) 0.805
Glucose (mg/dl), median (IQR) 118 (102-137) 125 (108-150) 0.442
Pre-angio NIHSS, median (IQR) 15 (10-19) 18 (14-21) 0.020
Baseline ASPECTS, median (IQR) 8 (7-9) 7 (6-8) 0.005
ASPECTS 8-10, n (%) 66 (59) 7 (26) 0.002
Good collaterals (collateral score 2-3), n (%) 72 (61) 15 (56) 0.601
Alteplase + ET, n (%) 79 (66) 16 (59) 0.483
Primary ET, n (%) 40 (34) I (41) 0.483
Time to perfusion CT (min), md (IQR) 173 (105-255) 224 (124-309) 0.177
Time to ET onset (min), md (IQR) 263 (195-352) 290 (208—400) 0.358
Duration of ET procedure (min), md (IQR) 32 (15-74) 58 (35-80) 0.046
Type of ET treatment

Stent-retrievers, n (%) 107 (90) 27 (100) 0.124
Merci device, n (%) 8 (7) 1 (4) 0.478
Carotid stenting, n (%) 14 (12) 0 (0) 0.073
Local alteplase, n (%) I (0) 0(0) 1.000
Device passes per procedure, median (IQR) 2 (1-4) 3 (1-3) 0.157
Recanalization (yes), n (%) 109 (92) 24 (89) 0.656
Time to recanalization (min), median (IQR) 300 (240-367) 360 (278—453) 0.022
Recanalization groups 0.049
Recanalization < 6 h, n (%) 78 (66) Il (41)

Recanalization = 6 h, n (%) 31 (26) 13 (48)

No rec, n (%) 10 (8) 3(1)

TOAST classification 0.858
Atherothrombotic origin, n (%) 21 (18) 6 (22)

Cardioembolic origin, n (%) 61 (51) 13 (48)

Other etiologies, n (%) 37 (31) 8 (30)

Location of the occlusion 0.666
Tandem occlusions, n (%) 18 (15) 6 (22)

ICA-T or MI, n (%) 81 (68) 17 (63)

M2, n (%) 20 (17) 4 (15)

PH: parenchymal hematoma; SBP: systolic blood pressure; MNIHSS: Mational Institutes of Health Stroke Scale; ASPECTS indicates Alberta Stroke

Program Early CT Score; ET: endovascular therapy; TOAST: Trial of Org 10 172 in Acute Stroke Treatment; ICA-T: internal carotid artery.

the 146 included patients by means of regression and
ROC analyses. In regression analyses, CBF and CBV
maps were more accurate than time-based maps for the
prediction of the occurrence of PH at follow up neuroi-
maging, as shown in Table 3. In ROC analyses, the

optimal thresholds for both relative CBV and CBF par-
ameters were perfusion values lower than 2.5% of
normal brain in the contralateral hemisphere, and the
best absolute thresholds were 0.1 ml/100 g for CBV and
2ml/100g/min for CBF. The best volumetric cut-off
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Table 3. Regression analysis.

Perfusion CT map AlIC BIC R? (%)
rCBV 93.993 99.448 10.8
rCBF 92578 98.033 1.3
aCBvY 91.484 96.939 10.8
aCBF 99.810 105.264 10.6
DT 119.905 152.360 52

Performance of different models for the prediction of PH fitted with
relative CBV, relative CBF, absolute CBF, absolute CBV and absolute
DT. In each model, the AIC, the BIC and the coefficient of determination
R? were calculated to quantify the predictive effects of each parameter on
the risk of PH. A better model is evidenced by a lower AIC, a lower BIC,
and a higher R%. CBV: cerebral blood volume; aCBV: absolute CBV;
rCBV: relative CBV; CBF: cerebral blood flow; aCBF: absolute CBF;
rCBF: relative CBF; DT: delay time; AIC: Akaike's information criterion;
BIC: Bayesian information criterion; R coefficient of determination.

points within each perfusion CT map for the prediction
of PH are summarized in Table 4, and representative
cases are shown in Figure 1. The sensitivity, specificity,
positive predictive values and negative predictive values
of the optimal thresholds found in this study are also
specified in Table 4. Overall, these thresholds had high
negative predictive values and moderate sensibility and
specificity values.

A total of 83 (57%) patients had non-truncated
curves, and 14 (17%) of them had PH at follow-up.
In this subset of patients. a sensitivity analysis showed
that the optimal thresholds obtained with ROC ana-
lyses were perfusion values lower than 2.5% of
normal brain in the contralateral hemisphere for
relative CBV [Area Under the Curve (AUC) 0.622,
95%CI 0.458-0.787] and CBF (AUC 0.627, 95%CI
0.462-0.791) parameters, and the best absolute thresh-
olds were 0.1 ml/100g for CBV (AUC 0.628, 95%CI
0.462-0.794) and 2ml/100g/min for CBF (AUC
0.623, 95%CI 0.455-0.791), as in the whole study
sample. The best perfusion threshold for DT was 8s
(AUC 0.600, 95%CI 0.428-0.773).

Perfusion parameters and risk of PH: perfusion
CT-MRI coregistered regions of interest analysis

A perfusion CT-MRI coregistered regions of interest
analysis was performed including those patients with
PH who had baseline perfusion CT and follow-up
MR imaging (n =19 of 27). In this subgroup of patients
we explored the baseline perfusion CT values of brain
regions that at follow up MRI were classified as
infarcted tissue without hemorrhagic transformation,
tissue with hemorrhagic transformation, and non-
infarcted contralateral tissue. As shown in Figure 2,
infarct regions that developed PH at follow-up
showed lower values of CBV and CBF, but similar
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values of DT at baseline, compared with infarct regions
that did not develope PH. As expected, normal tissue
had higher CBV and CBF values, and shorter DT
values than finally infarcted tissue (either with or with-
out hemorrhagic transformation).

Time to recanalization from stroke onset
and risk of PH

From the 146 included patients, a total of 133 (91%)
recanalized at the end of ET, and 13 (9%) did not
recanalize. Early recanalization (<6h from stroke
onset) was observed in 89 (61%) patients, and delayed
recanalization (>6h) in 44 (30%). In reference to
patients with early recanalization, the rate of PH was
significantly higher in patients with delayed recanaliza-
tion (OR 2.97, 95%CI 1.20-7.35; p=0.018), but not in
those without recanalization (OR 2.12, 95%CI 0.51-
8.95; p=0.303). In models adjusted for baseline
stroke severity, the rate of poor outcome was increased
m patients with delayed recanalization (OR 2.45,
95%CI 1.10-5.44; p=0.028) and in those without reca-
nalization (OR 6.66, 95%CI 1.57-28.22; p=0.010), in
reference to patients achieving early recanalization. In
the subset of patients with recanalization, longer onset
to reperfusion times (OTR) were associated with a
gradually increased risk of poor outcome (OR 1.15
per each decile of OTR increase, 95%CI 1.03-1.30;
p=0.025) and with an increased risk of PH (OR 1.22
per each decile of OTR increase, 95%CI 1.03-1.44;
p=0.023).

Multivariate models for the prediction of PH

Relative CBF and CBV parameters instead of absolute
values were used for multivariate analyses. As shown in
Figure 3, the volume of regions with low relative CBV
and/or CBF was associated with an increased risk of
PH and the associations remained significant in models
adjusted for the effect of recanalization status at follow
up, age, gender, baseline stroke severity, treatment
modality and prior antithrombotic use. Delayed reca-
nalization (>6h), but not early recanalization (<6 h) or
absence of recanalization, was also associated with an
increased risk of PH. After excluding patients without
recanalization (n=13), the associations of low rCBV,
low rCBF and OTR time with the risk of PH remained
significant in unadjusted and adjusted models.

The interaction between recanalization status and
the volume of regions with low rCBV (p=0.294) or
low rCBF (p=0.479) was not significant. Moreover,
in patients with recanalization at the end of ET, the
interaction between OTR time and the volume of
regions with low rCBV (p=0.286) or low rCBF
(p=0.456) was neither significant. Finally, there was
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Table 4. ROC analysis: best thresholds and volumetric cut-off points for the prediction of PH within each perfusion CT map.
Perfusion Best perfusion Best volumetric

CT map threshold AUC (95% Cl); p cutpoint Se/Sp/PPVINPV
rCBV 2.5% 0.724 (0.611-0.837); p=0.001 1.49 ml 65/77/46/88
rCBF 2.5% 0.723 (0.610-0.837); p=0.001 0.64ml 73/68/40/89
aCBV 0.Iml/100g 0.717 (0.599-0.835); p=0.001 1.91 ml 65/77/46/88
aCBF 2ml/100 g/min 0.724 (0.609-0.838); p=0.001 1.07 ml 81/57/36/91

DT 6s 0.659 (0.544-0.773); p=0.014 444 ml 62/71/39/86

ROC: Receiver Operating characteristics; CBV: cerebral blood volume; aCBV: absolute CBV; rCBV: relative CBV; CBF: cerebral blood flow; aCBF:
absolute CBF; rCBF: relative CBF; DT: delay time; AUC: area under the curve; Se: sensitivity; Sp: specificity; PPV: positive predictive value; NPV:

negative predictive value.

