
Introduction 
Transient signal abnormalities of magnetic resonance imag-

ing (MRI) have been attributed to functional changes due to 

seizure activity. Periictal cerebral imaging can show reversible 

abnormalities, and postictal diffusion-weighted MRI (DWI) 

can be used to delineate epileptic areas [1]. 

Likewise, in patients with status epilepticus (SE), transient 

and permanent changes of micro- or macroscopic brain 

structures by persistent ictal discharges have been demon-

strated [2,3]. Moreover, hemodynamic and ultrastructural 

changes in areas remote from the site of primary epileptogen-

ic activity have been reported in generalized and focal SE such 

as the hippocampal formation, thalamus, and cerebellum 

[4,5]. Comparative or quantitative morphological changes 

caused by prolonged SE have not been well investigated, es-
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for investigating an evolving pattern of morphological changes during and after the FSE, including cortical laminar necrosis (CLN), increased T2 
signal intensities, and marked regional atrophy on the corresponding areas. Despite cessation of FSE after adequate medication (combination 
therapy including clobazam of 1 mg/kg/day), further significant cerebral atrophy was detected at the limited regions where discrete CLN had oc-
curred during the FSE. 
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pecially those resulting from FSE. 

We report an interesting case in which distinct morphological 

evolution was observed by conventional MRI and magnetic 

resonance (MR) volumetric measurement in the course of ex-

ceptionally prolonged and uncontrolled FSE. 

Case Report 
A 16-year-old male was admitted to the pediatric department 

of our hospital for two recent episodes of bilateral tonic clonic 

seizure (BTCS) in January 2015. He had undergone two bone 

marrow transplantations for acute myelogenous leukemia 

(M3) and had been maintained on immunosuppressant ther-

apy with tacrolimus and mycofenolate mofetil since August 

2014. In December 2014, he had experienced a few episodes 

of eyeball deviation to the left side with or without brief loss of 
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consciousness and without secondary BTCS. At the first ad-

mission (department of pediatrics of our hospital), his blood 

pressure and heart rate were normal and mental status was 

intact. Also, there was no definite focal change in his first MRI 

scan (M1) except for minimal, diffuse cortical atrophy and 

ventricular dilation bilaterally (Figure 1B). Electroencephalo-

gram (EEG) showed a few spikes with regional slowing in both 

occipital areas. Although the typical findings in posterior 

brain areas of reversible posterior leukoencephalopathy syn-

drome (RPLS) were not seen on MRI, neither the normal se-

rum level of tacrolimus (5.1 μg/L) nor the dose of tacrolimus 

was reduced in anticipation of tacrolimus-induced RPLS. Af-

ter antiepileptic medication with carbamazepine (200 mg/

day), no additional motor seizures occurred, and the patients 

were discharged without any sequelae. However, at 3 months 

after discharge, he complained of a newly developed visual 

symptom described as near-constant, unformed, fragmented 

flashes of multicolored lights in the left upper visual field. The 

Figure 1 Conspicously changing pattern of electroencephalogram, MRI, and SPECT findings performed before, during, and after 
FSE

(A) After proper treatment with high-dose clobazam (1 mg/kg/day), continuous ictal discharges over the right occipital area (left) resolved 1 week after 
admission (right). (B) Serial MRI. Images obtained at admission to the pediatric department (baseline, M1) showed no particular abnormalities except 
slight, diffuse cortical atrophy with mild ventricular dilatation of both sides. During and after incessant FSE, more prominent sulci and enlargement of 
the overlying subarachnoid spaces were observed mainly in the right occipital, temporoparietal, and hippocampal areas, in addition to ventricular dila-
tation (M2 and M3). Moreover, the site of prominent ictal hyperperfusion and leptomeningeal enhancement, as well as cortical laminar necrosis (yellow 
arrow) over the right occipitotemporal area, overlapped the area of high signal intensity of T2WI (M2). In follow-up MRI performed 10 months after ces-
sation of FSE (M3), further atrophy was seen as ventricular dilatation and sulcal enlargement of subarachnoid space. Relative discrete hypoperfusion 
was observed in the same region on follow-up SPECT performed at 2 months after the first scan.
MRI, magnetic resonance imaging; SPECT, single-photon emission tomography; FSE, focal status epilepticus; T1WI, T1-weighted image; T2WI, 
T2-weighted image; GE-T1WI, gadolinium-enhanced T1WI.
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subsequent EEG displayed continuous paroxysmal fast activi-

ty in the right occipital area and frequent spike-and-waves 

over the right posterior temporooccipital region (not seen 

here). Before his second admission, regardless of the antiepi-

leptic medication, he experienced focal onset impaired 

awareness seizures that manifested as oroalimentary automa-

tism and unresponsiveness without any episodes of second-

ary generalization for more than 7 months. 

