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Abstract

Purpose In acute cerebral ischemia, the assessment of irre-
versible injury is crucial for treatment decisions and the pa-
tient’s prognosis. There is still uncertainty how imaging can
safely differentiate reversible from irreversible ischemic brain
tissue in the acute phase of stroke.

Methods We have searched PubMed and Google Scholar for
experimental and clinical papers describing the pathology and
pathophysiology of cerebral ischemia under controlled
conditions.

Results Within the first 6 h of stroke onset, ischemic cell in-
jury is subtle and hard to recognize under the microscope.
Functional impairment is obvious, but can be induced by is-
chemic blood flow allowing recovery with flow restoration.
The critical cerebral blood flow (CBF) threshold for irrevers-
ible injury is ~15 ml/100 g x min. Below this threshold, is-
chemic brain tissue takes up water in case of any residual
capillary flow (ionic edema). Because tissue water content is
linearly related to X-ray attenuation, computed tomography
(CT) can detect and measure ionic edema and, thus, determine
ischemic brain infarction. In contrast, diffusion-weighted
magnetic resonance imaging (DWI) detects cytotoxic edema
that develops at higher thresholds of ischemic CBF and is thus
highly sensitive for milder levels of brain ischemia, but not
specific for irreversible brain tissue injury.
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Conclusion CT and MRI are complimentary in the detection
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Introduction

The invention of computed tomography (CT) and of mag-
netic resonance imaging (MRI) about 40 years ago has en-
abled us to image the human brain’s tissue and vessels on
macroscopic and microscopic levels, to study its pathology,
and to measure cerebral perfusion and neuronal activity.
Though the diagnostic and therapeutic impact of CT and
MRI is obvious for ischemic stroke patients, still uncertainty
exists how to interpret imaging findings associated with
acute ischemic stroke symptoms like hypoattenuation or im-
paired proton diffusion. Focal X-ray hypoattenuation and
other CT findings are imprecisely, vaguely, and falsely ad-
dressed as “hypodensity, early ischemic changes, early
stroke signs, early infarct signs, insular ribbon sign (loss of
the insular ribbon [1]), obscuration of the lentiform nucleus
[2], loss of gray/white matter contrast, infarct core, efface-
ment of sulci, or dense artery sign [3].” The language re-
veals the uncertainty of radiologists and stroke experts how
“early ischemic changes” on CT and MRI translate to acute
ischemic brain pathology like brain edema and infarction. In
particular, there is uncertainty how to safely differentiate
reversible from irreversible ischemic injury on CT and
MRI in the acute phase of stroke when treatment decisions
are urgent. This differentiation is of utmost importance for
ischemic stroke management, because brain tissue with
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reversible changes can recover with reperfusion whereas ir-
reversibly injured tissue cannot. There is conviction that CT
cannot reliably demonstrate irreversibly damaged brain tis-
sue in the acute stage of ischemic stroke [4] and that
diffusion-weighted MRI (DWI) has proved to be more sen-
sitive than CT for the detection of infarction [5]. Both state-
ments suffer, however, from the lack of a reference standard
for irreversible ischemic damage (infarction) the indispens-
able requirement for assessing and comparing the diagnostic
accuracy of CT and DWI for brain infarction. Moreover, our
understanding of acute stroke pathology is limited, because
thousands of ischemic stroke patients have been included
into clinical trials without assessing basic pathological con-
ditions like arterial occlusion and recanalization or cerebral
blood flow (CBF) [6]. Moreover, patients rarely die from
ischemic stroke within the first hours of symptom onset.
Consequently, autopsy data are lacking. We have to rely
on animal experiments to understand what X-ray
hypoattenuation and diffusion impairment of ischemic brain
tissue mean in terms of tissue pathology, survival, and re-
covery. We provide here a review of experimental studies on
ischemic brain ischemia, edema, and neuronal death that
may help avoiding the misinterpretation of imaging findings
in the acute phase of ischemic stroke.