Perfusion CT
(@) No hemorrhagic transformation

(b) Parenchymal hematoma

rCBF<2.5% rCBV<2.5% aCBF<2

0000]» ®

aCBv<0.1

Follow-up MRI

DWI

T2*

Figure 1. lllustrative cases showing regions of severe ischemia (red areas) assessed with the best identified thresholds on each
perfusion map, in relation with hypoperfused tissue (green areas) and follow up MRI. (a) Patient without regions of severe ischemia
and absence of hemorragic transformation in follow-up neuroimaging. (b) Patient with regions of severe ischemia in baseline perfusion
CT who developed a parenchymal hematoma (PH-2) in follow-up MRI.

no significant association between the volume of
regions with low CBV and/or CBF values in regression
analyses restricted to symptomatic PH (data not
shown).

Discussion

In this threshold-finding study we implemented a com-
prehensive analytic approach of whole-brain perfusion
CT data to identify the best hemodynamic parameters
for prediction of PH after ET in a homogeneous cohort
of patients with proximal occlusions in the carotid ter-
ritory. The present study demonstrated a consistent
association between regions with severe reductions of
relative CBV and/or CBF and an increased risk of PH.
The study also suggested that delayed recanalization
may also be associated with  hemorrhagic

complications, in contrast with earlier recanalization
or permanent arterial occlusion. Collectively, these
results highlighted the relevance of the severity and dur-
ation of ischemia as drivers of blood-brain barrier
(BBB) disruption in acute ischemic stroke, and sup-
ported the role of perfusion CT in the prediction of
the risk of PH after ET.

Experimental cerebral ischemia impairs vascular
integrity and results in the loss of microvascular struc-
tures and erythrocyte extravasation,”>** in a process
which is dependent on the intensity and duration of
the lack of flow.”> In human stroke, blood flow can
be reliably quantified with dynamic contrast-enhanced
neuroimaging, such as perfusion CT.2! In this perfusion
CT based study, CBV and CBF derived thresholds were
more informative of the risk of PH than those extracted
from DT maps. The best CBV or CBF thresholds for
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Figure 2. Differences in pre-treatment baseline perfusion values between regions classified as non-infarcted tissue (normal tissue,
NT), infarcted tissue (DWVI regions, yellow label), and tissue with hemorrhagic transformation (PH regions, red label) in follow-up MRI
of patients who developed parenchymal hematomas (PH) (n = 19). (a) DWI and PH regions of interests were delineated, placed in the
co-registered perfusion CT maps and automatically mirrored to the contralateral hemisphere (mirrored DWI region of interest:

yellow striped label; mirrored PH region of interest: red striped label); (b) Baseline perfusion CT cerebral blood flow (CBF) absolute
values were significantly lower in regions which developed PH (median 7.6, IQR 4.4—11.9) at follow-up neuroimaging, in comparison
with regions which developed infarction but no PH (median |1.2, IQR 9.4-15-8, p=0.002), or in comparison with contralateral

normal tissue (median 20.5, IQR 18.3-23.0, p < 0.001). (c) Baseline perfusion CT cerebral blood volume (CBV) absolute values were
significantly lower in regions which developed PH (median 1.0, IQR 0.6-1.5) at follow-up neuroimaging, in comparison with regions
which developed infarction but no PH (median 1.4, IQR 1.3-1.7, p=0.003), or in comparison with contralateral normal tissue (median
1.7, IQR 1.9-2.3, p < 0.001). (d) PH regions disclosed similar pretreatment baseline DT values (median 4.4, IQR 3.2-5.6) than DWI

regions (median 3.7, IQR 2.7-5.9; p=0.313), and higher values than normal tissue (median 0.4, IQR 0.2-0.7, p <0.001).

predicting the development of PH were values lower
than 2.5% of mean CBF and CBV values in normal
brain. These results contrast with a previous threshold-
finding study where the optimal observed perfusion CT
derived parameters and thresholds were a Tmax > 14s,
a rCBF lower than 30% and a rCBV lower than 35% of
normal brain tissue.'? Beyond the differences in perfu-
sion CT acquisition and post-processing protocols that
were used in these studies, herein we included a highly
homogeneous stroke population treated with endovas-
cular reperfusion therapy. This selected population
contrast with the former study in which only half of
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the patients received systemic thrombolysis thus pre-
cluding the high rate of early reperfusion encountered
in our study. In concordance with previous MRI
derived data,’ the thresholds identified in this perfusion
CT study did better than the total volumes of non-
viable tissue, total hypoperfused tissue or tissue at
risk, as defined with validated thresholds. Overall,
these data may indicate that the amount of tissue
with an extreme reduction of perfusion would be the
most relevant hemodynamic parameter for promoting
early BBB damage, particularly when multimodal
reperfusion therapy is administered to achieve early
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Models for prediction of PH
Overall population
rCBV (threshold 2.5%)
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Figure 3. Models for prediction of parenchymal hematoma at follow-up neuroimaging.

PH: parenchymal hematoma; rCBV: relative Cerebral Blood Volume; rCBF: relative Cerebral Blood Flow; Rec: recanalization. Circles
and horizontal lines represent OR point estimates and 95% confidence intervals (95%Cl), respectively.

Crude OR: OR and 95% Cl obtained by unadjusted models. Adjusted OR: OR and 95% Cl obtained by models adjusted for
recanalization status. Adjusted OR* OR and 95% CI obtained by models adjusted for recanalization status, age, gender, baseline
stroke severity, treatment modality and pre-stroke antithrombotic use.

recanalization. Nevertheless, further studies are war-
ranted to assess the effect of the severity of hypoperfu-
sion in acute stroke patients according to the
occurrence of early reperfusion or to the administration
of different reperfusion strategies.

The aim of recanalization therapies is to achieve an
early reperfusion of the ischemic tissue to prevent brain
infarction. However, the reperfusion of a severely ische-
mic tissue may lead to harmful consequences, which
include brain edema, hemorrhagic complications or a
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combination of them. This deleterious process is called
reperfusion injury and implies a myriad of mechanisms
such as oxidative stress, inflammation and activation of
proteolytic enzymes that finally involve the disruption
of the BBB.?® In the experimental setting, the duration
of ischemia prior to reperfusion is strongly related to the
risk of hemorrhagic complications.”” Postischemic reper-
fusion can impair vascular function and exacerbate
ischemic injury after longer durations of ischemia and
reperfusion.”® In experimental models of thrombo-
embolic middle cerebral artery occlusion in rats the dur-
ation of brain ischemia prior to reperfusion parallels an
increased risk and severity of hemorrhagic transform-
ation. Thus, after 6h of occlusion the risk of PH was
significantly increased in comparison with shorter occlu-
sion times (3 h) or permanent occlusion.?® Accordingly,
in humans with cardioembolic stroke, recanalization
occurring beyond 6h is associated with an increased
risk of hemorrhagic transformation.’® Moreover, a
longer time from stroke onset to the administration of
recanalization therapies is associated with the presence
of permeability derangements on post-treatment
dynamic contrast-enhanced multimodal MRI,*' a reli-
able predictor of hemorrhagic complications in acute
stroke.>? In agreement with these clinical and experimen-
tal data, we found that the risk of PH was increased in
patients with delayed recanalization (over 6 h of stroke
onset). Moreover, even in patients achieving early reca-
nalization at the end of ET, we also found a significant
association between the time delay to recanalization and
the risk of PH. Reassuringly, this association was main-
tained in models adjusted by the effect of relevant con-
founders. However, the limited number of events in
patients with delayed or absence of recanalization pre-
cludes the generalizability of this association and calls
for the implementation of further adequately powered
prospective studies. Overall, the data further support
that reperfusion may be more deleterious for the integ-
rity of the BBB in patients with longer duration of ische-
mia. There remains to be shown in clinical trials whether
this potential pernicious effect of delayed reperfusion
may be ameliorated with neuroprotective or vasculopro-
tective therapies. According to our data, patients with
regions of severe ischemia and longer expected delays
from stroke onset to recanalization may represent a
target population for these therapies. Importantly, it is
essential to remark that this study was not designed to
assess the role of perfusion CT in the selection of
patients for endovascular reperfusion therapies. Given
the strong beneficial effects in terms of clinical outcome
of endovascular reperfusion therapies recently shown in
clinical trials, the presence of regions of severe reductions
of CBF or CBV in perfusion CT should not preclude the
treatment of patients otherwise eligible for receiving
endovascular reperfusion therapies.
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The low positive predictive value and high negative
predictive value of the best performing thresholds indi-
cate that severe ischemia may be a necessary but not
sufficient mediator for PH. Previous MRI-based clin-
ical studies showed that delayed reperfusion of regions
with severe reductions of CBV was strongly associated
with PH in patients receiving systemic thrombolysis.***
Others showed that early reperfusion had no influence
on the risk of PH in acute stroke patients treated or not
with thrombolysis.” In agreement with the latter study,
we did not find a significant interaction between perfu-
sion CT markers of severe ischemia and timing of reca-
nalization in the prediction of PH although the lack of
this relationship may be related to an underpowered
sample size. Whether reperfusion driven by ET would
be more deleterious in patients with larger areas of very
severe ischemic deficits should be assessed in further
studies.

