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Abstract

Low-flow bypass, such as superficial temporal artery-middle cerebral artery (STA-MCA) anastomosis,
can result in cerebral hyperperfusion syndrome (CHS). The present study evaluated the pathophysiolog-
ical conditions of CHS through the use of repeated electroencephalography (EEG). Among a total of 22
patients who underwent STA-MCA anastomosis over a course of 4 years, 3 patients were diagnosed
with CHS based on clinical symptoms and neuroradiological examinations, including cerebral blood
flow evaluation. Case 1 and Case 2 developed CHS on postoperative day 1, when EEG demonstrated
focal slow waves on the frontal region of the operated side, indicating cortical dysfunction in these
areas. Although prompt recovery of these EEG findings was noted with improvement of the clinical
symptoms in Case 1, Case 2 developed an intracranial hemorrhage on postoperative day 5, when EEG
clearly depicted persistent nonconvulsive status epilepticus (NCSE) after control of convulsive status
epilepticus. In contrast, the clinical onset in Case 3 was delayed to postoperative day 6 and EEG rev-
ealed frequent ictal discharges in the operated hemisphere, although convulsive seizures were not ap-
parent. Administration of anticonvulsants was performed after the diagnosis of NCSE, and complete
recovery from CHS was achieved. Although the pathophysiology of CHS is cortical dysfunction, ictal
hyperperfusion associated with NCSE could be included. The present findings emphasize the impor-
tance of repeated EEG examinations in the differential diagnosis of the various types of pathophysiolog-
ical conditions of CHS.
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Introduction

Carotid reconstruction surgery, including carotid
endarterectomy (CEA) or carotid artery stenting
(CAS), in patients with atherosclerotic diseases can
cause a rapid increase in cerebral blood flow (CBF)
in the chronic ischemic brain, resulting in com-
plications such as cerebral hyperperfusion syn-
drome (CHS).3:19.23.26-28.31) In contrast to CHS after
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CEA or CAS, CHS after superficial temporal artery-
middle cerebral artery (STA-MCA) anastomosis for
atherosclerotic diseases is thought to be rare, since
the anastomosis usually provides low-flow revas-
cularization.3?) Recent reports have indicated that
STA-MCA anastomosis for moyamoya disease as
well as atherosclerotic diseases can also result in
CHS.5-8.11,16-19.33) However, the exact pathophysiolog-
ical conditions of CHS following STA-MCA anasto-
mosis are still controversial.?1%.18) The present study
investigated the role of the neuronal activities in the
development of CHS through the use of repeated
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electroencephalography (EEG) examinations to ass-
ess the exact temporal relationships between the
clinical findings, CBF evaluation, and EEG findings.

Materials and Methods

Twenty-two STA-MCA anastomoses were per-
formed in 22 patients for moyamoya disease in 7, M,
stenosis in 6, occlusion of the internal carotid artery
in 5, and occlusion of M; in 4, by a single surgeon
(second author) between July 1, 2008 and July 31,
2012 in our hospital. The patients with moyamoya
disease were one man and 6 women aged from 15 to
58 years (mean 39.1 years), and the patients with
atherosclerotic disease were 13 men and 2 women
aged from 51 to 77 years (mean 66.4years). Postoper-
atively, the systolic blood pressure was strictly
controlled at 100-140 mmHg with intravenous ad-
ministration of diltiazem hydrochloride. During the
postoperative period, the diagnosis of CHS was
made based on clinical findings, neuroimaging ex-
aminations including computed tomography (CT),
magnetic resonance (MR) imaging, and MR an-
giography, and CBF findings with single-photon
emission computed tomography (SPECT). The diag-
nostic criteria for CHS included all of the following
according to the previous authors®5-7-11.20.31); pre-
sence of neurological symptoms, absence of any de
novo lesion that explains neurological deterioration
on MR imaging including diffusion-weighted im-
ages, presence of apparent visualization of STA-
MCA bypass on MR angiography, and concomitant
hyperperfusion visualized in the region of the by-
pass on CBF imaging with SPECT. If the diagnosis
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of CHS was determined, repeated EEG examina-
tions were performed. Recordings were obtained
from 12- or 16-channel EEGs with electrode place-
ment according to the International 10-20 System.
Functional outcomes were assessed at 1-3 years
postoperatively using the modified Rankin scale
(mRS).32)

Results

During the postoperative period after STA-MCA
anastomosis, 3 of 22 (13.6%) patients exhibited CHS.
The detailed clinical courses and EEG findings for
these three patients are described below and summa-
rized in Table 1.