Cerebral blood flow in experimental middle cerebral
artery occlusion

In experimental animals, global or focal brain ischemia can
be induced. We will discuss here mainly focal brain ische-
mia because it best mirrors ischemic stroke in humans.
Permanent or transient occlusion of the proximal middle
cerebral artery (MCA) is regarded as the most relevant and
reproducible model of focal ischemic stroke or transient is-
chemic attack (TIA) [7]. Avoiding open-skull surgery by
transorbital approach, occlusion of the MCA was achieved
by means of a clip or snare ligature or—in smaller experi-
mental animals—by introducing a nylon suture via the inter-
nal carotid artery into the orifice of the MCA [8, 9].
Measurement of local CBF with microelectrodes and hydro-
gen clearance or with microspheres enabled the study of the
brain’s physiological and pathophysiological reactions to dif-
ferent levels of ischemia in the brain’s cortex and basal
ganglia of experimental animals [10—16]. Brain ischemia
after MCA occlusion was controlled by varying the cerebral
perfusion pressure in the non-human primate, cat, or rat.
After MCA occlusion, CBF dropped heterogeneously to dif-
ferent degrees within the MCA territory in non-human pri-
mates varying between 6.5 and 146.6% of basal cortical
CBF [17]. This variation in focal CBF allowed the study
of electrophysiological and metabolic reactions of the brains
cortex to different levels of ischemia.
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Thresholds of ischemia in relation to brain structure
and function

The concept of thresholds of ischemia in relation to brain struc-
ture and function was introduced in 1977 [18, 19] and became
the rationale for reperfusion therapy by showing that the critical
cerebral blood flow (CBF) threshold for irreversible injury is
lower than for neuronal dysfunction. Cortical evoked poten-
tials’ amplitude diminished immediately with a residual CBF
of <16 ml/100 g x min and became zero with lower CBF
values. Animals with permanent MCA occlusion were follow-
ed during 3 years and then sacrificed. It turned out that the tissue
volume with initial loss of cortical function exceeded the tissue
volume of final brain infarction. The authors concluded that
“the ultimate area of infarction is confined to areas where blood
flow reduction in the acute stage of the stroke is a great deal
more intense and certainly below values of 10 ml/100 g X min”
[18]. Astrup et al. showed that massive release of intra-cellular
potassium ions into the extra-cellular space does not explain the
failure of neuronal function occurring at lower cortical CBF at
about 6 ml/100 g x min [19]. They proposed the concept of
“ischemic penumbra during which the neurons remain structur-
ally intact but functionally inactive” after finding that an in-
crease in CBF can restore evoked potential and normalize
extra-cellular potassium activity [20]. This concept was wid-
ened by studies showing that neuronal survival under ischemic
conditions depends on time [21, 22]. At CBF below 10 ml/
100 g x min, neurons die within 30 min, but survive indefinitely
at a CBF above 15 ml/100 g x min. Awake non-human pri-
mates can tolerate brain ischemia of 10 to 15 m1/100 g x min for
2 to 3 h without irreversible injury. The concept of the viability
thresholds of brain ischemia became more complex after the
study of additional metabolic disturbances in brain ischemia.
Table 1 summarizes the most important electro-physiological
and metabolic changes at different ischemic CBF thresholds
according to Hossmann [14].

Though the penumbra concept is promising in telling that
neuronal dysfunction in ischemic stroke is reversible in prin-
ciple and does not necessarily result in permanent disability, it
does not provide clues how to reliably identify brain tissue that
is irreversibly damaged under clinical conditions. Dysfunction
is obvious to the stroke patient and his/her physician, but the
proportion of the functionally inactive brain tissue that will not
recover with CBF restoration is obscure. Searching for an
imaging marker for ischemic tissue damage, we aim to find
out when tissue necrosis becomes visible after arterial occlu-
sion in histological studies.