For this analysis we evaluated the incidence of PH in
follow-up neuroimaging explorations performed within
the first 72 h of therapy to gather a sufficient number of
events to be analyzed. The use of this time point may
partly explain why in this cohort of patients PH rates
were higher than that reported in recent studies of ET.
Likewise, MR imaging including gradient-recall echo
sequence is more sensitive and more reliable than CT
for detecting hemorrhagic transformation in the acute
phase of ischemic stroke.** In this study, hemorrhagic
transformation was evaluated in gradient-recall echo
MRI in 19 (70%) and in CT in 8 (30%) of the patients
who developed PH. Of note, the rate of PH at the first
neuroimaging after ET (within 24 h; n= 14, 9.6%) and
the rate of symptomatic PHs (n=7, 4.8%) were similar
to those reported in the literature.>> 3’ We did not find
a significant association between the volume of regions
with low CBV and/or CBF values in regression analyses
restricted to symptomatic hemorrhagic transformation,
although this study was not powered to analyse their
association with perfusion measures due to the low
number of symptomatic PHs. Additional studies
should be performed to determine the association of
these biomarkers with clinically relevant hemorragic
transformation after ischemic stroke.

The use of whole-brain perfusion CT was a strong
point of the study as it allowed obtaining perfusion
measures of most of the affected brain tissue. The inclu-
sion of patients treated with ET also allowed an accur-
ate estimation of times from stroke onset to
recanalization. Moreover, patients were collected con-
secutively and managed following a homogeneous
therapeutic protocol. Nonetheless, the study has several
limitations. First, the assessment of perfusion with
dynamic CT in acute stroke is a static evaluation of a
multifaceted and time-dependent process. Secondly,
perfusion measures may be affected by multiple factors,
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including the acquisition protocols, the brain coverage
and the post-processing platforms.*® Regarding the
acquisition protocols, a limited acquisition time
(=60s) may result in a delayed arrival of contrast
agent with a consequent truncation of tissue TACs
that may preclude accurate calculation of perfusion
CT parameters with a shift towards overestimation of
perfusion deficits. To minimize the effect of delayed
bolus arrival due to the relatively short scan acquisition
time used in this study. perfusion CT maps were calcu-
lated using a validated deconvolution algorithm with
delay and dispersion correction.?'* These delay-insen-
sitive algorithms have been shown to be more reliable
and accurate for measuring hypoperfused and non
viable tissue volumes than delay-sensitive software.*
Moreover, the consistency of the thresholds found in
the whole population was confirmed in a sensitivity
subgroup analysis that included only those patients
without truncated TACs. As a note of caution, the par-
ameter thresholds obtained in this study may depend
on the post-processing platform and the acquisition
protocols that were employed and may not be general-
izable to other methodologies. Additionally, we were
not able to obtain direct measures of the permeability
of the blood-brain barrier due to the short perfusion
CT acquisition protocol. Indeed, the quantification of
the passage of contrast agents from the vascular com-
partment to the brain across the vascular endothelium
as a marker of BBB derangement is overestimated when
first-pass perfusion CT data is used, and delayed acqui-
sitions (up to 210s) are necessary to obtain unbiased
measures. Furthermore, it will be of potential interest
to evaluate the relationship between very severe reduc-
tions of CBF/CBYV and direct measurements of BBB
damage, as those obtained by means of the quantifica-
tion of BBB permeability using dynamic contrast-
enhanced MRI or adequately extended perfusion CT
acquisitions. As an additional limitation, the post-pro-
cessing software (Siemens) used for the real-time selec-
tion of patients for receiving endovascular reperfusion
therapy was different from the post-processing software
(MIStar) used to execute the comprehensive analysis of
perfusion maps. Finally, we considered the recanaliza-
tion status at the end of ET as a surrogate measure of
reperfusion, although these two phenomena may not
always occur simultaneously.*

In summary, this study shows that the identification
of severe perfusion deficits evaluated with perfusion CT
is predictive of the risk of hemorrhagic complications
after endovascular reperfusion therapy of acute ische-
mic stroke. Moreover, delayed recanalization seems to
be associated with an increased risk of parenchymal
hemorrhage after thrombectomy. These two factors
should be considered in the evaluation of strategies
aimed to protect the blood-brain barrier in addition

to early and complete recanalization in this patient
population. Nevertheless, the presence of regions of
severe reductions of CBF or CBV in perfusion CT
should not preclude the treatment of patients otherwise
eligible for receiving endovascular reperfusion
therapies.
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Elevated glucose is associated with hemorrhagic
transformation after mechanical thrombectomy in acute
ischemic stroke patients with severe pretreatment
hypoperfusion.
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Elevated glucose is associated
with hemorrhagic transformation
after mechanical thrombectomy
in acute ischemic stroke patients
with severe pretreatment
hypoperfusion

Carlos Laredo?, Arturo Renu?, Laura Llull?, Raul Tudela?, Antonio Lépez-Rueda®,
Xabier Urra?, Napoledn G. Macias?, Salvatore Rudilosso?, Victor Obach?, Sergio Amaro** &
Angel Chamorro*™

Several pretreatment variables such as elevated glucose and hypoperfusion severity are related to
brain hemorrhage after endovascular treatment of acute stroke. We evaluated whether elevated
glucose and severe hypoperfusion have synergistic effects in the promotion of parenchymal
hemorrhage (PH) after mechanical thrombectomy (MT). We included 258 patients MT-treated who had
a pretreatment computed tomography perfusion (CTP) and a post-treatment follow-up MRI. Severe
hypoperfusion was defined as regions with cerebral blood volume (CBV) values < 2.5% of normal brain
[very-low CBV (VLCBV)-regions]. Median baseline glucose levels were 119 (IQR =105-141) mg/dL.
Thirty-nine (15%) patients had pretreatment VLCBV-regions, and 42 (16%) developed a PH after MT.

In adjusted models, pretreatment glucose levels interacted significantly with VLCBV on the prediction
of PH (p-interaction =0.011). In patients with VLCBV-regions, higher glucose was significantly
associated with PH (adjusted-OR = 3.15; 95% Cl =1.08-9.19, p=0.036), whereas this association was
not significant in patients without VLCBV-regions. CBV values measured at pretreatment CTP in
coregistered regions that developed PH or infarct at follow-up were not correlated with pretreatment
glucose levels, thus suggesting the existence of alternative deleterious mechanisms other than

direct glucose-driven hemodynamic impairments. Overall, these results suggest that both severe
hypoperfusion and glucose levels should be considered in the evaluation of adjunctive neuroprotective
strategies.

Mechanical thrombectomy (MT) is the most effective treatment for stroke patients with acute large-vessel occlu-
sions in the carotid territory'?. However, about half of MT-treated patients do not achieve an adequate clinical
recovery at follow-up even despite complete recanalization'?, One of the pathophysiological processes that has
been implicated in the lack of response to recanalization therapies is the risk of hemorrhagic transformation
due to blood-brain barrier disruption**. Indeed, among patients with anterior circulation stroke undergoing
endovascular therapy, the presence of hemorrhagic transformation in follow-up neuroimaging, especially in the
form of parenchymal hematomas (PH), has been associated with poor long term functional outcome®®.

1Comprehensive Stroke Center, Department of Neuroscience, Hospital Clinic, University of Barcelona and
August Pi i Sunyer Biomedical Research Institute (IDIBAPS), Villarroel 170, 08036 Barcelona, Spain. *CIBER
de Bioingenieria, Biomateriales y Nanomedicina (CIBER-BBN), Group of Biomedical Imaging of the University
of Barcelona, Barcelona, Spain. *Radiology Department, Hospital Clinic, Barcelona, Spain. “‘email: samaro@
clinic.cat; achamorro@clinic.cat
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The presence of PH in post-treatment neuroimaging occurs in 5 to 16% of acute stroke patients treated
with MT and has been related with several pretreatment variables including severe hypoperfusion and
hyperglycemia”®. The presence of brain regions with very low cerebral blood volume (VLCBV) in pretreatment
computed tomography perfusion (CTP) has been consistently associated with the risk of hemorrhagic trans-
formation although the sensitivity and positive predictive values of risk estimations are relatively low compared
with its high specificity and negative predictive values® !, Accordingly, severe hypoperfusion might not be a
sufficient risk factor for the occurrence of hemorrhagic transformation and additional concurrent susceptibil-
ity conditions might be needed, such as pretreatment hyperglycemia. The presence of hyperglycemia at stroke
onset has been associated with a higher risk of hemorrhagic transformation after reperfusion therapies as well
as with significant reductions on the benefits of MT*!>!3, The potential mechanisms contributing to exacerbated
neurovascular injury and poor outcomes are multifactorial and include augmented oxidative and nitrosative
stress, tissue acidosis, mitochondrial dysfunction, thromboinflammation and impairment of cerebral perfusion,
among others'*">. However, in preclinical models the interaction between hyperglycemia and reduced cerebral
blood volume or blood flow during ischemia and at reperfusion is controversial'®>,

Herein, we aimed to evaluate whether elevated glucose levels modify the association between severe hypop-
erfusion and hemorrhagic transformation after MT and to describe whether this association might be explained
by glucose-driven hemodynamic impairments before reperfusion.