Case 1: A 67-year-old man with an old infarction in
the left corona radiata was introduced to our
hospital. He had mild right hemiparesis, but was in-
dependent in his activities of daily living. CT
demonstrated a small infarction in the left corona
radiata (Fig. 1A). Left carotid angiography revealed
severe stenosis of the left M; portion (Fig. 1B).
Iodine-123 N-isopropyl-p-iodoamphetamine (23I-
IMP) SPECT showed decreased CBF in the left MCA
territory (21.00 ml/100 g/min) compared with the
right MCA territory (25.93 ml/100 g/min) (normal
value in our hospital: 42.5 ml/100 g/min) (Fig. 1C).
The vascular reserve capacities in the right MCA ter-
ritory were also compromised (Fig. 1D). With
acetazolamide loading, the regional cerebrovascular
reactivities in the left and right MCA territories
were +21.1% and +22.9%, respectively. Thus, the
parietal and frontal branches of the STA were

Table 1 Clinical profiles and electroencephalography (EEG) findings of the patients with cerebral hyperperfusion
syndrome following superficial temporal artery-middle cerebral artery (STA-MCA) anastomosis

Cerebral hyperperfusion syndrome

Age STA-MCA anastomosis Outcome
(f\e]lge (yrs))  Diagnosis Onset (mRS
) Sex Indication Method Postopera- o Subsequent course score)*
tive day EEG findings
1 67/M  left M, decreased CBF  double 1 intermittent delta recovery on days 22
stenosis and impaired anastomoses waves on the 5-7
perfusion (M, portions) left anterior
reserve quadrant
2 71M  left M, impaired double 1 continuous delta  ICH with SDH on 22
stenosis perfusion anastomoses waves on the day 5,
reserve (M, portions) left anterior CSE — NCSE (C3)
quadrant on EEG,
recovery on days
25-28
3 77IM  right M, impaired double 6 NCSE (originated recovery on day 18 22
stenosis perfusion anastomoses from 02, P2,
reserve (M, portions) and C4)

*Preoperative — postoperative.

CBF: cerebral blood flow, CSE: convulsive status epilepticus, ICH: intracerebral hemor-

rhage, M: male, mRS: modified Rankin scale, NCSE: nonconvulsive status epilepticus, SDH: subdural hemorrhage.
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anastomosed to the M, portions of the frontal and
temporal lobes, respectively, through a right fronto-
temporo-parietal craniotomy.

On postoperative day 1, the patient experienced
deterioration in the level of consciousness with con-
fusion and worsening of dysarthria. Although CT
and MR imaging, including T;-/T,-weighted,
diffusion-weighted, and fluid-attenuated inversion
recovery sequences, failed to reveal additional ab-
normalities that could explain his neurological de-
terioration, MR angiography showed an apparently
patent STA-MCA bypass as a thick high signal inten-
sity line (Fig. 1E). EEG demonstrated intermittent
slow waves (2-3 Hz) on the left hemisphere, espe-
cially on the left anterior quadrant (Fig. 1F).
Although CBF evaluation could not be performed at
that time based on the diagnosis of CHS, stricter
blood pressure control (systolic blood pressure of

