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The surgically remediable syndrome of

epilepsy associated with bottom-of-sulcus
dysplasia

(A

ABSTRACT

Objective: To determine clinical and EEG features that might help identify patients with epilepsy
harboring small, intrinsically epileptogenic, surgically treatable, bottom-of-sulcus dysplasias
(BOSDs).

Methods: Retrospective review of clinical records, EEG, MRI, and histopathology in 32 patients
with drug-resistant epilepsy and MRI-positive (72% 3.0 tesla), pathologically proven (type 2B
cortical dysplasia) BOSDs operated at our centers during 2005-2013.

Results: Localization of BOSDs was frontal in 19, insula in 5, parietal in 5, and temporal in 3, on
the convexity or interhemispheric surfaces. BOSDs were missed on initial MRI at our centers in
22% of patients. Patients presented with focal seizures during infancy in 9, preschool years in
15, and school years in 8 (median age 5 years). Seizures were stereotyped, predominantly noc-
turnal, and typically nonconvulsive, with semiology referable to the fronto-central or perisylvian
regions. Seizures occurred at high frequency during active periods, but often went into prolonged
remission with carbamazepine or phenytoin. Intellect was normal or borderline, except in patients
with seizure onset during infancy. Scalp EEG frequently revealed localized interictal epileptiform
discharges and ictal rhythms. Patients underwent lesionectomy (median age 14 years) guided by
electrocorticography and MRI, with prior intracranial EEG monitoring in only one patient. Twenty-
eight patients (88%) became seizure-free, and 20 discontinued antiepileptic medication (median
follow-up 4.1 years).

Conclusions: In patients with cryptogenic focal epilepsy, this clinical presentation and course
should prompt review of or repeat MRI, looking for a BOSD in the frontal, parietal, or insula cortex.
If a BOSD is identified, the patient might be considered for single-stage lesionectomy. Neurology®
2015;84:2021-2028

GLOSSARY

AEM = antiepileptic medication; BOSD = bottom-of-sulcus dysplasia; FCD = focal cortical dysplasia; FDG = fluorodeox-
yglucose; FLAIR = fluid-attenuated inversion recovery; IED = interictal epileptiform discharge.

Bottom-of-sulcus dysplasia (BOSD)' is a localized variety of type 2 focal cortical dysplasia
(FCD) in which the dysplastic features are maximal at the sulcal depth, tapering to a relatively
normal gyral crown.”? Pathologically, BOSDs are characterized by neuronal dyslamination and
dysmorphology, with or without balloon cells, at the bottom of the sulcus, with hypomyelina-
tion in the underlying white matter.>*>

The characteristic MRI features of BOSD are cortical thickening, gray—white junction blurring,
and subcortical T2 hyperintensity, often tapering to the ventricle as a “transmantle sign.”*”
Straightening and elongation of the dysplastic sulcus, and depression or unusual sulcation of
the overlying cerebral surface, may also be appreciated.®'™'"" BOSDs are typically found in the

frontal and parietal lobes.'” Detection of BOSDs on MRI may be aided by coregistered
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fluorodeoxyglucose (FDG)-PET,'>'* morpho-

metric analysis of cortical thickness or tex-

ture’7,15,16

and imaging at high field."”

BOSDs are clinically important lesions.
They are intrinsically and focally epilepto-
genic, as evidenced by almost continuous,
localized, rhythmic interictal epileptiform
discharges (IEDs) and seizures often re-
corded on scalp EEG, electrocorticography,
and stereo depth EEG.'*'8-22 They seem-
ingly contain no normal function, as sug-
gested by their PET hypometabolism,
perilesional fMRI activation, displaced
motor functions on cortical stimulation,
and absence of deficits following resec-
tion.'>?>2° In addition, seizure-free rates
after surgery are as high as 90% if completely
resected.”'>?”-3* Thus, patients with refrac-
tory epilepsy and BOSD are ideal candidates
for epilepsy surgery.

The aim of this study was to identify elec-
troclinical features that might aid detection
of patients with BOSD among the drug-
resistant, focal epilepsy population.