Methods

Patients. Patients were part of a prospectively collected clinical registry of acute ischemic stroke patients
treated with reperfusion therapies in a single Comprehensive Stroke Center. The study population included
consecutive patients with occlusions in the carotid territory treated with endovascular recanalization therapy
between March 2010 and December 2017. Additional inclusion criteria for this analysis were: 1/the availability
of a technically adequate pretreatment whole-brain CTP scan, and 2/the availability of a post-treatment follow-
up MRI for evaluating the development of hemorrhagic transformation. A total of 258 patients fulfilled these
criteria and were finally included in the study (Supplementary Fig. S1 online). MT was performed according to
contemporary guidelines in patients with a proximal artery occlusion on CT angiography and a pretreatment
ASPECTS equal or higher than 6, as previously reported!!. Final vessel patency was graded on digital subtrac-
tion angiography (DSA) at the end of MT according to the modified Thrombolysis in Cerebral Infarction (TICI)
score and successful recanalization was defined as a grade 2b-3. The study protocol was approved by the local
Clinical Research Ethics Committee of Hospital Clinic de Barcelona (registration number HCB/2019/0805)
under the requirements of Spanish legislation in the field of biomedical research, the protection of personal data
(15/1999) and the standards of Good Clinical Practice, as well as with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. Participants in the study consented for storage of their data in
a local database for the purpose of research that was declared into a Web-based registry that satisfied all legal
requirements for protection of personal data, for monitoring by the Catalan Health Department.

Patients were admitted into a Stroke Unit and the Trial of Org 10,172 in Acute Stroke Treatment (TOAST) cri-
teria was used to classify all qualifying strokes after diagnostic workup. Clinical data was prospectively collected
including: demographics, laboratory tests, risk factors, concomitant therapies, neuroimaging, clinical course
and functional outcome. Neurological status was monitored with the National Institutes of Health Stroke Scale
(NIHSS) score and functional outcome was quantified using the modified Rankin Scale (mRS) score at 3 months”’.

CTP imaging analysis. Patients were scanned using a SIEMENS Somatom Definition Flash 128-section
dual-source multidetector scanner (Siemens Healthineers, Erlangen, Germany), with a 98 mm z-coverage and
a total acquisition time of 60 s (31 time points), as previously described'’. The imaging protocol included a
baseline multimodal whole-brain CT scan, which included a Non-Contrast CT (NCCT), a CT angiography
and a CTP. Pretreatment ASPECTS was assessed on NCCT, and good collaterals were defined as collateral sup-
ply filling > 50% of the occluded arterial territory®*. CTP maps were calculated by commercial software MIStar
(Apollo Medical Imaging Technology, Melbourne, Australia) using a model-free singular value decomposition
algorithm with a delay and dispersion correction. The software generates cerebral blood flow (CBF), cerebral
blood volume (CBV), mean transit time (MTT) and Delay Time (DT) maps. An image processing pipeline using
in-house fully-automated software running in Matlab (v.2017b, Mathworks, Natick, MA) was developed in order
to extract perfusion volumes. An absolute threshold of 3 s was selected on the DT map to obtain the hypoper-
fused tissue (perfusion lesion)'". Ischemic core was extracted on CBF maps after applying a threshold of relative
CBF<30%. VLCBV was defined as values on CBV maps lower than 2.5% of normal brain in the contralateral
hemisphere with a volume of at least 1.5 mL'",

Follow-up MRI. After MT, a follow-up MRI was performed within a median of 41 h (IQR 26-69 h) of
hospital admission. The MRI included diffusion-weighted images and Gradient-Echo T2*-weighted sequences.
The bleeding complications were scored on follow-up Gradient-Echo T2*-weighted sequences by 2 experienced
stroke neurologists (A.R. and S.A.) according to the European Cooperative Acute Stroke Study criteria as hem-
orrhagic infarction (HI) and PH type 1 and type 2%°, In brief, PH1 was defined as bleeding <30% of the infarcted
area with mild space-occupying effect, and PH2 as bleeding>30% of the infarcted area, with space-occupying
effect. Symptomatic intracranial hemorrhage was defined as any PHs associated with an increment of at least 4
points in the NIHSS score. Investigators blinded to clinical data and baseline CTP analysis evaluated in consen-
sus the post-treatment imaging studies. To perform a CTP-MRI regions of interest analysis each CTP map was
coregistered to the corresponding follow-up DWT using a rigid coregistration protocol (6-degrees of freedom)
implemented with statistical parametric mapping (SPM12, Functional Imaging Laboratory, University College
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London, London, UK). An extended description of the imaging methods can be found in the Suplementary
methods.

Statistics. Continuous variables were reported as mean (standard deviation, SD) or median (interquartile
range, IQR) and were compared with the Student t test, ANOVA, Mann-Whitney, or Kruskal-Wallis tests as
appropriate. Categorical variables were compared with the y* and Fisher exact tests. Univariate logistic regres-
sion models were used to assess the association between VLCBV-regions, glucose levels and their interaction
on the risk of PH and with other predefined clinical endpoints. Multivariate logistic regression models were
used to adjust the estimations for the effect of confounders based on exploratory analysis (p <0.05 on univari-
ate analysis) and avoidance of collinearity. A backwards-stepwise procedure was implemented to reach the final
models constructed for assessing the role of pretreatment glucose levels on the risk of PH in subgroups defined
by VLCBV regions in order to avoid overfitting. The Hosmer-Lemeshow goodness-of-fit statistic was used to
assess final model fit. Receiver-operating characteristic (ROC) curve analysis was performed to determine the
most accurate cutoff point (Youden’s index) of pretreatment glucose levels for the prediction of PH. To evaluate
the relationship between glucose levels and CBV values a set of regression models were used including linear,
logarithmic, quadratic and cubic curve estimations. The analyses were performed using SPSS Version 22.0 and
the level of significance was established at the 0.05 level (2-sided).

Results

Baseline traits of the included population according to PH occurrence.  Overall, 258 patients
with a median (IQR) NIHSS 17 (10-20) at admission and treated with MT within a median (IQR) of 231
(161-334) minutes from stroke onset were included in the study. Median (IQR) baseline glucose levels were
119 (105-141) mg/dL (6.6 mmol/L [5.8-7.8] mmol/L). Thirty-nine (15%) patients had pretreatment VLCBV-
regions, and 42 (16%) developed a PH in follow-up neuroimaging [30 (12%) had PH1 and 12 (5%) had PH2].
Histograms showing the distribution of pretreatment glucose levels and the volume of regions with VLCBV are
shown in the Supplementary Figure S2 online, and the baseline traits of the population according to the presence
of VLCBV regions are shown in Supplementary Table 1. Table 1 provides descriptive data on baseline clinical
and radiological variables associated with the occurrence of PH. In univariate analysis, PH was associated with a
higher baseline stroke severity (NIHSS and ASPECTS score), a larger volume of ischemic tissue with VLCBV, a
higher proportion of VLCBV regions, cardioembolic stroke etiology, as well as longer times from stroke onset to
CTP acquisition, MT onset and successful recanalization. The presence of PH at follow-up was associated with
increased odds for shifting to worse mRS score categories (OR 1.89, 95% CI 1.08-3.30, p=0.025).

Predictors of PH in the whole population: multivariate analysis. In multivariate analyses, both
the volume of ischemic tissue with VLCBYV values and the presence of VLCBV regions were associated with an
increased risk of PH (Table 2). Overall, the sensitivity, specificity, positive predictive value and negative predic-
tive value of the presence of VLCBV regions for predicting the occurrence of PH were 31%, 88%, 33% and 87%,
respectively. Additional variables that remained associated with PH were successful recanalization beyond 4.5 h
from stroke onset and cardioembolic stroke etiology.

Glucose, VLCBV and risk of PH. In the whole population, glucose levels were not associated with the
presence of PH. However, pretreatment glucose levels interacted significantly with VLCBV for the prediction of
PH (p=0.011). In patients with VLCBV-regions (see Supplementary Table 2 for subgroup descriptive variables),
glucose levels were associated with an increased risk of PH (OR=2.18 per IQR increase in glucose levels; 95%
CI=1.13-4.200, p =0.020), whereas this association was not significant in patients without VLCBV-regions. The
direction of these observations remained unchanged in multivariate models adjusted for the effect of confound-
ers (Fig. 1). Neither glucose nor VLCBV interacted significantly with mTICI score at the end of MT (p=0.622
and p=0.389, respectively) or with time from stroke onset to successful recanalization on the prediction of PH
(p=0.202 and p=0.777, respectively).

Figure 2 shows the adjusted predicted probabilities of the occurrence of a PH according to pretreatment glu-
cose levels and VLCBV volume. In adjusted models, per IQR increase in glucose levels, the predicted probability
of PH increased in 75% in patients with VLCBV regions (aOR = 3.07, 95% CI = 1.04-9.10, p=0.043). According
to ROC analysis, in the subset of patients with VLCBV regions the cutoff of pretreatment glucose levels with
best accuracy for predicting the occurrence of PH was 116 mg/dL (6.4 mmol/L; sensitivity 69%, specificity 65%,
positive predictive value 50% and negative predictive value 81%). According to this categorization, a total of 18
patients from 39 of those with VLCBV regions had elevated glucose levels. The observed rate of PH increased
steadily from 13% (29 of 219) in patients without VLCBV regions, 19% (4 of 21) in those with VLCBV regions
and low glucose levels (< 116 mg/dL, < 6.4 mmol/L) and 50% (9 of 18) in patients with VLCBV regions and high
glucose levels (> 116 mg/dL, >6.4 mmol/L) (p for trend <0.001).