Fig. 1 Case 1. A: Preoperative computed tomography
scan demonstrating an old small infarction in the left
corona radiata. B: Left carotid angiogram revealing
severe stenosis of the left M, portion (arrow). C, D:
Preoperative iodine-123 N-isopropyl-p-iodoampheta-
mine (12°I-IMP) single-photon emission computed
tomography (SPECT) scans at rest showing slightly
decreased cerebral blood flow (CBF) in the left middle
cerebral artery (MCA) territory (C, arrows), and com-
promised vascular reserve capacity in the left MCA ter-
ritory after acetazolamide loading (D, arrows). E: Mag-
netic resonance angiogram on postoperative day 1 show-
ing patency of the superficial temporal artery-MCA
anastomosis (arrow) and hypervascularity of the
peripheral branches of the left MCA. F: Electroen-
cephalogram on postoperative day 1 revealing intermit-
tent delta waves (2-3 Hz) on the left hemisphere, espe-
cially on the left anterior quadrant (Fp1, F3, and F7 of
the International 10-20 System; black lines). G: Tech-
netium-99m ethyl-cysteinate dimer SPECT scan on
postoperative day 6 showing increased CBF in the left
MCA territory (arrows). H: Electroencephalogram on
postoperative day 7 showing almost well-organized
background activities in the bilateral occipital region,
although intermittent slow waves (5-6 Hz) are noted in
the left frontal region (black lines). I: 123I-IMP SPECT
scan on postoperative day 20 showing disappearance of
the hyperperfusion in the left MCA territory (arrows).

<120 mmHg) was continued and a free radical
scavenger (edaravone) was given in accordance with
previous reports.10:26)

On postoperative day 5, the patient became well
orientated. Technetium-99m ethyl-cysteinate dimer
(mTc-ECD) SPECT on postoperative day 6 still
showed slightly increased perfusion in the right
MCA territory (Fig. 1G). Ultrasonography of the
STA was performed on postoperative day 6, accord-
ing to previous reports,»1% which demonstrated no
increase in the peak flow velocity of the left STA in
the systolic period (left STA: 107.0 cm/sec, right
STA: 97.7 cm/sec), although a marked increase in
the peak flow velocity of the left STA was noted in
the end-diastolic period (left STA: 27.5 cm/sec, right
STA: 11.8 cm/sec).

On postoperative day 7, the patient’s neurological
conditions had completely returned to those in the
preoperative period. EEG showed well-organized
background activities in the bilateral occipital
regions (O1 and 02), although intermittent slow
waves (5-6 Hz) were noted in the left frontal region
(Fig. 1H). #I-IMP SPECT on postoperative day 20
revealed disappearance of the hyperperfusion in the
left MCA territory (Fig. 1I). The CBFs in the left and
right MCA territories were 39.88 and 41.93 ml/100
g/min, respectively. With acetazolamide loading, the
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Fig. 2 Case 2. A: Preoperative fluid-attenuated inver-
sion recovery magnetic resonance (MR) images demon-
strating an old infarction in the left insular cortex to the
corona radiata. B: Left carotid angiogram indicating
severe stenosis of the left M; portion (arrow). C:
Diffusion-weighted MR images on postoperative day 1
revealing no de novo lesions. D: MR angiogram on
postoperative day 1 showing a prominent superficial
temporal artery (arrow). E: Computed tomography
scans on postoperative day 5 demonstrating in-
tracerebral hemorrhage in the left frontal lobe with sub-
dural and subarachnoid hemorrhage. F: Technetium-
99m ethyl-cysteinate dimer single-photon emission com-
puted tomography scans on postoperative day 6 showing
hyperperfusion in the left hemisphere.

vascular reserve capacity in the left MCA territory
had improved compared with the preoperative
period. The regional cerebrovascular reactivities in
the left and right MCA territories were +28.7% and
+37.8%, respectively. On postoperative day 40, the
patient was transferred to another hospital for fur-
ther rehabilitation. At 13 months postoperatively,
the mRS score was 2 (unchanged from the preopera-
tive state).

Case 2: A 71-year-old man with multiple infarctions
was admitted to our hospital. He had mild right
hemiparesis and aphasia caused by an infarction in
the left insular cortex to the corona radiata (Fig. 2A),
but was independent in his activities of daily living.
Left carotid angiography revealed severe stenosis of
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the left M; portion (Fig. 2B). 2[-IMP SPECT
showed that the vascular reserve capacities in the
left MCA territory were compromised. The CBFs in
the left and right MCA territories were 26.92 and
32.49 ml/100 g/min, respectively. With acetazola-
mide loading, the regional cerebrovascular reactivi-
ties in the left and right MCA territories were
+24.1% and +37.1%, respectively. Thus, the
parietal and frontal branches of the STA were
anastomosed to the M, portions of the frontal and
temporal lobes, respectively.

