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Significance of thalamic hyperperfusion
patterns in computed tomography
perfusion in patients with nonconvulsive
status epilepticus: possible utility in
predicting antiseizure medication
resistance

GyeongMo Sohn

Department of Neurology, Haeundae Paik Hospital, Inje University College of Medicine, Busan, Korea

Background: This study aimed to determine the characteristics of computed tomography
perfusion (CTP) patterns and their utility in predicting antiseizure medication (ASM) resistance
in patients with nonconvulsive status epilepticus (NCSE).

Methods: We retrospectively reviewed patients diagnosed with NCSE at Inje University Hae-
undae Paik Hospital Epilepsy Center between March 2015 and March 2022. CTP patterns were
analyzed for those patients. A hyperperfusion pattern (HPP) in CTP was defined as a region of
both increased cerebral blood flow and cerebral blood volume that did not necessarily follow
the vascular territories. The primary endpoint was the responses to ASMs according to CTP
patterns.

Results: Fourteen (74%) of the 19 included patients met the criteria for definite NCSE, with
the remaining 26% showing nonepileptiform activities with fluctuating quasirhythmic delta
activities at >0.5 Hz on electroencephalogram. Three of the four patients who had HPPs with
thalamic involvement were refractory to ASMs, whereas all eight patients who had HPPs with-
out thalamic involvement were responsive to ASMs (p = 0.018). Although HPPs themselves
were not associated with ASM responses, HPPs with thalamic involvement were associated
with resistance to ASMs.

Conclusions: HPP with thalamic involvement in CTP might be associated with ASM resis-
tance. Therefore, CTP may be useful for predicting ASM resistance in NCSE patients.
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INTRODUCTION

Nonconvulsive status epilepticus (NCSE) is challenging to
diagnose due to its diverse presentations and prognoses.'
Performing prompt diagnosis and treatment of NCSE is criti-
cal due to its high mortality rate of up to 18%.’

Diagnosing NCSE solely based on electroencephalogram
(EEG) can be difficult since its patterns are still debated
among experts despite a consensus document having been
published.® Different EEG criteria have been suggested in
recent decades in efforts to make diagnoses of NCSE more
consistent among neurologists.*” The Salzburg consensus
criteria for NCSE were proposed at the fourth London-Inns-
bruck Colloguium on Status Epilepticus held in Salzburg in
2013.° These criteria were subsequently validated in 2014
with a sensitivity of 98% and a specificity of 90% in diagnos-
ing NCSE.” However, a group from the Netherlands reported
an external retrospective validation in 2019 that showed
lower accuracy, with a sensitivity of 67%, specificity of 89%,
negative predictive value of 95%, and positive predictive val-
ue of 47%.2 There is therefore a need to identify additional
modalities that could potentially aid in the diagnosis of NCSE
when EEG findings are questionable.

Previous studies have shown that computed tomography
perfusion (CTP) could be a reliable and sensitive tool for dif-
ferentiating seizures from stroke mimics.*'® Also, homolat-
eral thalamic hyperperfusion along with cortical multilobar
hyperperfusion in a patient with an acute-onset neurologic
deficit is strongly suggestive of the presence of NCSE and is
related to sustained ictal patterns.'’

While there have been reports of an association between
changes in CTP patterns and EEG ictal-interictal continuum
patterns or electrographic seizure (ESz), no consensus has
been established regarding the use of CTP in NCSE pa-
tients.'>" Furthermore, to the best of our knowledge, no
previous study has investigated the relationship between a
hyperperfusion pattern (HPP) in CTP and antiseizure med-
ication (ASM) responses in patients with NCSE. Therefore,
this study investigated the characteristics of CTP patterns
in NCSE patients and their association with ASM responses
with the aim of achieving better prognostication.
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MATERIALS AND METHODS

We retrospectively reviewed patients diagnosed with NCSE
at Inje University Haeundae Paik Hospital epilepsy center
between March 2015 and March 2022. The institutional re-
view board has approved this study. Inclusion criteria were
1) =20 years old and 2) having undergone CTP with or with-
out diffusion-weighted magnetic resonance imaging (DWI).
Exclusion criteria were 1) chronic epilepsy; 2) hypoxic-isch-
emic encephalopathy (HIE); 3) large structural damage; 4) de
novo absence status epilepticus (SE) due to benzodiazepine
(BDZ) withdrawal; 5) epilepsia partialis continua (EPC); or
6) incomplete medical records.