Hemodynamic correlates of PH according to pretreatment glucose levels: CTP-MRI coregis-
tered regions of interest analysis. As shown in Fig. 3A, brain regions that developed PH or infarct at
follow-up had lower CBV values in pretreatment CTP compared with mirror regions of the unaffected hemi-
sphere. In addition, CBV values measured at baseline in coregistered brain regions that developed PH or infarct
at follow-up were not correlated with pretreatment glucose levels and were similar in patients with levels higher
or lower than 116 mg/dL (6.4 mmol/L), as illustrated in Fig. 3B, C. Finally, the quality of reperfusion measured
with the mTICI score at the end of MT was not associated with pretreatment glucose levels (p=0.952).
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Age (years), median (IQR) 72 (61-80) 67 (59-79) 0.481
Males, n (%) 106 (49) 26 (62) 0.128
Hypertension, n (%) 121 (56) 26 (62) 0.481
Diabetes, n (%) 31 (14) 5(12) 0.675
Dyslipidemia, n (%) 83 (38) 15 (36) 0.740
Atrial Fibrillation, n (%) 59 (27) 16 (38) 0.159
Previous Antithrombotic treatment, n (%) 84 (39) 20 (48) 0.291
Baseline SBP (mmHg), median (IQR) 140 (125-158) | 139 (125-158) 0.793
Glucose (mg/dL), median (IQR) 119 (105-141)| 119 (107-143) 0.779
NIHSS at admission, median (IQR) 17 (10-20) 19 (14-21) 0.045
Ischemic core on CTP (mL), median (IQR) 19 (7-34) 18 (11-45) 0.273
Hypoperfused tissue on CTP (mL), median (IQR) 135 (98-186) 144 (99-198) 0.633
VLCBV (mL), median (IQR) 003 (0-0.31) | 0.34(0.03-2.07) 0.002
VLCBV regions, n (%) 26 (12) 13 (31) 0.002
Good collaterals, n (%) 158 (73) 27 (64) 0.243
Alteplase + MT, n (%) 116 (54) 25 (60) 0.488
Time to CTP (min), md (IQR) 148 (77-252) | 242 (141-339) 0.001
Time to MT onset (min), md (IQR) 231 (161-334) | 327 (230-425) 0.001
Recanalization (yes), n (%) 170 (79) 34 (81) 0.743
Time to recanalization (min), median (IQR) 270 (202-375) 359 (303-479) 0.001
Recanalization groups 0.002
Recanalization<4.5 h, n (%) 86 (40) 6(14)

Recanalization > 4.5 h, n (%) 84 (39) 28 (67)

No rec, n (%) 46 (21) 8(19)

Time to MRI (hours), md (IQR) 40 (26-65) 43 (24-69) 0.589
Cardioemboalic origin, n (%) 103 (48) 27 (64) 0.049
Location of the occlusion 0.436
Tandem occlusions, n (%) 33(15) 7(17)

ICA-T or M1, n (%) 169 (78) 30 (71)

M2, n (%) 14 (7) 5(12)

Follow-up clinical variables

Symptomatic ICH, n (%) 1(1) 7 (17) <0.001
mRS at 90 days, median (IQR) 2(1-3) 3(2-4) 0.019

Table 1. Demographics, baseline and procedure related variables according to the occurrence of parenchymal
hematoma. ASPECTS Alberta Stroke Program Early CT Score, CTP computed tomographic perfusion, ET
endovascular therapy, ICA-T internal carotid artery, ICH intracranial hemorrhage, mRS modified Rankin
Scale, MT mechanical thrombectomy, NTHSS National Institutes of Health Stroke Scale, PH parenchymal
hematoma, SBP systolic blood pressure, VLCBV very low cerebral blood volume.

Glucose, VLCBV and clinical outcome. The association of pretreatment glucose levels, VLCBV regions
and their interactions with symptomatic hemorrhagic transformation, mRS at day 90 and mortality are shown
in Table 3. Of note, the interaction between pretreatment glucose levels and the presence of VLCBV regions on
the prediction of these clinical outcomes was not significant.

Discussion

In this study, we implemented a comprehensive CTP study to evaluate whether elevated glucose levels modified
the association between severe hypoperfusion and PH after MT. In this cohort, elevated pretreatment glucose
levels were associated with an increased risk of PH after MT in subjects with severe pretreatment hypoperfusion.
Moreover, glucose levels were not associated with reduced CBV at pretreatment CTP in coregistered brain regions
that developed PH or infarct at follow-up. Overall, these results suggest the existence of synergistic deleterious
effects of severe pretreatment hypoperfusion and elevated glucose and give support to their consideration in the
evaluation of adjunctive neuroprotective strategies.

In agreement with previous studies, the presence of regions with severe hypoperfusion was significantly asso-
ciated with an increased risk of PH at follow-up neuroimaging®'"**-*%, Beyond the severity of brain ischemia, a
number of additional variables have been also associated with an increased risk of hemorrhagic transformation
after MT, including an increased NIHSS score, poor collaterals, antiplatelet use, atrial fibrillation, older age or
pretreatment hyperglycemia, among others®. As a novel finding of this study, we found that pretreatment glucose
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OR (95% CI); p OR (95% CI); p
PH at follow-up MRI Model A Model B
VLCBYV regions 2.816 (1.146-6.918), p=0.024 1.592 (1.133-2.237), p=0.007

Pretreatment glucose (per IQR)

1.049 (0.755-1.456), p=0.777

1.072 (0.771-1.491), p=0.678

Baseline NIHSS (per IQR)

1.337 (0.948-1.887), p=0.098

1.260 (0.885-1.795), p=0.200

Rescue MT (vs primary)

1.395 (0.668-2.916), p=0.376

1415 (0,674-2.971), p=0.359

Recanalization status

>4'5 h from stroke onset (vs<4'5h)

6.656 (2.444-18.130), p<0.001

7.552 (2.745-20.779), p<0.001

No recanalization (vs<4'5 h)

2.848 (0.867-9.351), p=0.084

2.810 (0.865-9.132), p=0.086

Cardioembolic etiology (vs no)

2,584 (1.197-5.577), p=0.016

2812 (1.285-6.153), p=0.010

Sex (females vs males) 0.500 (0.228-1.097), p=0.084 0.522 (0.237-1.150), p=0.107

1.256 (0.550-2.867), p=0.588 1.369 (0.599-3.129), p=0.456

Good collaterals (vs poor)

Table 2. Predictors of parenchymal hematoma: multivariate analysis. Very low cerebral blood volume
(VLCBV) was included as a dichotomic variable (yes vs no) in model A, and as a continuous quantitative
variable (estimations per IQR of VLCBYV increase) in model B. MT: Mechanical thrombectomy; NIHSS:
National Institutes of Health Stroke Scale; PH: parenchymal hematoma. The Hosmer-Lemeshow test showed
an adequate goodness-of-fit of the final models (Model A: X2=4.028, p=0.855; Model B: X2=9.329, p=0.315),
and the models classified correctly a total of 84% (Model A) and 85% (Model B) of cases.

Pretreatment glucose levels and risk of PH Odds Ratio (95% ClI) p value

Unadjusted analysis
Whole population {(n=258) 85— 1.01(0.75 to 1.36) 0.938
VLCBV regions p,0.01
VLCBV-(n=219) +eH+ 0.82 (0.58 to 1.17) 0.280
VLCBY+(n=39) e 2.18 (113 to 4.20) 0.020
Adjusted analysis
Whole population (n=258) b 0.97 (0.71t0 1.32) 0.834
VLCBV regions p, 0.006
VLCBV-(n=219) +-eH 0.80 (0.55 to 1.16) 0.244
VLCBY+ (n=39) —e— 3.15 (1.08 to 9.19) 0.036
Y A rs
0.1 1 10
«— —

decreased risk of PH  increased risk of PH

Figure 1. Binary regression models for predicting the occurrence of parenchymal hematoma (PH) in follow-up
MRI. Pi is the p value for the interaction between pretreatment glucose levels and the presence of very low
cerebral blood volume (VLCBV) regions for the prediction of PH. Data are OR and 95% CI per IQR increase in
glucose levels obtained by unadjusted models and in models adjusted for pretreatment NIHSS, recanalization
and cardioembolic stroke etiology (see Supplemental Table 3 for full models).

levels interacted significantly with severe hypoperfusion on the prediction of PH. Thus, in patients with regions
of VLCBYV, higher pretreatment glucose levels increased significantly the risk of PH, while this association was
not significant in patients without VLCBV regions. Indeed, about 1 in 5 patients with VLCBV regions and low
pretreatment glucose levels at baseline developed a PH in follow-up neuroimaging, whereas this rate increased
to 1 in 2 patients with concurrent high glucose levels. The consideration of pretreatment glucose in addition to
the presence of VLCBV regions resulted in higher positive predictive value for the prediction of PH in compari-
son with VLCBV alone. From a practical point of view, the combination of these biomarkers could be useful in
the evaluation of strategies aimed to protect the blood-brain barrier in this patient population as patients with
regions of severe ischemia and elevated pretreatment glucose levels may represent a target population for the early
implementation of preventive strategies. These strategies could theoretically include a tighter control of blood
pressure, the avoidance of early post-treatment aggressive antithrombotic therapy or the addition of adjunctive
neuroprotective or vasculoprotective therapies. Of these potential treatments, the implementation of strategies
focused in lowering glucose concentrations and achieving a tight glucose control in the early acute phase have
been repeatedly unsuccessful in humans regardless of preventing lactic acidosis®**. Contrarily, preliminary
data from preclinical and clinical studies support that the enhancement of antioxidant exposure in combination
with reperfusion therapies could minimize the toxicity of hyperglycemia®. Importantly, given the strong clini-
cal benefits of MT, the presence of regions of severe reductions of CBV in CTP and concurrent hyperglycemia
should not preclude the treatment of patients otherwise eligible for receiving endovascular reperfusion therapies.