On postoperative day 1, the patient experienced
deterioration of the level of consciousness with
drowsy state and worsening of right hemiparesis
and dysarthria. Although CT and MR imaging failed
to reveal additional abnormalities (Fig. 2C), MR an-
giography showed an apparently patent STA-MCA
bypass as a thick high signal intensity line (Fig. 2D).
EEG demonstrated almost continuous slow waves
(2-3 Hz), predominantly on the left anterior quad-
rant (Fig. 3A). Based on the diagnosis of CHS, inten-
sive control of blood pressure (systolic blood pres-
sure of <120 mmHg) was continued. However, on
postoperative day 5, the patient developed convul-
sive status epilepticus (CSE) of the right face and CT
demonstrated an intracerebral hemorrhage in the
left frontal lobe with subdural and subarachnoid
hemorrhage (Fig. 2E). Although the CSE was con-
trolled with intravenous diazepam administration,
subsequent EEG showed frequent ictal discharges
on the left centro-parietal region (Fig. 3B). Ictal dis-
charges originating from the left central region (C3
in the International 10-20 System) extended to the
left parietal region (T3). Duration of the seizure ac-
tivities was 21-59 seconds (43.5 sec average). Twelve
episodes of ictal discharges were recorded during 18
minutes. %™ Tc-ECD SPECT on postoperative day 6
showed hyperperfusion in the left hemisphere, espe-
cially around the intracranial hematoma (Fig. 2F).

Based on the diagnosis of nonconvulsive status
epilepticus (NCSE), intravenous administration of a
phenytoin loading dose, followed by oral car-
bamazepine administration were performed. Ultra-
sonography of the STA on postoperative day 8
demonstrated no increase in the peak flow velocity
of the left STA in the systolic period (left STA: 116.0
cm/sec, right STA: 95.4 cm/sec), although an in-
crease in the peak flow velocity of the left STA was
noted in the end-diastolic period (left STA: 19.9
cm/sec, right STA: 15.8 cm/sec).

On postoperative days 25-28, the patient’s neuro-
logical conditions had completely returned to those
of the preoperative period. On EEG, well-organized
background activities were observed in the bilateral
occipital region, although intermittent slow waves



392 T. Morioka et al.

FPT-AT VA e A NNt s N A A oA g

P2 A2 Vo o A e e P fN

PUeAD Ao e A e A A A NP h N AN
(03 [ e T Lo o P Ry Ty
02-A2 o A e AN N APPSR N P
7281 Vot e P At et s e P g

FBAD: i gy i et e P A

TB-AD v i e S A e AT e S s PP

A ECG A—A—4 4 A& &40

S L e s ]

TP T A ¥
PA-TE i

TELD T ot Ny A S B R N SR R

o] o7 MRSV vt ST AV
02-T6 % -
ECG v o

e e e At s et B0 1 - F D2

N AN J(w~w‘\~r‘~ww~w,"‘v Fp2-F8

et i 7. F3

WV I
e ey e VT W = =8
. e P geA Tey F4-F8
A ey e b\ f A A e S o hotiictre. N 1T 3
A P I b T 1‘“*("‘*'”?'“Y‘“~mﬁ'””‘f*“ st T3-C3

SIVEVV N P Y W VPRI VS DY VO PR WD WY TIPS N ¥ Lt C3-Cz
e e s s et A A Aottt bt C 2T 4
A AT S I ey C4-T4
N R sty T4-A2
AR il e B i . T i i | P T Bt i e L il T5-P3
e PXVW O AUV YR VYGRSV ¥ I L VRPN PP PSS PON PO PR W PR B P2