Histology of evolving ischemic brain infarction

Garcia et al. extensively studied the evolution of ischemic
brain infarction after MCA occlusion in animal models [7, 9,
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23-26]. He differentiated between necrotic neurons (pyknosis,
karyorrhexis, karyolysis, cytoplasmatic eosinophilia, loss of
hematoxylin affinity), infarction (pannecrosis involving all
cell types within a defined vascular territory), and selective
neuronal necrosis (irreversible injury limited to specific brain
neuron populations) [25]. After MCA occlusion in rats, mi-
croscopic changes appear first after 30 min as small lesions in
the preoptic area involve then the striatum and, finally, the
cerebral cortex. Up to 6 h, the ischemic injury induces neuro-
nal scalloping, shrinkage, and swelling in less than 20% of
neurons in the affected territories [25]. Eosinophylia and
karyolysis appeared not before 12 h. Astrocytes responded
to ischemia with cytoplasmatic disintegration in the preoptic
area and with nuclear and plasmatic swelling in striatum and
cortex at a time and place where neurons appeared only min-
imally injured. Focal brain ischemia does not produce coagu-
lation necrosis (pannecrosis) within 6 h of arterial occlusion
[26]. It became obvious that histological changes are subtle
after MCA occlusion within the acute phase of ischemic
stroke (6 h) and unlikely to be detected by CT or MRI.
Because of their relatively low spatial resolution, both imag-
ing modalities have no chance to directly identify selective
neuronal necrosis. Moreover, it remained unclear whether
and which such subtle changes—detected early after stroke
onset—are reversible or irreversible ischemic injuries. A bet-
ter imaging marker for ischemic tissue damage may be the
shrinkage of extracellular space due to cellular swelling and
tissue water content.

Types of ischemic edema

Molecular pathophysiology differentiates three types of ede-
ma in focal brain ischemia: cytotoxic, ionic, and vasogenic
[27].

Cytotoxic edema or cellular edema involves oncotic swell-
ing of glial and neuronal cells due to a shift of ions—mainly Na*
and CI'—and water molecules from the extracellular to the intra-
cellular space as a consequence of ischemic adenosintriphosphate
depletion. Without any new constituent from the intravascular
space, tissue swelling does not occur. Pure cytotoxic edema de-
velops in brain tissue being removed from the living brain.
Remote from blood supply, such a piece of ischemic brain will
not swell or develop other types of edema [27]. Oncotic swelling
of astrocytes and neurons means shrinkage of extracellular space
that is already observed at relatively mild ischemia with a CBF
below 30 ml/100 g x min (Table 1) [28].

lonic edema means net uptake of water by dense ischemic
brain tissue from perfused or re-perfused capillaries through
an intact blood-brain-barrier. Depletion of extracellular Na*
due to cytotoxic edema creates a concentration gradient be-
tween intravascular and extracellular compartments across the
blood-brain-barrier. Along this osmotic pressure gradient,

Table 1  Thresholds of ischemia for cortical electrophysiological,
clinical, and metabolic events in the experimental animal according to
[14] and imaging findings

CBF Event
ml/100 g X min

Imaging

<80 Impairment protein synthesis
Selective gene expression
Selective neuronal loss
<40 Acidosis
Increase in glucose utilization
<30 Neurotransmitter release
Shrinkage of extracellular
space
Cytotoxic edema
<20 Decrease in glucose utilization
Decline of ATP
Decline of EEG and EP
amplitudes
Reversible neurological
dysfunction
Irreversible deficit with
permanent ischemia
<10 Irreversible neuronal
dysfunction after 30 min
Increase in extracellular K*
and Ca”*
Ionic edema

Decline in ADC
High signal on
DWI

Gray matter X-ray
hypoattenuation
on CT

ADC apparent diffusion coefficient, DWI diffusion-weighted magnetic
resonance imaging, C7 computed tomography, ATP adenosine triphos-
phate, EEG electro-encephalogram, EP evoked potentials