In experimental models of brain ischemia, hyperglycemia exacerbates ischemic brain injury by increasing
infarct size, brain swelling and blood-brain barrier disruption®' . Several preclinical studies have shown a direct
association between induced hyperglycemia and poorer perfusion metrics during ischemia and after reperfusion
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Figure 2. Predicted probability of parenchymal hematoma (PH) at follow-up MRI. Predicted probability of
parenchymal hematoma (PH) at follow-up MRI by pretreatment glucose levels according to subgroups defined
by the presence or absence of very low cerebral blood volume (VLCBV) regions. Dashed lines show the 95% CI.
For graphical purposes, pretreatment glucose was analyzed as a continuous variable. The predicted probabilities
were obtained in models adjusted for baseline NIHSS, reperfusion treatment modality, recanalization and stroke
etiology.
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Figure 3. Cerebral blood volume values measured at pretreatment CTP in coregistered brain regions that
developed PH or infarct at follow-up. (a) Box-whisker plots of cerebral blood volume (CBV) values extracted
from pretreatment computed tomographic perfusion (CTP) in coregistered regions that developed infarct

or parenchymal hematoma (PH) at follow-up according to the presence or absence of pretreatment glucose
levels higher than 116 mg/dL (6.4 mmol/L). (b, ¢) Association between baseline glucose levels and CBV values
extracted from pretreatment CTP in coregistered regions that developed infarct (b) or PH (c) at follow-up MRI.
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Pretreatment glucose VLCBV regions

(per IQR increase) (yes vs no) Pi
mRS shift at 90 days 1.310 (1.091-1.587), p=0.006 1.587 (0.887-2.838), p=0.120 0.562
Symptomatic ICH 0.804 (0.424-1.525), p=0.504 0.797 (0.095-6.663), p=0.834 0.998
Mortality at 90 days 0.990 (0.612-1.603), p=0.968 0.932 (0.200-4.338), p=0.929 0.751

Table 3. Association of pretreatment glucose levels and VLCBV with clinical endpoints. Odds ratios, 95%
confidence intervals and p values per IQR increase in pretreatment glucose levels (second column) and
according to the presence of very low cerebral blood volume (VLCBV) regions (third column) obtained
through unadjusted logistic regression analysis. Pi values (fourth column) are the p values for the interaction
between pretreatment glucose levels and the presence of VLCBV regions on each of the evaluated clinical
outcomes. ICH intracranial hemorrhage, mRS modified Rankin Scale.

whereas others were not able to identify such relationship'®*. In this study, pretreatment CBV values were not
correlated with pretreatment glucose levels and were similar in patients with levels higher or lower than 116 mg/
dL (6.4 mmol/L), regardless of the presence of successful recanalization. In addition, the quality of reperfusion
obtained at the end of MT was not associated with pretreatment glucose levels, in agreement with findings from a
recent meta-analysis that included pooled-data of the pivotal thrombectomy trials', Overall, our results support
the relevance of additional pathophysiological mechanisms beyond hyperacute glucose-driven disturbances in
cerebral perfusion to explain the association between hyperglycemia and severe hypoperfusion with the risk of
PH, such as enhanced thromboinflammatory mechanisms, increased blood-brain barrier disruption and worse
cytotoxic injury, among others'***¥7.

The main strength of the study was the use of whole-brain CTP that allowed obtaining perfusion measures
of most of the affected brain tissue. Moreover, patients were collected consecutively and managed following a
homogeneous therapeutic protocol. The management of hyperglycemia in the acute phase followed the recom-
mendations of contemporary guidelines recommending the administration of insulin in patients with glucose
concentrations > 140 mg/dL (7.8 mmol/L). Furthermore, although the sensitivity of MRI to detect hemorrhagic
transformation is higher than CT, we do not think this is likely to have significantly affected our result because
the imaging modality used for the attribution of the main outcome variable (PH) was identical (gradient-recall
echo MRI sequence) in all the study population thus avoiding biases related to the use of different modalities (CT
or MRI). Nonetheless, the study has several limitations. First, the assessment of perfusion with dynamic CT in
acute stroke is a static evaluation of a multifaceted and time-dependent process. Secondly, perfusion measures
may be affected by multiple factors, including acquisition protocols, brain coverage and post-processing plat-
forms, and therefore our results may apply to the protocol of acquisition and analysis that were employed in these
series and may not be generalizable to other methodologies. In this study, we used the European Cooperative
Acute Stroke Study criteria for qualifying the type of hemorrhagic transformations to allow direct comparisons
with previously reported studies on the same matter. Further validation of these results using the new Heidel-
berg Bleeding Classification specially for assessing the effect of hyperglycemia and severe hypoperfusion on
the risk of symptomatic hemorrhagic transformation is warranted*. An additional limitation includes the lack
of information on the longitudinal course of glucose at follow up and the undocumented use of blood glucose
lowering drugs. Finally, the results were not controlled by type of stroke onset (witnessed versus unwitnessed)
or pre-stroke fasting status, as those variables were not registered. Of note, given the retrospective nature of the
study no causality assumptions can be inferred from the obtained data.

Conclusions

In summary, this study shows that elevated pretreatment glucose levels were associated with an increased risk of
parenchymal hematoma after endovascular reperfusion therapy of acute ischemic stroke in patients with severe
pretreatment hypoperfusion. Moreover, the link between pretreatment glucose levels and severe hypoperfusion
was not explained by an association of glucose with reduced CBV during ischemia and prior to reperfusion, thus
suggesting alternative deleterious mechanisms other than direct glucose-driven hemodynamic impairment. These
two factors should be considered in the evaluation of adjunctive neuroprotective strategies aimed to protect the
blood-brain barrier in addition to early and complete recanalization.

Data availability
The datasets analyzed during the current study are available from the corresponding author on reasonable
request.
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Supplementary methods
CTP imaging and follow-up MRI parameters

Patients were scanned using a SIEMENS Somatom Definition Flash 128-section dual-source
multidetector scanner (Siemens Healthcare, Erlangen, Germany), with a 98mm z-coverage and
a total acquisition time of 60s (31 time points). The imaging protocol included a baseline
multimodal whole-brain CT scan, which included a Non-Contrast CT (NCCT) (140Kv, 127mAs,
FoV 225mm, matrix 512x512, slice thickness 5mm), a CT angiography (120Kv, 663mAs, FoV
261mm, matrix 512x512, slice thickness 0,6mm), and a CTP. For CTP acquisition, a total of fifty
milliliters of nonionic iodinated contrast was administered intravenously at 5 mL/s by using a
power injector, followed by a saline flush of 20ml at an injection rate of 2ml/s. CTP imaging
parameters were 80 kV(peak), 250 mAs, 1.5-second rotation, FoV 18mm, matrix 512x512, and
2-mm thickness (49 slices in total). The follow-up MRI included diffusion-weighted images
(DWI, parameters: Repetition time (TR)/echo time (TE) 10800/89ms, matrix 192x192, Field of
View (FoV) 240mm, slice thickness 3mm, directions x,y,z, b-values: 0 and 1000 mm/s2) and
Gradient-Echo T2*-weighted (GRE: TR/TE 764/26 ms; matrix 384x512 ; FoV 240 mm ; slice

thickness 5 mm) sequences.
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Supplementary Figure S1

Flow chart of the study.
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Supplementary Figure S2

Distribution of pretreatment glucose concentration and Very Low CBV regions.
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Figure legend: Histograms showing the distribution of pretreatment glucose levels, the volume
of regions with very low cerebral blood volume (VLCBV) and the number of patients in
categories defined by the presence of VLCBV regions and glucose levels higher or lower than
116 mg/dL.
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Supplementary Table 1

Demographics, baseline and procedure related variables according to the presence of

Very Low Cerebral Blood Volume regions.

VLCBV - VLCBV # p
N=219 N=39

Age (years), median (IQR) 72 (61-80) 67 (56-81) 0.216
Males, n (%) 102 (47) 30 (77) <0.001
Hypertension, n (%) 123 (56) 24 (62) 0.532
Diabetes, n (%) 34 (16) 2 (5) 0.084
Dyslipidemia, n (%) 83 (38) 15 (39) 0.947
Atrial Fibrillation, n (%) 62 (28) 13 (33) 0.524
Previous Antithrombotic treatment, n (%) 85 (39) 19 (49) 0.245
Baseline SBP (mmHg), median (IQR) 142 (125-160) 135 (125-150) 0.178
Glucose (mg/dL), median (IQR) 120 (106-142) 116 (93-134) 0.088
NIHSS at admission, median (IQR) 16 (10-20) 18 (15-21) 0.049
Ischemic core on CTP (mL), median (IQR) 15 (7-27) 54 (43-72) <0.001
Hypoperfused tissue on CTP (mL), median (IQR) 129 (87-169) 203 (153-234) | <0.001
Good collaterals, n (%) 166 (76) 19 (49) 0.001
Alteplase + MT, n (%) 105 (48) 12 (31) 0.047
Recanalization (yes), n (%) 174 (80) 30 (77) 0.721
Time to recanalization (min), median (IQR) 291 (205-395) 288 (210-405) 0.851
Recanalization groups 0.922

Recanalization <4.5h, n (%) 78 (36) 14 (36)

Recanalization >4.5h, n (%) 96 (44) 16 (41)

No rec, n (%) 45 (21) 9 (23)
Time to MRI (hours), md (IQR) 40 (26-67) 41 (27-70) 0.971
Cardioembolic origin, n (%) 107 (49) 23 (59) 0.244
Location of the occlusion 0.336

Tandem occlusions, n (%) 31 (14) 9 (23)

ICA-T or M1, n (%) 171 (78) 28 (72)

M2, n (%) 17 (8) 2(5)

ASPECTS: Alberta Stroke Program Early CT Score; CTP: computed tomographic perfusion; ET:
endovascular therapy; ICA-T: internal carotid artery; MT: Mechanical Thrombectomy; NIHSS:

National Institutes of Health Stroke Scale; SBP: systolic blood pressure; VLCBV: very low

cerebral blood volume.
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Supplementary Table 2

Demographics, baseline and procedure related variables according to the occurrence of

parenchymal hematoma in patients with Very Low Cerebral Blood Volume regions.