We used the definition in the standardized critical-care
EEG criteria of the American Clinical Neurophysiology Soci-
ety for ESz as 1) >25 epileptiform discharges at >2.5 Hz for
>10 seconds; 2) any patterns with definite evolution lasting
>10 seconds; or 3) any time-locked EEG patterns with a defi-
nite clinical event and clinical improvement with a parenter-
al ASM.” NCSE was diagnosed when a patient had an altered
mental status and their EEG findings were consistent with
electrographic SE 1) =10 minutes continuously or 2) a total
duration of >20% during any 60-minute recording period.
However, a diagnosis of NCSE was challenging based solely
in EEG when there were quasirhythmic delta activities at
>0.5 Hz with fluctuation but no definitive evolution.'

All EEG recordings were performed using the twin EEG
system (Grass Technologies, West Warwick, RI, USA) with 19
electrodes placed on the scalp according to the international
10-20 system. Their impedances remained below 5 kQ be-
fore starting the recording and when measured again at the
end of the recording session under the following settings:
low-pass filter = 0.5 Hz, high-pass filter = 70 Hz, and sam-
pling rate = 250 Hz.

The initial EEG recordings were made for at least 60 min-
utes. Intravenous sedatives were discontinued at least 30
minutes prior to performing EEG and were not administered
during the EEG recordings. EEG recordings were made at
least twice within 1 week, and the follow-up recordings
were carefully reviewed to evaluate ASM responses. We also
performed continuous EEG if the initial routine EEG showed
nonepileptiform discharges.

CTP was performed within 24 hours of the patient arriving.
The perfusion study was based on the following perfusion
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parameter data sets: cerebral blood flow (CBF), cerebral
blood volume (CBV), time to peak (TTP), and mean transit
time (MTT). Images were displayed using a false-color scale.
CTP patterns were visually analyzed by two neuroradiolo-
gists separately and then decided by consensus. An HPP in
CTP was defined as a region of increased CBF and CBV along
with decreased TTP and MTT, showing a multiterritorial or
a single territorial involvement independent of the vascu-
lar territories. We did not include hypoperfusion patterns
because these have been reported as rare and atypical pat-
terns in NCSE.">'® If there was increased CBF and CBV at the
same time in the thalamic region, we defined this as an HPP
with thalamic involvement in CTP. Additionally, DWI signal
changes were evaluated qualitatively on images, and de-
fined as being present if there were any bright tissues with
restricted diffusion on the images.""”

A patient recovering consciousness within 3 days after us-
ing an ASM and showing improvement in the follow-up EEG
was defined as “responsive”. A patient who failed to respond
adequately to first- and second-line ASMs was defined as “re-
fractory”, while if seizures persisted after initiating a third-line
ASM (anesthetics), this was defined it as “super refractory”.18

The primary endpoint was the ASM responses according
to CTP patterns. The secondary endpoints were the Glasgow
coma scale (GCS) score at 1 week and the cerebral perfor-
mance category (CPC) score at discharge. Other variables
included age, sex, etiology, DWI patterns, and EEG patterns.

All statistical tests were performed using MedCalc software
version 19.1.5 (MedCalc Software Ltd., Ostend, Belgium). In

| 100 patients with NCSE |
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all calculations a p-value of <0.05 was considered statistically
significant. Categorical variables were analyzed using the
chi-squared test or Fisher's exact test. The Mann-Whitney or
Kruskal-Wallis test was applied to numerical variables.

RESULTS

Demographics
Among 100 patients with NCSE who presented at our center

Table 1. Demographics
Value
Age (years) 733+ 133(672-835)
Sex, femalemale 281
Female 14
Male 5
Etiology
Acute symptomatic i
Remote symptomatic 1
Cryptogenic 7
Initial GCS 9 (8-10)
1 week GCS 12 (8.7-14)
CPC at discharge 79% (15/19) with good prognosis (CPC 1-2)

Values are presented as mean+standard deviation (IQR), median (IQR), or
number unless otherwise indicated.