In January 2016, he was readmitted to the neurology depart-

ment of our hospital for management of uncontrolled partial 

SE. At the time of admission, his mental status was clear and 

oriented under medication of carbamazepine (800 mg/day), 

topiramate (100 mg/day), and lamotrigine (100 mg/day). Se-

rum level of carbamazepine was within the therapeutic range 

(5.62 μg/mL), while that of tacrolimus was low (0.8 μg/L). He 

showed normal blood pressure and no signs of infectious dis-

ease. Single-photon emission tomography (SPECT) and brain 

MRI (M2) performed that day revealed distinct hyperperfu-

sion on the right temporooccipital area, which was matched 

to the lesion seen on MRI and the focal and perpetuating ictal 

discharges on scalp EEG (Figure 1A). During the tests, he in-

cessantly experienced habitual visual hallucinations. 

Fortunately, with an add-on of high-dose clobazam (1 mg/kg/

day), the fragmented, multicolored scintillation decreased 

markedly. A few days later, the symptom had completely re-

solved in conjunction with cessation of the EEG seizure pat-

tern observed 5 days after clobazam add-on therapy (not 

seen here). The next week, he was discharged in a symp-

tom-free state but complained of remnant left homonymous 

hemianopsia. Follow-up SPECT 2 months after the first scan 

showed discrete perfusion decrease in the corresponding ar-

eas (Figure 1B). In the EEG performed three months after 

cessation of visual symptoms, complete resolution of ictal ep-

ileptiform discharges and restoration to normal background 

(Figure 1A, ‘after FSE’) were found. Ten months after cessa-

tion of FSE, he was seizure-free and underwent follow-up 

MRI (M3) for identification of the interval changes in his 

brain. 

Single-photon emission tomography, magnetic 
resonance imaging acquisition, and volumetric 
analysis 
Two SPECT (‘during FSE’ and ‘after FSE’ in Figure 1B) images 

were acquired within 40 minutes after injection of 925 MBq 

(25 mCi) 99mTc-ethyl cysteinate dimer. Using a dual-headed 

multidetector scanner (ECAM plus; Siemens, Erlangen, Ger-

many) that was equipped with high-resolution low-energy 

fan-beam collimators and a full width at half maximum of 8.0 

mm, data were acquired as 128 ×  128 matrices over a 40-min-

ute period during which each of the two heads made a 180° 

orbit. Transaxial images were reconstructed using filtered 

back-projection. Attenuation correction was performed using 

Chang’s algorithm with a 0.12/cm correction factor, and the 

calibration factor of 0.6 mm/pixel was applied for selection of 

the brain region. 

MRI data from three stages (before FSE [M1], during FSE 

[M2], and post-FSE [10 months after cessation of FSE, M3]) 

(Figure 1B) were obtained with a 1.5-T Magnetom Vision Plus 

(Siemens; M1) and 3.0-T MRI machine (Skyra, Siemens; M2 

and M3). The conventional routine examinations consisted 

of a standard fast spin-echo T2-weighted axial sequence (M1: 

TR/TE/NEX of 4,000/99/2, 6-mm thickness; M2 and M3: TR/

TE/NEX of 4,000/92/2, 5-mm thickness), axial fluid-attenuat-

ed inversion recovery (M1: 9,999/105/1; M2 and M3: 

9,902/123/1), axial T1-weighted axial images (M1: 665/14/1; 

M2 and M3: 550/16/1) with gadolinium enhancement (only 

M2 and M3). In addition, three-dimensional T1-weighted 

coronal gradient-echo sequences (M1 [magnetization-pre-

pared rapid gradient echo, MPRAGE]: 9.7/4.0/1; M2 and M3 

[MPRAGE]: 22/6/1) were acquired in the coronal plane with 

1.6 mm (M1) or 1.0 mm (M2 and M3) thickness for volumetric 

measurement. 