METHODS Patient ascertainment. Patients with drug-
resistant epilepsy were identified from the epilepsy surgery
databases of The Royal Children’s Hospital and Austin Health
in Melbourne, Australia, searching initially for patients with
localized dysplasia on imaging or histopathology, operated
during the period January 2005 to June 2013. The highest-
quality preoperative MRI scans for all ascertained patients were
reviewed by 5 authors together (A.S.H., S.AM., W.J.M., R].L.,
G.D.J.), with consensus agreement reached on imaging
diagnoses.” Histopathology slides were reviewed by a single
neuropathologist at each center (D.M., RM.K.).

BOSD was diagnosed on MRI when cortical thickening and
gray—white blurring were present and maximal at the depth of a
sulcus, tapering in the banks of the sulcus, and not extending
over the gyral surface beyond the adjacent sulcus, with or with-
out cortical and subcortical signal change and a transmantle
sign. For dysplasias that reached the gyral surface, distinction
from “crown-of-gyrus” FCDs was made using the principle that
BOSDs are longer in their depth than their width. Only pa-
tients with a single BOSD confined to one sulcus were
included, although branching of a sulcus in its depth was al-
lowed. The sample was strengthened further to include only
patients with FCD type 2B histopathology,” exhibiting both
dysmorphic neurons and balloon cells, given the strong corre-
lations among imaging findings, histopathology, and surgical
outcome in this subgroup.”'?3*

This ascertainment strategy and case definition yielded 32 patients
with MRI-positive, surgically treated, pathologically proven, single
BOSDs with FCD type 2B histopathology. There were 19 children
from the Royal Children’s Hospital and 13 adults from Austin Health,
19 women and 13 men. Excluded from the initial search yield were 7
patients with crown-of-gyrus FCDs, 3 patients with multigyral/sulcal
FCDs, and 1 patient with multiple BOSDs, all of whom had FCD
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type 2B histopathology. Five patients with MRI-negative FCDs were
excluded, 2 with FCD type 2B and 3 with FCD type 2A
histopathology.

Clinical, EEG, and imaging data review. All 32 patients
were imaged preoperatively with high-resolution, whole-brain
MRI using volumetric T1-weighted sequences, axial and
coronal T2-weighted sequences, volumetric or orthogonal fluid-
attenuated  inversion recovery (FLAIR) = sequences, and
diffusion-weighted ~ sequences; recent patients also had
volumetric double inversion recovery sequences. Volumetric
images were reformatted in axial, coronal, and sagittal planes,
and in some patients, oblique and curvilinear planes. Nine
patients early in our series were imaged at 1.5 tesla (T) on
cither a GE Signa LX EchoSpeed scanner (GE Medical
Systems, Milwaukee, WI) or a Magnetom Avanto scanner
(Siemens, Erlangen, Germany). Twenty-three (72%) recent
patients were imaged at 3.0T on either a Magnetom Trio or
Magnetom Skyra (Siemens).

Outpatient clinic notes, inpatient records, clinician corre-
spondence, surgery case conference notes, EEG reports, and neu-
ropsychology reports present in the patients” hospital records were
reviewed, to glean information about the presentation and evo-
lution of each patient’s seizure disorder. All routine EEGs and
video-EEG monitoring (n = 29) recorded at our centers were
reviewed by one of the epileptologist authors (A.S.H.). The loca-
tion and extent of surgical resection was determined from oper-
ation notes, operative photographs, and postoperative MRI (n =
29). Although crucial to the detection and complete resection of
BOSDs in these patients, PET scans (n = 21), ictal SPECT scans
(n = 18), and intraoperative electrocorticographic recordings

(n = 24) were not reviewed and analyzed for this clinical study.

Standard protocol approvals, registrations, and patient
consents. The study was approved by the human research and
ethics committees at The Royal Children’s Hospital and Austin
Health.