Na*, CI", and water molecules are transported into the extra-
cellular space through special endothelium channels (perme-
ability pores) that can be blocked with low-dose
glibenclamide [29]. Net water uptake starts immediately after
MCA occlusion and was related to the degree of ischemia in
that region if CBF was reduced below 15-20 ml/100 g x min
[30]. Cerebral water content increased from 78 to 80.5% with-
in 3 h of permanent arterial occlusion and up to 83% within
9 h. Restoration of blood flow following 30-min occlusion
stopped the increase in cerebral water content and reached
the control value after 3 days [31]. In a rat model of global
ischemia down to 5.8 ml/100 g x min, cortical specific gravity
decreased from 1.0484 to 1.0445 within 60 min and recovered
with restoration of CBF after 15 min of ischemia, but not after
30 or 60 min of ischemia [32]. After MCA occlusion in the
cat, cortical water content increased from 80.5 to 84% in re-
gions with CBF below 10-15 ml/100 g X min. Ionic edema
was associated with further decrease in CBF below the thresh-
old of 10 ml/100 g x min defined as “critical ischemia” below
which functional recovery is impossible [15]. Ionic edema is,
therefore, an early marker of irreversible ischemic injury.
Ischemic vasogenic edema is the consequence of blood-
brain-barrier breakdown with leakage of plasma proteins into
extracellular space starting 4 to 12 h after arterial occlusion
[7]. Hydrostatic and osmotic pressure gradients contribute to
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the increase in tissue water content that may cause severe
brain tissue swelling, further decrease in perfusion pressure,
mass effects, and fatal herniation (malignant infarction).

Imaging of brain edema
Cytotoxic edema

Computed tomography cannot detect pure cytotoxic edema
(shrinkage of extracellular space and oncotic cell swelling
without net water uptake), because cytotoxic edema does not
affect X-ray attenuation or induce tissue swelling (Fig. 1). Itis
evident that cytotoxic edema is associated with impairment of
proton diffusion detected by diffusion-weighted MRI (DWI)

and measured on apparent diffusion coefficient (ADC) maps.
A decrease in ADC 90 min after MCA occlusion was associ-
ated with extracellular fluid loss, swelling of various cellular
compartments, and neuronal shrinkage [33]. Apparent diffu-
sion coefficient declines immediately when CBF falls below
20 to 40 ml/100 g x min in animals and humans [34, 35]
corresponding well with the CBF threshold for the shrinkage
of extracellular space [28]. High-signal lesions on DWI
representing cytotoxic edema can disappear with reperfusion,
but are closely associated with infarction if persistent as
shown in animal and clinical studies [36—38]. Detecting cyto-
toxic edema at the time of stroke symptom onset immediately
after arterial occlusion with high sensitivity, DWI identifies
brain regions suffering from CBF below 40 ml/100 g X min
and, thus, tissue regions that may not survive without blood

Fig. 1 Embolic pattern of cytotoxic edema not detected by CT. a—d Four
sections of cranial CT of a 62-year-old man 87 min after onset of left-
sided hemiparesis. CT angiography (not presented) does not show arterial
occlusion. Subtle small lesion in both cerebellar hemispheres not
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explaining the symptoms. e-h DWI at 3 h and 10 min after symptom
onset shows an embolic pattern of small lesions in both cerebral and
cerebellar hemispheres with predominance in the right central region
explaining the stroke symptoms. The patient had a dissection of his aorta
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Fig. 1 (continued)

flow restoration. In patients with persistent MCA occlusion, a
DWI lesion >145 cm?® detected within 14 h of stroke onset is
accurately predictive for the development of life-threatening
(malignant) MCA infarction [39]. Diffusion-weighted MRI
does not, however, specifically identify brain tissue being
prone to die even with reperfusion.

Ionic edema

Ionic edema in contrast to cytotoxic edema means increase in
water content and swelling of severely ischemic tissue
(Fig. 2). In vitro measurements of X-ray attenuation and T1
and T2 relaxation in gelatin gels and eggs showed a linear
relationship between CT attenuation and specific gravity/
water content of the gel (» = 0.992; p < 0.0001) and no effect
on X-ray attenuation by egg hardening with water content
kept constant. A 1% increase in gel water content was associ-
ated with a decrease in X-ray attenuation of 2.6 Hounsfield
units (HU). The relationship between T1 and T2 relaxation