The DICOM (Digital Imaging and Communications in Medi-

cine) files of volumetric spoiled gradient echo (SPGR) images 

were transferred to a computer using a Windows operating 

system. Analyze 7.0 (Biomedical Imaging Resource, Mayo 

Foundation, 2006) was used for manual delineation of dis-

crete anatomical structures. According to prior methods [6,7], 

the volumes of cerebral structures were measured by one rat-

er (Cho JH). To assess intra-rater reliability, each volume was 

measured three times, and the average value was selected to 

represent the volume status of three time points (M1, M2, and 

M3). The cerebral regional volume was computed by multi-

plying the surface of each region of interest by the slice thick-

ness. 

Conventional magnetic resonance imaging findings 
Contrary to the nonspecific findings, except for minimal corti-

cal atrophy and slight ventricular dilation for his age, not only 

were prominent and widespread cortical atrophy manifested 

as salient sulci markings and markedly enlarged ventricles in 

M1and M2, but also remarkably high T2-signal intensities 

were recorded over the right occipitotemporal area (both gray 
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and white matter were involved). Moreover, in the same corti-

cal region, high signal intensity suggestive of cortical laminar 

necrosis (CLN) was observed in T1-weighted and SPGR imag-

es of M2, accompanied by the cortical gyral enhancement in 

the corresponding regions (yellow arrow in Figure 1B). Similar 

findings were observed in the follow-up images (M3), but 

there was some progression of parenchymal atrophy and 

higher intensity CLN at the right occipitotemporal area in 

which the FSE had occurred. 

Regional cerebral volume measured by magnetic 
resonance volumetry 
We performed consistent volumetric measurements, with in-

tra-rater reliability coefficient of 0.975 (M1) to 0.994 (M2). 

Compared to M1, widespread regional atrophy was evident in 

M2, especially over the right posterior region (parietal, tem-

poral, and occipital lobes) and right hippocampus. A remark-

able decrease (greater than 5%) of regional cerebral volume 

was determined not only in the ipsilateral hemisphere of ictal 

onset (occipital [17.6%], parietal [8.7%], and hippocampus 

[7.0%]) but also in the contralateral side (left occipital [8.0%], 

left parietal [5.0%]). A significant volume change after cessa-

tion of FSE (regional volume decrease between M2 and M3) 

was evident only in right occipitotemporal areas (temporal, 

13.8%; occipital, 12.4%), corresponding to the ictal onset zone 

of FSE (Figure 2). 

Discussion 
We described a patient under a relentlessly persisting FSE and 

subsequent irreversible neuronal damage as demonstrated by 

serial conventional MRI findings and corresponding MR vol-

umetric measurement. 

Our case report has some interesting points for discussion. 

First, unlike the changes demonstrated as T2 hyperintensity, 

leptomeningeal enhancement and cytotoxic or vasogenic 

edema, which are usually reversible, our case showed irre-

versible hyperattenuated T2 signal intensity after prolonged 

FSE. Similar to previous reports, early apparent diffusion co-

efficient (ADC) decrease from 14% to 49% of baseline value 

was maximal at 24 hours after seizure onset and normalized 

within several days. The ADC changes were correlated with 

the presumed area of seizure onset and the resulting histo-

pathologic changes. The decrease of ADC in SE has been at-

tributed to cytotoxic edema as a consequence of not ischemia 

but blood flow-metabolism uncoupling due to prolonged ictal 

discharge. Energy failure of the adenosine phosphatase pump 

and subsequent anaerobic glycolysis occur regardless of com-

pensatory regional hyperperfusion. 

Except for a few recent cases [2,8], most studies have men-

tioned acute changes only during the short-term (a few hours 

to a few days) period of SE. Our patient, in contrast, showed 

T2 hyperintensity suggesting increased water content origi-

nating from increased extracellular space after tissue loss 

Compared to the first magnetic resonance imaging (before FSE), regional atrophy was discrete (*), especially over the right posterior region (parietal, 
temporal, and occipital lobes) and right hippocampus (HP) identified with the volumetry data of M2 images. However, the volume changes after FSE (M3) 
were obvious in the right occipitotemporal areas (**) but nowhere else (right frontal, parietal, and hippocampus and left hemisphere).
FSE, focal status epilepticus; R, right; L, left.