RESULTS MRI features. MRI features of BOSDs
included (1) cortical thickening and indistinct gray—
white junction in 32, best appreciated on thin
T1-weighted slices along the long axis of the
dysplastic sulcus, (2) increased subcortical T2,
FLAIR, and double inversion recovery signal in 30,
and (3) a transmantle sign extending toward the
ventricle in 20 (figures 1 and 2). Cortical thickening
and subcortical T2/FLAIR hyperintensity were
maximal at the depth of the sulcus in all patients.
The dysplastic features extended up the sulcal banks
and reached the gyral surface in 14 patients, but were
confined to the sulcal depth and low banks in 18
patients. Dorsolateral frontal and parietal BOSDs
were better appreciated on coronal slices. Medial
frontal, insula, and perisylvian BOSDs were better
appreciated on sagittal slices. Reformatted curvilinear
slices and slices along and tangential to the plane of
the dysplastic sulcus often highlighted the cortical
thickening and gray—white blurring in the depth of
subtle BOSDs. In 7 patients (22%), the BOSD was
overlooked by the radiologists reporting the initial 1.5T
MRI at our centers, and many more were not detected
on MRI performed at referring centers. Subsequent



[ Figure 1 Three MRI examples of BOSDs ]

Coronal inversion recovery (A.a) and coronal T2-weighted (A.b) MRI scans at 3.0 tesla (T)
showing a BOSD in the right circular sulcus in a 5-year-old girl with asymmetric tonic focal
seizures. Coronal FLAIR (B.a) and sagittal FLAIR (B.b) MRI scans at 3.0T showing a BOSD
in the right superior parietal lobule in a 17-year-old male with focal motor seizures. Coronal
T2-weighted (C.a) and axial FLAIR (C.b) MRI scans at 1.5T showing a BOSD in the left supe-
rior frontal gyrus in a 35-year-old man with hypomotor focal seizures. Each example shows
cortical thickening, blurred gray-white junction, and subcortical T2/FLAIR hyperintensity at
the depth of the sulcus (thick arrow), with a “transmantle sign” extending through the deeper
white matter and tapering to the ventricle (thin arrow). Resection of the BOSD identified
focal cortical dysplasia type 2B pathology in each case. BOSD = bottom-of-sulcus dysplasia;
FLAIR = fluid-attenuated inversion recovery.

imaging, at high field in 3 and supplemented with
coregistered FDG-PET in 5, led to the detection of
the BOSD in these 7 patients (figure 3).

There was a right hemisphere predominance of
BOSDs (20 right, 12 left). Lobar localization was
frontal in 19, insula in 5, parietal in 5, and temporal
in 3; all were on the convexity or interhemispheric

surfaces of the cerebrum (figure 4). No BOSDs were

present in medial or basal temporal cortex or in the
occipital lobe. The most common location of
BOSDs was over the anterior or mid regions of the
superior frontal gyrus or sulcus. Six BOSDs involved
eloquent cortex anatomically, 2 in primary motor
cortex and 4 in inferior frontal or lateral temporal
language cortex.

Seizure presentation and evolution. There were no sig-
nificant antecedents to the patients’ epilepsy. A single
febrile seizure was reported in only one child, 2
months before the onset of habitual seizures. A family
history of epilepsy in first- or second-degree relatives
was reported in only 4 patients.

Median age at seizure onset was 5.0 years. Seizures
commenced during infancy (1-18 months) in 9 pa-
tients, during the preschool years (3—6 years) in 15
patients, and during the school years (6-18 years) in 8
patients (figure 5).

All patients presented with focal seizures; none
presented with epileptic spasms. Seizure semiology
was referable to the temporal, frontal, and central cor-
tical regions, with predominantly hypomotor/auto-
in 4,

asymmetric tonic features in 6, focal sensorimotor

nomic features in 9, versive features
features in 5, and hypermotor features in 6. Seizures
occurred when awake, or both awake and asleep, in
30 patients; only 2 patients had exclusively nocturnal
seizures at presentation. Bilateral convulsive seizures
occurred in only 6 patients at presentation, typically
leading to the diagnosis of epilepsy.