GCS, Glasgow coma scale; CPC, cerebral performance category; IQR, in-
terquartile range.

v

54 patients with chronic epilepsy, HIE, or large structural damage

\4
| 46 patients with possible candidates |

\4

Secondary exclusion (n = 27)

17 patients without CTP

4 patients with EPC

5 patients with incomplete clinical information

1 patient with de novo absence SE due to BDZ withdrawal

\4
19 patients with NCSE

Fig. 1. Flow chart of patient selection. NCSE, nonconvulsive status epilepticus; HIE, hypoxic-ischemic encephalopathy; CTP, computed tomography
perfusion; EPC, epilepsia partialis continua; SE, status epilepticus; BDZ, benzodiazepine.
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between March 2015 to March 2022, 54 patients were ex-
cluded due to 1) history of chronic epilepsy; 2) HIE etiology;
or 3) large structural damage. Among the remaining 46 pa-
tients, a further 27 patients were excluded due to 1) absence
of CTP; 2) EPC; 3) incomplete clinical information; or 4) de
novo absence SE secondary to BDZ withdrawal. Finally, 19
patients met both the inclusion and exclusion criteria (Fig. 1).

Table 1 summarizes the clinical demographics of the pa-
tients, who ranged in age from 39 to 90 years, and had a fe-
male predominance (females:males = 2.8:1). Eleven patients
(58%) had acute symptomatic etiologies: three with sub-

arachnoid hemorrhage, two with hypoglycemia, two with
hyperglycemia, one with sepsis, one with encephalitis, one
with new-onset refractory SE, and one with postoperative
state. The remaining patients without an acute symptomatic
etiology comprised one (5%) with a remote symptomatic
etiology with a previous intracerebral hemorrhage and sev-
en (37%) with cryptogenic etiologies. Their mental status
improved significantly after ASM treatment, from an initial
median GCS score of 9 to 1 of 12 after 1 week (p = 0.035).
Most patients had a favorable outcome at discharge, with
79% showing a CPC score of 1 or 2.

100.0

Fig. 2. Seizure-related CTP patterns and diffusion-weighted imaging (DWI) signal changes. (A) Hyperperfusion pattern (HPP) with thalamic involve-
ment and seizure-related DWI signal changes. (B) HPP only. CTP, computed tomography perfusion.

FEG
(n=19)
ESz (+) / \ Quasi-delta activity with fluctuation
(n=14) (n=5)
\J \J
CTP/DWI | | CTP/DWI |
I Y
CTP (4/DWI Fither CTP (/DWI CTP (+)/DWI Fither
(/DI CTP (4) or DWI () /D) H/DWIE CTP (4) or DWI ()
=9 i n=9 =1 i
3 with only CTP (+)
1 with only DWI ()
\/
CTP ()/DWI @) Fither CTP (/DWI ()
CTP (4) or DWI ()
(n=6) =9 (n=05)

Fig. 3. EEG and neuroimaging findings in NCSE. CTP (+), HPP in CTP; DWI (+), signal changes present in DWI. EEG, electroencephalogram; ESz,
electrographic seizure; CTP, computed tomography perfusion; DWI, diffusion-weighted imaging; NCSE, nonconvulsive status epilepticus.
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Utility of HPPs in CTP in the diagnosis of NCSE

NCSE was diagnosed based on EEG findings alone in 14 (74%)
of the 19 patients. The remaining five patients (26%) showed
nonepileptiform activities in EEG, which were quasirhythmic
delta activities at >0.5 Hz with fluctuation. We additionally

Table 2. Diagnostic yield change by adding neuroimaging
modality

Value (n=19)

EEG (+)

Electrographic/clinical seizure 14 (74.0)
CTP ()

Hyper-perfusion pattern 12 (63.0)
DWI (+) 8(420)

Seizure related signal change 8(420)
Either CTP (+) or DWI (+) 14 (74.0)
EEG(+) +CTP (+) + DWI (4) 5(26.0)
EEG () + CTP () + DWI () 3(16.0)
EEG () + CTP (+) + DWI (+) 1(5.0)
EEG () + CTP () + DWI (+) 1(50)

Values are presented as number (%).
EEG, electroencephalography; CTP, computed tomography perfusion;
DWI, diffusion-weighted imaging.