Figure 2 Evolution of regional volume loss after FSE
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rather than from vascular or cytotoxic edema. Gadolinium 

enhancement was prominent in the ictal onset zone, where 

irreversible breakdown of the blood-brain barrier had persist-

ed for a long time. 

Second, with serial MR volumetry, we determined the transi-

tion of cerebral regional damage from prolonged FSE and 

identified the areas susceptible to intractable seizure-induced 

permanent atrophy. Progressive neuronal damage by SE has 

been confirmed by signs of ongoing neuronal cell death even 

after cessation of SE. A few case reports using MR changes 

over time have documented, despite full recovery of imaging 

abnormalities, some permanent brain injury such as enlarge-

ment of the lateral ventricle and sulci on the affected side, in-

dicating volume loss after SE [3,5,8]. Moreover, studies have 

provided further evidence that hippocampal sclerosis can oc-

cur as a result of neuronal insult during SE [4,8] and can de-

velop within 2 months of SE and progress during the following 

3 to 4 years. 

In our case, repetitive cell firing from undertreated, prolonged 

FSE for at least several months resulted in marked regional at-

rophy manifested as widening of sulci and cortical thinning of 

areas adjacent or functionally connected to the ictal onset 

zone (M2). Moreover, progression of atrophy (right tempo-

rooccipital region, M3) was conspicuous in the region of dis-

crete CLN. 

Third, we assume that the CLN of our patient was primarily a 

consequence of FSE, considering its overlapping locus corre-

sponding to the area displaying hyperperfusion shown by ic-

tal SPECT as well as contemporary ictal EEG pattern. CLN  

is radiologically defined as high-signal cortical lesions on 

T1-weighted MRI images following a gyral distribution. Histo-

pathologically, CLN is characterized by pannecrosis of the 

cortex involving neurons, glial cells, and blood vessels [9]. It 

has been reported to be associated with hypoxia, metabolic 

disturbances, drugs, and infections. Our patient showed focal 

neurological deficit (left hemianopia) after cessation of FSE 

that remained unchanged during follow-up. Therefore, pro-

longed FSE can cause permanent brain damage, as indicated 

by progression of concurrent CLN and its underlying regional 

cerebral atrophy in the absence of other metabolic or toxic 

causes. 

Tacrolimus (FK506), one of the most popular immunosup-

pressants used in bone marrow and organ transplantation 

treatment, shows neurotoxicity by inhibiting phosphatase ac-

tivity of calcineurin (CaN). The highly enriched distribution of 

CaN in the dentate gyrus of the hippocampus suggests selec-

tive susceptibility of the hippocampus to injury from FK506. 

One case report showed MRI changes in hippocampal injury 

associated with tacrolimus [10], but the causal relationship 

between epileptic seizures and hippocampal damage from 

tacrolimus illustrated as high signal intensity of DWI in bilat-

eral hippocampi has not been settled. 

We cannot rule out that meningeal gadolinium enhancement 

was due to the effect of RPLS from tacrolimus or concomitant 

medical conditions. However, these are not likely the predom-

inant cause of MRI changes considering several factors. First, 

our initial scan (M1) showed no cerebral edema involving a 

posterior lesion with hyperintensity in T2-weighted image. 

Second, the MRI features during and after FSE (M2, M3) were 

distinct from typical findings of RPLS in previous reports 

(usually bilateral, symmetrical, and sparing of calcarine fis-

sure and paramedian occipital lobe areas). Third, during the 

period of relentless FSE, the patient did not experience any 

clinical or laboratory signs of infection or hypertension. 

Our report has some limitations in that the serial MRI acquisi-

tion was performed with different MR machines (Siemens 

[M1] vs. GE Healthcare [M2 and M3]), with uneven acquisi-

tion parameters, and had discordant slice thickness of T1-vol-

ume images. However, as the volume decrease of the patient 

was more prominent than the predictable error from different 

MR machines measured for comparison, it seems justifiable 

to determine the pattern of interval changes of volume with 

our MR data.  

In conclusion, we present a case in which a chronic focal SE 

caused not only prominent regional atrophy and its progres-

sion even after termination of the ictal process, but also con-

current CLN only on the same site, which was confirmed by 

conventional and volumetric MRI analyses. 
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