Epilepsy continued with highly stereotyped focal
seizures, but with a change in semiology in 10 pa-
tients. Semiology when older and on treatment was
more frequently referable to the frontal and central
cortical regions, with predominantly hypermotor fea-
tures in 7, focal sensorimotor features in 7, asymmet-
ric tonic features in 11, and hypomotor/autonomic
features in 6. Consistently lateralized motor manifes-
tations were present in 21 patients. Seizure timing
also changed, with seizures occurring exclusively or
predominantly from sleep in 13 patients. Convulsive
seizures were less frequent later in the course of epi-
lepsy, on treatment, occurring in only 3 patients.
One 6-year-old child developed a brief period of
encephalopathy with epileptic spasms that ceased fol-
lowing a single course of oral prednisolone, and did
not recur. One adult had bilateral tonic seizures but
no other seizure types to make a definite diagnosis
of Lennox-Gastaut syndrome.

Seizure onset was “explosive” in several patients,
with rapidly escalating seizures resistant to initial anti-
epileptic medication (AEM) trials. Following com-
mencement of AEM, many patients had control of
seizures for long periods, only to have later seizure
recurrence and a subsequent relapsing-remitting
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[ Figure 2 Multisequence MRI of a right frontal pole BOSD ]

Axial MRI scans in the same plane at 3.0 tesla with a 32-channel head coil and T1-weighted fast spoiled gradient recalled
echo (A), T2-weighted fast spin echo (B), FLAIR (C), inversion recovery (D), DIR (E), and diffusion-weighted (F) sequences in a
16-year-old boy with hypermotor seizures and right anterior frontal epileptiform activity on scalp EEG. There is a subtle
BOSD in the depth of the right superior frontal sulcus anteriorly with thickening of cortex, blurring of gray-white junction,
and increased T2/FLAIR/DIR subcortical signal at the bottom of the sulcus (thick arrow) and a “transmantle sign” (thin arrow).
Focal cortical dysplasia type 2B pathology was identified at the depth of the resected sulcus. BOSD = bottom-of-sulcus
dysplasia; DIR = double inversion recovery; FLAIR = fluid-attenuated inversion recovery.

course. Fourteen patients (44%) had periods of com-
plete seizure freedom lasting one or more years, 10
following commencement of AEM, and 9 later in the
course of their epilepsy on AEM. Remissions lasted
several years in some patients, such that 4 came off

frequency was multiple daily or nightly in 23 patients
(72%), weekly in 5, and monthly in 4. Seizure clus-
tering was reported in only 2 patients whose seizures
occurred with monthly frequency. In addition, 7 pa-
tients had severe seizure exacerbations prompting

AEM. During active seizure periods, seizure hospitalization for multiple hourly seizures. In 13

[ Figure 3 Coregistered PET and MRI of a right frontal BOSD ]

Coregistered coronal FDG-PET and T1-weighted MRI scans (A) through the right frontal lobe in a 10-year-old boy with ver-
sive seizures and right frontal epileptiform activity on scalp EEG showing localized cortical hypometabolism in the right infe-
rior frontal sulcus. Magnified coronal FLAIR (B) and T2-weighted (C) MRI scans at 3.0 tesla with a 32-channel head coil
showing subtle thickening of cortex with blurring of gray-white junction (thick arrow) and faint subcortical signal hyper-
intensity (hatched arrow) in the bottom of the hypometabolic sulcus, but no “transmantle sign.” The BOSD was not detected
on this MRI scan until after coregistration with the PET scan and recognition that there was thickened gray matter deeper
than the apparent depth of the hypometabolic sulcus on the PET scan, being more hypometabolic than the sulcal banks.
Focal cortical dysplasia type 2B pathology was identified at the depth of the resected sulcus. BOSD = bottom-of-sulcus
dysplasia; FDG = fluorodeoxyglucose; FLAIR = fluid-attenuated inversion recovery.
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[ Figure 4 Location of BOSDs ]

Schematic diagram showing the location of BOSDs in the
32 patients, all represented on the left hemisphere (20 right,
12 left). Full circles represent BOSDs on the cerebral convexity
and hatched circles represent BOSDs on the interhemispheric
surface and insula. The most common location of BOSDs was
in the frontal, parietal, and insula cortex. BOSD = bottom-of-
sulcus dysplasia.

patients, there seemed to be a striking but often tem-
porary response to phenytoin or carbamazepine, with
termination of seizure exacerbations or entering a

seizure-free period for a year or more.