Annals of Clinical Neurophysiology Volume 26, Number 1, April 2024

performed cEEG in three (60%) of the five patients who
showed quasirhythmic delta activities at >0.5 Hz with fluc-
tuation, but no ictal activity was detected during the record-
ings.

Four of these five patients showed either HPPs in CTP or
DWI signal changes, while the fifth patient showed both
HPPs in CTP and DWI signal changes (Figs. 2, 3, Table 2). The
median time to CTP was 9 hours (interquartile range [IQR] =
4.5-45 hours) after arrival. Nine (64%) of the 14 patients with
EEG-confirmed NCSE showed either HPPs in CTP or DWI sig-
nal changes (Fig. 2). The diagnostic yield was 74% when only
EEG was used to diagnose NCSE. However, we found that
the diagnostic yield improved when adding neuroimaging
information to the EEG findings: by 21% when adding CTP
and by 5% when adding DWI (Table 2).

Twelve (63%) of the 19 patients showed HPPs in CTP, with
the other seven (37%) having no HPPs. HPPs themselves
were not associated with ASM resistance: 33% with HPPs
(4/12) vs. 43% without HPPs (3/7) (p = 1.00). The proportion
of patients with acute symptomatic etiologies was higher in
the HPP-positive group, but the difference was not statisti-
cally significant (75% vs. 29%; p = 0.07). There were no sta-
tistically significant differences between patients with and
without HPPs in age, sex, CPC score at discharge, or median

Table 3. Clinical variables and responses to antiseizure medications

Refractory (n=7) Responsive (n = 12) p-value
Age (years) 750+ 173 723+ 11 068
Sex, femaleimale 61 21 06
Female 6 8
Male 1 4
Acute symptomatic etiology 5(71.0) 6 (50.0) 06
Definite NCSE: Sz (+) on EEG 7 (100.0) 7 (58.0) 01
Sz related signal on DWI 4(570) 4(33.0) 037
Hyper-perfusion pattern on CTP 4(57.0) 8 (67.0) 1.0
Thalamic involvement in HPP 3/4 (75.0) 0/8 (0.0) 0.018
Concordant CTP and DWI 3(430) 3(250) 0.58
Initial GCS 8(8-8) 10 (8.5-10) 0013
GCS at 1 week 8(8-12) 14 (11-14) 0.027
Good CPC at discharge 3(430) 12 (100.0) 0.009

Values are presented as mean + standard deviation, median (interquartile range), number (%) unless otherwise indicated.

NCSE, nonconvulsive status epilepticus; Sz, seizure; EEG, electroencephalogram;

DWI, diffusion-weighted imaging; CTP, computed tomography perfusion;

HPP, hyperperfusion pattern; GCS, Glasgow coma scale; CPC, cerebral performance category.

18 https://doi.org/10.14253/acn.23013
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time to CTP (14 hours [IQR = 6-48 hours] vs. 6 hours [IQR =
3.2-34.5 hours]; p=0.42).

Thalamic HPP and ASM resistance

Seven (37%) of the 19 patients were refractory to ASMs, with
the remaining 63% being responsive to ASMs. Levetirac-
etam was the most frequently used first-line ASM (n = 14)
followed by valproate (n = 3) and lorazepam (n = 2). Sec-
ond-line ASMs were prescribed in 11 patients, with valproate
being most common (n = 6), followed by levetiracetam (n =
3), lacosamide (n = 1), and phenytoin (n=1).

Only three (25%) of the 12 patients with HPPs showed
thalamic involvement. Three of the four patients who had
HPPs with thalamic involvement were refractory to ASMs,
whereas all eight patients who had HPPs without thalamic
involvement were responsive to ASMs (p = 0.018). HPPs
with thalamic involvement might therefore be a significant
variable for predicting resistance to ASMs. In addition, ASM
responses were associated with better GCS scores at presen-
tation and 1 week, and with a better CPC score at discharge
(p=0.013,0.027,and 0.009; respectively) (Table 3).