No PH PH p
N=26 N=13

Age (years), median (IQR) 68 (53-81) 63 (57-76) 0.918
Males, n (%) 20 (77) 10 (77) 1.000
Hypertension, n (%) 12 (46) 3(23) 0.163
Diabetes, n (%) 1(4) 1(8) 1.000
Dyslipidemia, n (%) 10 (39) 5 (39) 1.000
Atrial Fibrillation, n (%) 7 (27) 6 (46) 0.290
Previous Antithrombotic treatment, n (%) 10 (39) 9 (69) 0.070
Baseline SBP (mmHg), median (IQR) 135 (125-149) 135 (125-155) 0.965
Glucose (mg/dL), median (IQR) 109 (91-127) 133 (116-150) 0.023
NIHSS at admission, median (IQR) 18 (14-19) 21 (19-23) 0.010
Ischemic core on CTP (mL), median (IQR) 57 (48-72) 53 (32-65) 0.308
Hypoperfused tissue on CTP (mL), median (IQR) | 204 (164-229) 198 (143-264) 0.872
VLCBV (mL), median (IQR) 3.8 (2.3-7.3) 3.0(2.2-7.1) 0.941
Good collaterals, n (%) 14 (54) 5(39) 0.365
Alteplase + MT, n (%) 19 (73) 8 (62) 0.486
Recanalization (yes), n (%) 20 (77) 10 (77) 1.000
Time to recanalization (min), median (IQR) 270 (216-373) 360 (290-435) 0.087
Recanalization groups 0.117

Recanalization <4.5h, n (%) 12 (46) 2(15)

Recanalization >4.5h, n (%) 8 (31) 8 (62)

No rec, n (%) 6 (23) 3(23)
Time to MRI (hours), md (IQR) 41 (28-70) 41 (26-75) 0.987
Cardioembolic origin, n (%) 15 (58) 8 (62) 0.818
Location of the occlusion 0.663

Tandem occlusions, n (%) 7(27) 2(15)

ICA-T or M1, n (%) 18 (69) 10 (77)

M2, n (%) 1(4) 1(8)

ASPECTS: Alberta Stroke Program Early CT Score; CTP: computed tomographic perfusion; ET:
endovascular therapy; ICA-T: internal carotid artery; MT: Mechanical Thrombectomy; NIHSS:

National Institutes of Health Stroke Scale; SBP: systolic blood pressure; VLCBV: very low

cerebral blood volume.
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Supplementary Table 3

Adjusted multivariate models for the prediction of parenchymal hematoma in the whole

population and in subgroups defined by the presence of VLCBYV regions.

Whole population VLCBV - VLCBV +
OR 95%ClI OR 95%CI OR 95%CI
p value p value p value
Pretreatment glucose (per IQR) 0.97 (0.71-1.32) 0.80 (0.55-1.16) 3.15(1.08-9.19)
p=0.834 p=0.244 p=0.036
Baseline NIHSS (per IQR) 1.42 (1.02-1.96) 1.18 (0.81-1.70) 2.23(0.71-7.29)
p=0.037 p=0.394 p=0.165
Recanalization >4'5h from stroke 5.24 (2.03-13.51) 1.18 (0.81-1.70) 18.0 (1.28-252.70)
onset (vs <4'5h) p=0.001 p=0.394 p=0.032
No recanalization (vs <4'5h) 2.51(0.81-7.80) 2.38 (0.60-9.47) 2.51 (0.16-40.10)
p=0.112 p=0.220 p=0.516
Cardioembolic etiology (vs no) 2.12 (1-04-4.32) 2.10 (0.90-4.87) 0.94 (0.11-7.94)
p=0.039 p=0.085 p=0.951

VLCBYV: Very low cerebral blood volume; NIHSS: National Institutes of Health Stroke Scale; PH:
parenchymal hematoma. The Hosmer—Lemeshow test showed an adequate goodness-of-fit of

the three models (p>0.05 for all).
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5- DISCUSSION
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Ischemic core volume measured on baseline non-contrast CT, MRI-DWI or
CTP is now widely used as a selection criterion for the administration of
reperfusion therapies and has become a tool to aid decision making in
acute stroke treatment mainly in the extended (beyond 6 hours after last
known well) time window [32, 33].

There have been shown strong correlations between CTP-derived ischemic
core volume estimation with both final infarct volume and clinical outcome
[34, 62-65, 69, 73, 74, 77-81, 85, 86, 92, 120]. However, a number of
pretreatment and treatment-related variables, including baseline imaging
features and acute reperfusion treatment modality, have been extensively
proved to modify the performance of CTP for final infarct prediction [60,
65, 69, 70, 71, 73, 74, 87-95]. In this context, the first study of the thesis was
focused on delineating the effect of time from onset to recanalization on
the accuracy of CTP-predicted infarct core. In that study, we analyzed a
cohort of 104 patients achieving complete recanalization after mechanical
thrombectomy who had a pretreatment CTP and a 24-h follow-up MRI-
DWI. We explored a range of absolute and relative CTP thresholds in
perfusion maps at constant increments for ischemic core calculation and
we found that time to recanalization modified significantly the association
between ischemic core and DWI lesion in a non-linear fashion. The
intraclass correlation coefficient values and spatial lesion agreement
between CTP-predicted infarct core and DWI lesion were significantly
lower in patients with recanalization before 4.5 hours from symptom onset
than those with latter recanalization time. We also found that the
significance of the associations between CTP-derived infarct core and
clinical outcome at 90 days was lost in patients recanalized before 4.5 h.
Overall, these results reinforce and expand previous observations
supporting the dependency of optimal CTP thresholds on time to
recanalization and the notion that CBF thresholds for tissue infarction
should be more restrictive in patients with shorter time from stroke onset
to reperfusion [69, 78-84]. Beyond the differences in CTP acquisition and
post-processing protocols that were used in these previous works, we
limited the study to a highly homogeneous stroke population consisting in
patients that achieved full reperfusion at the end of MT thus minimizing
the risk of evolving infarct growth from the end of MT to follow-up MRI
secondary to non-complete recanalization. Moreover, as a novel approach,
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we modeled the relationship between time to recanalization and CTP-DWI
volumetric differences through curve estimation analyses across different
perfusion parameters and thresholds and we also explored their impact on
long-term clinical outcome. Indeed, in contraposition with previous
published data and according to intraclass correlation coefficient analyses
[78-81], in patients with earlier recanalization, the reliability of CTP for the
prediction of final infarct volume was only moderate; even using more
restrictive perfusion thresholds and ischemic core predicted values tended
towards the overestimation of irreversible tissue injury. Furthermore, in
the subgroup of patients with earlier and complete recanalization, the
significance of the association of CTP-predicted ischemic core values with
clinical outcome was lost in multivariate adjusted models regardless of the
perfusion parameters and thresholds used for the definition of infarct core.

In the second study of this thesis, we specifically explored the hypothesis
that in certain subgroup of patients, the accuracy of CTP-derived infarct
core for predicting clinical outcome would be lost due to interactions
between several baseline and treatment-related variables with CTP-
predicted ischemic core. For that purpose, we analyzed a total of 828
patients with acute proximal arterial occlusions in the carotid territory
imaged with a whole-brain CTP within 8 hours from stroke onset and
evaluated the potential mediators of the association between CTP-
predicted infarct core and clinical outcome in a derivation cohort (n=654)
for obtaining a prediction model that was further validated in an
independent cohort (n=174). In agreement with previously published data
[60, 88-90, 93], in first-order analyses of interaction we found that the
strength of the association between CTP-predicted infarct core and clinical
outcome was significantly modified by baseline NIHSS, glucose levels and
MT. Moreover, by means of an advanced analysis of interaction (AAI)
including first and second-order interaction terms, we also identified age
and its interaction with the use of MT as additional modifying variables.
The AAI model performed better than CTP-derived infarct core alone and
showed similar accuracy at derivation and validation cohorts. According to
the data presented in the second study of this thesis, the prognostic
relevance of CTP-derived infarct core seems compromised in the context of
milder stroke syndromes, lower baseline glucose levels and in younger
patients, especially when the odds of performing a MT are high.
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Overall, the data found in studies 1 and 2 of this thesis agree and support
current guidelines arguing against the use of CTP-predicted ischemic core
as screening tool to establish the need or lack thereof of reperfusion
therapies in the non-extended time window [68, 90]. Furthermore, these
observations also discourage the use of CTP-derived infarct core as a
selection criterion for MT in patients in whom is anticipated a short delay
from stroke onset to complete recanalization (i.e. within the first 4.5h from
stroke onset) [68]. Taken together, these data highlight the limited
accuracy of CTP for predicting final infarct volume or clinical outcome in
AIS patients in the early temporal window, challenges the imaging ischemic
core concept and supports the need for an individualized evaluation of
perfusion measures.