and gel water content was linear as well. A 6% increase in
gel water content resulted in a 19% increase in T2 signal
intensity in contrast to a 25% change in CT attenuation in
the same specimens [40]. Moreover, cooking egg white while
keeping water content stable considerably shortened T1 and
T2 relaxation and impaired MR signal intensity showing the
impact of bulk water transfer into bound water on MR signal
intensity and demonstrating the complexity of MR signal in-
tensity. Computed tomography can measure and follow ionic
edema following MCA occlusion in the experimental animal
[41-43]. Ischemic brain tissue water content increased steadi-
ly within 6 h of MCA occlusion from 77.9 to 79.3%, whereas
X-ray attenuation declined from 75.6 to 71.7 HU meaning that
a 1% increase in hemispheric tissue water content caused an
attenuation decrease of 1.8 HU (linear correlation » = 0.55,
p<0.0001) [41]. In a reperfusion experiment, CT attenuation
remained stable after initial decline after 1 h of MCA occlu-
sion, but further decreased with reperfusion after 2, 3, and 4 h
of occlusion [42]. Occlusion of the MCA in non-human
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Fig. 2 Development of malignant infarction. a CT within 6 h of stroke
onset. Subtle hypoattenuation of the total frontal lobe, insular cortex,
temporal lobe, caudate, and lentiform nucleus (territories of middle and
anterior cerebral arteries). b 12 h later: well-demarcated MCA and ACA

primates decreased CBF below 10 ml/100 g x min for4to 6 h
that was associated with an attenuation decrease of 4-5 HU
[43]. A linear relationship between ischemic CBF and de-
crease in CT attenuation was also observed in ischemic stroke
patients within 4.5 h of symptom onset [44].

Based on these experimental and clinical observations, it is
evident that CT can detect and even quantify ionic brain ede-
ma and, thus, the volume of ischemic brain tissue that is irre-
versibly injured. This evidence was strongly supported by the
prospective expert CT reading in the European Cooperative
Acute Stroke Study II (ECASS II), a randomized controlled
trial on the effect of alteplase in 786 ischemic stroke patients
[45]. In this study, experienced neuroradiologists from three
European countries assessed areas of CT hypoattenuation
within 6 h of ischemic stroke onset blinded to follow-up CTs
at 22-96 h and 2-36 days that served as reference standard for
the measurement of diagnostic accuracy [46]. Six hundred
seventy-nine patients had infarctions on follow-up CT. The
positive predictive values for these infarctions were 98 and
95% for the alteplase and placebo-treated patients. The experts
detected CT hypoattenuation in 433 out of 679 patients (64%)
on baseline CT compared to 271 patients (40%) identified by
the study sites. The authors incorrectly calculated CT sensitiv-
ity for “early infarct signs” from these numbers neglecting
that follow-up imaging is an inappropriate reference for the
assessment of baseline CT sensitivity, because ionic edema
has possibly not yet developed within the first 6 h of stroke
with focal brain ischemia below the CBF threshold for neuro-
nal function impairment, but above the threshold for irrevers-
ible injury. Nevertheless, the local investigators at ECASS 2
study sites missed CT hypoattenuation in 162 patients adjudi-
cated positive by expert neuroradiologists demonstrating that
non-experts can miss subtle gray matter hypoattenuation
caused by early stages of ionic edema, e.g., an increase in
tissue water content of less than 1%. Furthermore, low-
contrast resolution due to wide window settings impairs the

@ Springer

infarction with effacement of sulci, but no mass effect. ¢ At 24 h: mass
effect with shift of midline structures and herniation of the right medial
temporal lobe

recognition of early ionic edema with subtle hypoattenuation.
Window and level settings on CT should provide a clear dif-
ferentiation of gray and white matter allowing substantial
inter-observer agreement [47, 48]. Post-processing of CT im-
ages with special software can further enhance gray-white
matter contrast and increase CT sensitivity for ionic edema
[49, 50].

Ionic edema may be accompanied by brain tissue swell-
ing, but brain tissue swelling may not be associated with
ionic edema. Brain tissue swelling without edema may
develop with low perfusion pressure and consecutive com-
pensatory arterial dilatation (Fig. 3). Computed tomography
shows effacement of cerebro-spinal-fluid spaces, but no
tissue hypoattenuation. There is no visible lesion on
DWI. Perfusion imaging shows prolonged transit times,
increased cerebral blood volume, but stable CBF [51,
52]. This so-called isolated focal brain swelling is revers-
ible with an increase in cerebral perfusion pressure and not
an “infarct sign,” but is at risk of ischemic damage if
perfusion pressure is not enhanced. The Alberta Stroke
Program Early CT Score (ASPECTS) originally semi-
quantified CT hypoattenuation and focal swelling within
the MCA territory [53]. After a few years of experience,
the score was revised and only areas with tissue
hypoattenuation are now counted making ASPECTS the
ionic edema score [54].