A an e e s P Z-P 4

SUNE————————— -7 ™ [}

J— A et s Ao g s T5-01

B e AP L Y e Oy e

SISV RSB SPS 02-T6

. NSRS 5 R SN 7
B

Fig. 3 Case 2. A: Electroencephalogram on postoper-
ative day 1 revealing almost continuous slow waves (2-3
Hz) on the left hemisphere, especially on the left anterior
quadrant (Fp1, F7, and T3; black lines). B: Electroen-
cephalogram on postoperative day 6 showing frequent
ictal discharges that originate from the left central
region (C3; arrow) and extend to the left parietal region
(P3; dotted arrow).

were noted in the left frontal region. *mTc-ECD
SPECT on postoperative day 25 revealed disappear-
ance of the hyperperfusion in the left MCA territory.
The CBFs in the left and right MCA territories were
30.09 and 35.45 ml/100 g/min, respectively. With
acetazolamide loading, the vascular reserve capacity
in the left MCA territory had improved compared

with the preoperative period. The regional cere-
brovascular reactivities in the left and right MCA
territories were +30.09% and +35.45%, respec-
tively. On postoperative day 40, the patient was
transferred to another hospital for further rehabilita-
tion. At 22 months postoperatively, the mRS score
was 2 (unchanged from the preoperative state).
Case 3: Since this case was previously reported,!?
only a brief clinical course with long-term observa-
tions is described. A 77-year-old man with an old
infarction in the right corona radiata developed tem-
poral deterioration of the consciousness level and
worsening of left hemiparesis on postoperative day
6 following STA-MCA anastomosis for severe steno-
sis of the right M;. Although convulsive seizures
were not apparent, EEG revealed frequent ictal dis-
charges (rhythmic slow waves originating from the
right temporo-occipital region posterior to the
anastomosis site) in the right hemisphere. This area
corresponded with a cortical hyperintense area on
diffusion-weighted imaging and a hyperperfused
area on »T¢c-ECD SPECT. Based on a diagnosis of
NCSE, with rapid improvement of the EEG findings
following phenytoin administration, complete
recovery from CHS was achieved. At 3 years
postoperatively, the mRS score was 2 (unchanged
from the preoperative state).

Discussion

In the present study, 3 of 22 (13.6%) patients exhibit-
ed CHS during the postoperative period after STA-
MCA anastomosis. Since the incidence of CHS after
STA-MCA anastomosis is considered to be rare in
contrast to that of CHS after CEA or CAS,?% this per-
centage was higher than expected. Although
patients with moyamoya disease were clearly
demonstrated to have a lower threshold for develop-
ing CHS following STA-MCA anastomosis com-
pared with those of atherosclerotic disease,” in our
study, all three patients who developed CHS had
atherosclerotic disease. The exact reason was not
determined, but the small number of the moyamoya
disease patients in our study is one of the possible
reasons.

The diagnosis of CHS is usually based on the clini-
cal symptoms and CBF findings such as CBF images
with SPECT.11.23.2431) In Case 1 and Case 2, the clini-
cal symptoms at onset were subtle, and conventional
CT and MR imaging failed to reveal additional ab-
normalities, whereas MR angiography showed an
apparently patent STA-MCA bypass as a thick high
signal intensity line. One of the disadvantages of
CBF images with SPECT is that correctly timed
SPECT examination often cannot be performed,
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since the radioisotope is unavailable on weekends or
outside working hours in local hospitals. Actually,
in Case 1 and Case 2, the timing of their SPECT ex-
aminations was delayed for this reason. In some in-
stitutes, a CBF analysis is routinely scheduled
within 72 hours after vascular reconstruction sur-
gery to overcome this disadvantage.”!12433) In our
previous report on Case 3, we demonstrated that
measurement of the flow velocity of the STA by
ultrasonography was wuseful for evaluating the
hyperperfusion state of the MCA territory through
an STA-MCA anastomosis, since ultrasonography is
a noninvasive technique and easily repeatable.!?
However, in Case 1 and Case 2, ultrasonography
failed to reveal the hyperperfusion state, probably
because of the delayed performance of the examina-
tions. As is often the case with CHS after CEA, no di-
agnostic examinations have 100% sensitivity,233133)
and the diagnosis of CHS requires a high level of
awareness in all patients after STA-MCA anastomo-
SiS.23’33)

Surprisingly few previous reports described EEG
findings,10.15:31) glthough seizures or epilepsy are one
of the major symptoms in patients with CHS after
CEA or CAS.13232531) Only EEG examinations of 10
patients with CHS for several days after CEA rev-
ealed periodic lateralizing epileptiform discharges
on the operated hemisphere, even in the absence of
seizures or during the postictal state.?®) Since period-
ic lateralizing epileptiform discharges are one of the
EEG patterns in patients with NCSE,>1222) these
cases probably had similar pathophysiological con-
ditions to those of Case 3 in the development of
CHS.