Neurologic development. Early developmental mile-
stones were reached at a normal age in 25 patients
(78%). Developmental delays, mainly in language,
were reported in 7 children. However, at the time
of surgery, cognitive impairments were present in
16 patients, including borderline intellect, executive
dysfunction, and language deficits. Intellectual disa-
bility and global developmental delay were present
in only 5 patients, all of whom had onset of seizures
during infancy (5/9 patients with seizure onset youn-
ger than 18 months had intellectual disability

compared with 0/23 with seizure onset 3 years and
older; p = 0.0006, Fisher exact test).

Scalp EEG and seizure monitoring. Interictal scalp EEG
revealed focal IEDs in 26 patients (81%), with runs of
or almost continuous, rhythmic, focal spike-wave in
many; the remainder had either no IEDs or bilateral
IEDs. Video-EEG monitoring revealed focal ictal
thythms in 20 of 29 (69%) monitored patients; the
remainder had either no clear ictal rhythm or
bifrontal slowing or low-voltage fast activity. One
patient with bilateral tonic seizures had generalized
spike-wave and low-voltage fast activity interictally,
and generalized low-voltage fast activity ictally.

Surgery details. Age at surgery was 2 to 42 (median 14)
years. Epilepsy surgery was a single-stage procedure in
31 patients; only one adult underwent 2-stage
surgery, with prior subdural EEG monitoring,
Surgery was a lesionectomy in 30 patients and a
lesionectomy plus surrounding corticectomy in 2
patients, one of whom underwent prior subdural
EEG monitoring. In 2 patients, one with an insula
BOSD and one with a medial parietal BOSD, a
small resection of overlying cortex was necessary for
access. Three patients were reoperated for persistent
or recurrent seizures and residual dysplasia.

Extent and completeness of resection were deter-
mined from postoperative MRI in 30 patients. Lesio-
nectomies were performed to neighboring (normal)
sulcal boundaries in 19 patients, with overlying corti-
cectomy for access in 2, and were confined to the dys-
plastic sulcus in 11. The cortical component of the
BOSD was completely resected in 27 patients,
including after reoperation in 3, and incompletely re-
sected in 3. The “transmantle sign,” present on MRI
in 20 patients, was resected to the level of the ventri-
cle in 7, partially resected in 3, and not resected in 8.

[ Figure 5 Age at seizure onset in 32 patients with BOSD ]

Number of patients
w

0 1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16 17 18

Age at seizure onset (years)

Age at seizure onset in 32 patients with bottom-of-sulcus dysplasia (BOSD).
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Time from last surgery to most recent follow-up
was 1.0 to 9.5 (median 4.1) years. Twenty-eight pa-
tients (88%) became seizure-free, including the 3 re-
operated patients, 20 of whom were taken off AEM.
Four patients have persistent seizures, at lower fre-
quency and severity in 3. Three of the 4 have evidence
of residual cortical dysplasia on postoperative MRI
and have further surgery planned. Two patients had
a monoparesis after surgery; one recovered almost
completely.

DISCUSSION Our patients with BOSD  shared
many features at presentation and during the course
of their epilepsy, suggesting a recognizable epileptic
phenotype. Those features included the following:
(1) infant or early childhood onset of predominantly
diurnal focal seizures; (2) chronic, unifocal epilepsy
on AEM with highly stereotyped seizures, often noc-
turnal, having nonconvulsive semiology referable to
the frontal, central, and insular regions; (3) high fre-
quency of seizures during active periods, occasionally
with hospitalization for severe exacerbations; (4) pro-
longed seizure remissions, often following treatment
with carbamazepine or phenytoin; (5) normal or
near-normal early development and intellectual
functioning, unless onset of seizures during infancy,
but with later executive dysfunction and/or
language deficits in many; (6) prominent, localized
IEDs and ictal rhythms on scalp EEG; and (7)
absence of significant antecedents and family history
of epilepsy.