Vasogenic edema

Extravasation of protein-rich fluids into ischemic brain tissue
may cause severe swelling with mass effects like shift of mid-
line structures and herniation of the medial temporal lobe with
brain stem compression easily detected on CT and MRI.
Leakage of proteins and blood affects CT attenuation and
MR signal and may even obscurate hypoattenuating lesions
that may be mistaken as tissue recovery [55].
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Fig. 3 Brain swelling without
tissue hypoattenuation due to
compensatory vasodilation. CT of
a patient with left-sided
hemiparesis since 12 h caused by
right MCA occlusion. a No ionic
edema visible, but severe swelling
of'the right hemisphere (arrow). b
Six days later: thrombectomy not
attempted with view to
“therapeutic time-window.”
Development of subcortical,
central MCA infarction with
persistent tissue swelling in the
remaining MCA territory

Clinical implications

Based on retrospective observations, more than 20 years ago,
it was hypothesized that ionic edema covering more than 50%
of the MCA territory may be predictive for fatal clinical out-
come [56]. In order to avoid patients with such poor progno-
sis, the ECASS investigators excluded patients with
hypoattenuation >33% of the MCA territory. A post hoc anal-
ysis of ECASS showed that 52 falsely included patients with
extended ionic edema (>33% MCA territory) did not benefit
from alteplase in contrast to 215 patients with small volumes
of ionic edema [57]. In a cohort of 156 stroke patients treated
with alteplase within 3 h of symptom onset, 89% of patients
with ionic edema >33% MCA territory were disabled or death
compared to 24% of patients with smaller ionic edema.
Symptomatic hemorrhages occurred in 14% of patients with
extended ionic edema vs. 1% in patients without or smaller
ionic edema [53]. A retrospective analysis of the Pro-
Urokinase for Acute Cerebral Thromboembolism II
(PROACT-II) trial showed that only patients with an
ASPECTS >7 had a benefit from intra-arterial treatment
[58]. More recently, a meta-analysis of five randomized trials
on thrombectomy showed no beneficial effect of reperfusion
therapy in patients with ASPECTS <6 [59]. These observa-
tions favor the view that ischemic brain tissue with ionic ede-
ma cannot be rescued with restoration of blood flow.
Reperfusion therapy is likely ineffective and perhaps even
risky if the volume of ionic edema exceeds 33% of the
MCA territory or the ASPECTS is lower than 6.

Summary

Focal brain ischemia with CBF <25 ml/100 g x min causes
neuronal dysfunction and cytotoxic edema being detected by
DWI with high sensitivity. As long as CBF does not fall below
~15 ml/100 g x min (“critical ischemia”), brain tissue can

recover with restoration of CBF. In areas with critical ische-
mia, cytotoxic edema is associated with ionic edema meaning
net uptake of water if capillaries provide residual flow. lonic
edema with the increase in tissue water content is the specific
marker of brain tissue with almost no chances to survive even
with reperfusion. Moreover, delayed reperfusion of brain tis-
sue with critical ischemia may enhance ionic and later
vasogenic edema and mass effect. No randomized controlled
trial has shown so far that patients with extended ionic edema
benefit from reperfusion therapy. Computed tomography is
accurate in detecting ionic and vasogenic edema and capable
of quantifying changes in brain tissue water content. The com-
parison of the diagnostic accuracies of CT and MRI requires
an exact definition of the object under observation. Both mo-
dalities do not diagnose the clinical entity “stroke,” but as-
pects of the underlying pathology. Moreover, both modalities
are complementary in imaging two different aspects of acute
ischemic brain tissue, the potentially reversible cytotoxic ede-
ma and the ionic edema indicating irreversible damage.
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