In Case 1 and Case 2 of the present study, the on-
set of the clinical symptoms occurred on postopera-
tive day 1, and EEG at that time clearly demonstrat-
ed localized slow waves on the operated frontal
region, indicating cortical dysfunction of these
areas.*?® Another notable EEG finding was the
prompt recovery of the localized slow waves with
improvement of the clinical symptoms. In Case 1,
EEG on postoperative day 7 showed well-organized
background activities in the bilateral occipital
region, although intermittent slow waves were not-
ed in the operated frontal region, which were proba-
bly caused by the old infarction that was present
preoperatively. These reversible EEG findings sug-
gested that the occurrence of CHS was not attribut-
ed to a destructive lesion, but to a functional lesion.
In a patient with CHS after CEA, EEG showed
pathological slowing over the operated hemisphere
at the onset, but became normalized on postopera-
tive day 5.' Since this patient developed partial sei-
zures of the left extremities at the onset of CHS, this
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reversible EEG slowing was thought to be attributa-
ble to post-ictal changes.

Despite the strict control of postoperative blood
pressure, Case 2 developed an intracranial hemor-
rhage on postoperative day 5, when the patient also
developed CSE. Patients with CHS after CAS appear
to show no relationship between blood pressure con-
trol and intracranial hemorrhage, although strict
control of postoperative blood pressure prevents in-
tracranial hemorrhage in patients with CHS after
CEA.?") In our Case 2, EEG clearly depicted persis-
tent NCSE after the control of CSE with intravenous
diazepam administration. Regarding EEG monitor-
ing after initial treatment of CSE, >14% of patients
had subsequent NCSE, and EEG was an important
diagnostic test to guide treatment plans and evaluate
prognosis in the management of CSE.% Since the ic-
tal discharges originated from the left central region
where the intracranial hematoma was located in our
Case 2, the development of CSE and subsequent
NCSE was thought to be secondary to the intracrani-
al hemorrhage. The prognosis of CHS patients with
associated intracranial hemorrhage is well known to
be poor.?3?”) NCSE also indicates a bad prognosis,
and prompt diagnosis and subsequent treatment are
important, although the mortality was reported to be
mainly dependent on the underlying etiology and
age.>*2130) One of the possible reasons why patients
with CHS and intracranial hemorrhage have a poor
prognosis is that associated NCSE could be over-
looked. Fortunately, our Case 2 had a good outcome
following appropriate anticonvulsant therapy for
NCSE.

In contrast to Case 1 and Case 2, the clinical onset
of CHS in Case 3 was delayed to postoperative day 6
and EEG revealed NCSE.'” Administration of an-
ticonvulsants was performed and complete recovery
from CHS was achieved. CHS is generally thought to
be delayed after STA-MCA anastomosis.’®) A possi-
ble explanation for this finding is that the lower-flow
bypass may take a while to mature and this could
affect the dysautoregulated brain.!®!® Another ex-
planation may be the delayed occurrence of seizure
activity, such as in our Case 2 and Case 3. Three
moyamoya disease patients developed simple partial
seizures following manifestation of hyperperfusion
on postoperative routine CBF images with SPECT.?%
Although whether epilepsy or hyperperfusion was
the first phenomenon cannot be precisely deter-
mined, repeated EEG indicated that the first
phenomenon was hyperperfusion in Case 2 and
epilepsy in Case 3.

In conclusion, although the pathophysiology of
CHS is cortical dysfunction, ictal hyperperfusion as-
sociated with NCSE could be included. The present
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study emphasizes the importance of EEG in the
differential diagnosis of the various types of
pathophysiological conditions of CHS.
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