These electroclinical findings are reported individu-
ally and collectively in numerous small series and sev-
eral large studies of surgically treated patients with
FCD type 2. These studies include mention of the
childhood onset of epilepsy,!>!42!:2$31:3235 the infre-

quency of infantile spasms,'4%3>

the rarity of signifi-
cant antecedents such as febrile seizures,'®'4?7:3° the
frontoparietal location of small FCDs, the extratempo-
ral semiology and nocturnal occurrence of seizures,>®
the high frequency of seizures with tendency to status

13.14,19,28,30-32.35.37 the occurrence of seizure

epilepticus,
remissions, often in response to sodium channel block-
ing AEM, "3 the normal or near-normal intellect in
many patients,'****? and the prominence of localized
and rhythmic IEDs on scalp EEG.!#18193132 Thege
studies, however, included patients with a range of
MRI-positive and MRI-negative, type 1 and type 2
FCDs of various sizes and locations, and were mostly
focused on imaging or pathologic correlations, predic-
tors of surgery outcome, or issues of classification.
Patient heterogeneity and complex analyses in these
studies made identification of clinicopathologic sub-
syndromes of FCD difficult.”®

The report from the Centre Hospitalier Sainte-

Anne group' describes the same findings in a similar
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patient population as we report. Their study was
largely concerned with the comparison of MRI-
positive and MRI-negative patients with surgically
treated FCD type 2, with MRI performed at 1.5T.
Half of their MRI-negative patients were reported to
have “unusual sulcus depth or gyral patterns,” many
had localized epileptogenic regions on stereo-EEG
and electrocorticography, and 88% became seizure-
free after surgery, leading us to believe that they had
MRI-occult BOSD:s. In a follow-up study, these au-
thors report improved detection of subtle FCD type 2
with 3T MRL" as performed in the majority of our
patients.

The localized and prominent motor/premotor/
prefrontal seizure semiology, the nocturnal occur-
rence of seizures, and the deficits in language and
executive function are easily understood in the con-
text of the predominant localization of BOSDs in
frontal, insula, and pericentral cortex. Why these le-
sions have a predilection for these cortical regions,
how such small lesions give rise to such a severe sei-
zure disorder, and why they suddenly switch on and
off is uncertain. Their intrinsic epileptogenicity, how-
ever, is unquestioned, given the prominent “pace-
maker” activity recorded with intralesional EEG'®'
and the excellent response to complete resec-
tion.21'25’29’31733’36

Regarding surgical treatment, our series contrasts
with other series in which resections of small or
MRI-occult type 2 FCDs were frequently performed
with prior subdural grid or depth electrode monitor-
ing, often with the extent of resection determined by

intracranial EEG findings.*

Similar postoperative sei-
zure outcomes were achieved in our patients (88%
seizure-free) with imaging and electrocorticography-
guided lesionectomies, confined to the dysplastic sul-
cus in 34%. Such localized, single-stage approaches
to these small dysplastic lesions are sparsely re-
ported.’’?>% Single-stage resections in eloquent
cortical regions, without prior cortical stimulation
or awake functional monitoring, need to be under-
taken with preservation of the cortex and vascular
supply to the adjacent gyral crowns, avoidance of
injury to the subcortical white matter tracts, and
knowledge that FCD type 2A lesions (usually with-
out a transmantle sign on MRI) may contain corti-
cal function.

It is not possible to determine from our study
whether the electroclinical phenotype we and
others'*® describe is unique, or overlaps with
other causes of drug-resistant epilepsy. The pheno-
type is nevertheless different from several other
refractory focal epilepsies in which MRI may
appear normal, such as medial temporal lobe epi-
lepsy, epileptic encephalopathies of childhood due

to subtle malformations of cortical development,



and “MRI-negative PET-positive” focal epilepsy
due to FCD type 1.10:27:30:35,40

Recognition of this phenotype in patients with
reportedly normal MRI should prompt (1) review
of MRI with knowledge of seizure localization from
the patient’s semiology and scalp EEG, and awareness
of the usual locations of BOSDs, and (2) repeat MRI
at high field with postprocessing and coregistration
with FDG-PET, looking for dysplastic, hypometa-
bolic gray matter in the depth of a sulcus, and poten-
tially a subtle transmantle sign. In patients in whom a
BOSD is detected, referral for epilepsy surgery should
be considered, given the excellent postoperative out-
comes. Finally, epilepsy surgery for these exquisitely
localized lesions might be possible with MRI-PET
and electrocorticographic guidance, without need
for extraoperative intracranial EEG monitoring,.
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