Early reperfusion is the most effective treatment for AIS patients including
rtPA administration and/or MT [121]. However, less than half of the patients
who receive treatment obtain a permanent clinical benefit [68]. One of
the mechanisms related to the lack of improvement after reperfusion
therapies is the early breakdown of the BBB, which in turn is originated,
among others, by the severity of brain ischemia. Experimental cerebral
ischemia impairs vascular integrity and results in the loss of microvascular
structures and erythrocyte extravasation [122, 123], in a process that is
dependent on the intensity and duration of the lack of flow [124]. In human
stroke, blood flow can be reliably quantified with dynamic contrast-
enhanced neuroimaging, such as CTP [59]. In the third study of this
doctoral thesis, we aimed to examine the optimal CTP-derived parameters
and the impact of the duration of brain ischemia for the prediction of PH
after MT in a cohort of 146 patients with anterior circulation occlusions
treated with MT. We found that CBV and CBF derived thresholds were
more informative of the risk of PH than those extracted from DT maps. The
best CBV or CBF thresholds for predicting the development of PH were
values lower than 2.5% of mean CBF and CBV values in normal brain [very
low CBF (VLCBF) and VLCBV, respectively]. These results contrast with a
previous threshold-finding study where the optimal observed CTP derived
parameters and thresholds were a Tmax > 14 s, a relative CBF lower than
30% and a relative CBV lower than 35% of normal brain tissue [101]. Beyond
the differences in CTP acquisition and post-processing protocols that were
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used in these previous works, in our study we included a highly
homogeneous stroke population treated with endovascular reperfusion
therapy. This selected population contrasts with the former study in which
only half of the patients received systemic thrombolysis thus precluding
the high rate of early reperfusion encountered in our study. Overall, these
data may indicate that the amount of tissue with an extreme reduction of
perfusion would be the most relevant hemodynamic parameter for
promoting early BBB damage, particularly when multimodal reperfusion
therapy is administered to achieve early recanalization.

On the other hand, the reperfusion of a severely ischemic tissue may lead
to harmful consequences, which include brain edema, hemorrhagic
complications or a combination of them. This deleterious process is called,
as mentioned in the Introduction, reperfusion injury and implies a myriad
of mechanisms such as oxidative stress, inflammation and activation of
proteolytic enzymes that finally involve the disruption of the BBB [125]. In
the experimental setting, the duration of ischemia prior to reperfusion is
strongly related to the risk of hemorrhagic complications [126]. Post-
ischemic reperfusion can impair vascular function and exacerbate ischemic
injury after longer durations of ischemia and reperfusion [127]. In
experimental models of thromboembolic middle cerebral artery occlusion
in rats the duration of brain ischemia prior to reperfusion parallels an
increased risk and severity of HT. Thus, after 6 hours of occlusion the risk
of PH is significantly increased in comparison with shorter occlusion times
(3h) or permanent occlusion [128]. Accordingly, in humans with
cardioembolic stroke, recanalization occurring beyond 6 hours is
associated in some studies with an increased risk of HT [129]. In agreement
with these previous reports, in the third study of this doctoral thesis we
found that the risk of PH was increased in patients with delayed
recanalization (over 6 hours of stroke onset). Moreover, even in the
subgroup of patients achieving early recanalization at the end of ET, we
also found a significant association between the time delay to
recanalization and the risk of PH. Overall, our results further support that
reperfusion may be more deleterious for the integrity of the BBB in
patients with longer duration of ischemia. However, given the strong
beneficial effects in terms of clinical outcome of endovascular reperfusion
therapies recently shown in clinical trials, the presence of regions of VLCBF
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or VLCBV in CTP should not preclude the treatment of patients otherwise
eligible for receiving endovascular reperfusion therapies. Indeed, the low
positive predictive value and high negative predictive value of the best
performing thresholds indicate that severe ischemia may be a necessary
but not sufficient mediator for PH.

Beyond the severity of brain ischemia, a number of additional variables
have been also associated with an increased risk of HT after MT, including
an increased NIHSS score, poor collaterals, antiplatelet use, atrial
fibrillation, older age or pretreatment hyperglycemia, among others [130].

In the fourth study of this thesis, we aimed to evaluate the existence of
synergistic effects between elevated glucose and VLCBF and VLCBV values
in the promotion of PH after MT. We analyzed a cohort of 258 patients
treated with MT who had a pretreatment CTP and a follow-up MRI and we
found that pretreatment glucose levels interacted significantly with severe
hypoperfusion on the prediction of PH. Thus, in patients with regions of
VLCBV, higher pretreatment glucose levels increased significantly the risk
of PH, while this association was not significant in patients without VLCBV
regions. Indeed, about 1 in 5 patients with VLCBV regions and low
pretreatment glucose levels at baseline developed a PH in follow-up
neuroimaging, whereas this rate increased to 1 in 2 patients with
concurrent high glucose levels. The consideration of pretreatment glucose
in addition to the presence of VLCBV regions resulted in higher positive
predictive value for the prediction of PH in comparison with VLCBYV alone.

In experimental models of brain ischemia, hyperglycemia exacerbates
ischemic brain injury by increasing infarct size, brain swelling and blood-
brain barrier disruption [131-134]. Several preclinical studies have shown a
direct association between induced hyperglycemia and poorer perfusion
metrics during ischemia and after reperfusion whereas others were not
able to identify such relationship [112-119]. In the fourth study of this
doctoral thesis, pretreatment CBV values were not correlated with
pretreatment glucose levels and were similar in patients with levels higher
or lower than 116 mg/dL (6.4 mmol/L), regardless of the presence of
successful recanalization. In addition, the quality of reperfusion obtained at
the end of MT was not associated with pretreatment glucose levels, in
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agreement with findings from a recent meta-analysis that included pooled-
data of the pivotal thrombectomy trials [111]. Overall, our results support
the relevance of additional pathophysiological mechanisms beyond
hyperacute glucose-driven disturbances in cerebral perfusion to explain
the association between hyperglycemia and severe hypoperfusion with the
risk of PH, such as enhanced thromboinflammatory mechanisms, increased
blood-brain barrier disruption, worse cytotoxic injury or the deleterious
effects of glucose-associated oxidative stress [108, 133-135].

As mentioned before, given the strong clinical benefits of MT, the presence
of regions of severe reductions of CBV in CTP and concurrent
hyperglycemia should not preclude the treatment of patients otherwise
eligible for receiving endovascular reperfusion therapies. Even though,
from a practical point of view, the combination of these biomarkers could
be useful in the evaluation of strategies aimed to protect the BBB as
patients with regions of severe ischemia and elevated pretreatment
glucose levels may represent a target population for the early
implementation of preventive strategies. These strategies could
theoretically include a tighter control of blood pressure, the avoidance of
early post-treatment aggressive antithrombotic therapy or the addition of
adjunctive neuroprotective or vasculoprotective therapies. Of these
potential treatments, the implementation of strategies focused in lowering
glucose concentrations and achieving a tight glucose control in the early
acute phase have been repeatedly unsuccessful in humans regardless of
preventing lactic acidosis [136-138]. Contrarily, preliminary data from
preclinical and clinical studies support that the enhancement of antioxidant
exposure in combination with reperfusion therapies could minimize the
toxicity of hyperglycemia [135].

In summary, the results presented in this doctoral thesis provide evidence
to reinforce the strengths and limitations of CTP imaging and the need of
taking into account baseline and clinical variables (personalized medicine)
in the evaluation of tissue viability to predict final infarct volume, clinical
outcome and risk of HT in AIS patients.
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6- CONCLUSION
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6.1.1

6.1.2

6.2

6.3

6.4

CTP-derived ischemic core is associated with final infarct DWI volumes in
AIS patients who achieve complete recanalization after MT, but this
association is significantly modified by time from stroke onset to
recanalization in a non-linear fashion. The reliability of CTP-predicted
ischemic core is good in patients with complete recanalization after 4.5h
from stroke onset, whereas it is only moderate in those who achieve
earlier and complete recanalization.

CTP-derived ischemic core is associated with poor long-term clinical
outcome in AlS patients who achieve complete recanalization after MT,
although this association is lost in patients recanalized before 4.5h from
symptom onset.

Ischemic core measured in CTP is associated with poor long-term clinical
outcome, although this association is significantly modified by baseline
stroke severity, pretreatment glucose levels, thrombectomy use and
age. Specifically, the prognostic relevance of ischemic core is
compromised in the context of milder stroke syndromes, lower baseline
glucose levels and in younger patients, especially when the odds of
performing of MT are high.

The identification of severe perfusion deficits evaluated with CTP is
predictive of the risk of hemorrhagic complications after MT of AIS
patients, especially in those with delayed recanalization.

Elevated pretreatment glucose levels are associated with an increased
risk of PH after MT in AIS patients with severe pretreatment
hypoperfusion.
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