DISCUSSION

As neurologists, we frequently encounter patients with an
altered mental status. It is critical to make prompt clinical
judgements and investigations in order to ensure that an
NCSE diagnosis is not missed. Our study group may repre-
sent the typical NCSE patients that are encountered in hos-
pital settings. In order to maximize the homogeneity of the
patient group with NCSE in this study, we excluded specific
conditions by applying strict criteria. It is therefore possible
that the clinical characteristics of our study group differed
from those in other studies.”'® In our study, acute symp-
tomatic etiology was not related to ASM responses, and the
proportion of patients with HPPs was higher than in other
studies.'” Nonetheless, the female predominance observed
in our study has also been seen in other studies.'”?° We do
not have a clear explanation for this sex difference, but it
might indicate that the X-chromosome plays a role in the
pathogenesis of NCSE.”'

Recent studies have revealed that neurovascular coupling
is an important mechanism correlated with the high energy

https://doi.org/10.14253/acn.23013
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demands of the brain by furnishing energy substrates from
the blood.** This is responsible for the activity-dependent
changes in the CBF. There is a functional and anatomical
epileptic network connected to the cortical and subcortical
brain structures, with one activity affecting all of the other
components.”” The thalamus has widespread connections
to the cortex, including to the temporal, parietal, and insular
cortices.?® Hypothetically, there are extensive neuronal con-
nections between the cortex and the thalamus, which are
also known as functional connectivity.”” The hippocampus
is a seizure-vulnerable structure in the brain.”® After seizure
events, the neuronal excitability of the hippocampus and
the thalamus can affect cortical regions.?’ This leads to
increased blood supply in those territories, and thalamic
involvement could increase the damage in seizure-vulnera-
ble structures of the brain, since the thalamus is thought to
have more neuronal connections in the epileptic network.
In addition, deep brain stimulation of the thalami has been
used as a treatment option for refractory epilepsy,®® which
indicates that the thalamus is a pivotal anatomical structure
in the epileptic network. The involvement of the thalamus
in the pathogenic process of a disease is probably linked to
treatment resistance. Only one-fourth (3/12) of our patients
who showed HPPs had thalamic involvement, which might
have been due to the genetic predisposition, with some
groups potentially being more susceptible to insult in the
epileptogenic network.'

The reason for only some patients showing HPPs may
be the diversity of cerebral collaterals and the complexity
of thalamocortical circuits.>>** Also, our study revealed dis-
crepancies between HPPs and DWI signal changes, which
perhaps indicates different underlying mechanisms. HPPs
reflect a perfusion increase secondary to neuronal excitation
rather than neuronal hyperexcitation itself. During ictal activ-
ity, the extracellular space in the cortex shrinks due to water
flux into cells.>**> The extracellular space expands in areas
remote from the neuronal activity with a decrease in cortical
diffusion, which increases the subcortical white-matter dif-
fusion.®**” Together these findings indicate that HPPs with
thalamic involvement might be related to ASM resistance.

Previous studies have shown that NCSE can be diagnosed
based only on EEG findings in almost 90% of cases,®* but it
is still challenging to diagnose NCSE in patients with none-
pileptiform discharges in EEG. Five (26%) of the 19 patients
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in our study showed quasirhythmic delta activities in both
routine EEG and cEEG. We concluded that it is almost impos-
sible to diagnose NCSE solely based on EEG in this patient
group, and hence subsequent neuroimaging is needed to
increase the diagnostic yield.

Since this was a retrospective study conducted at a single
hospital, it is possible that selection bias was present. In ad-
dition, it was challenging to collect sufficient patients with
NCSE given the rarity of this disease.** We were motivated to
perform this study by many neurologists around the world
working hard to find better solutions for those suffering
from NCSE. Even though this study involved only 19 patients
with NCSE, post-hoc analysis showed that the statistical pow-
er exceeded 90%. Therefore, the possibility of type-1 errors
could be rejected, making it reasonable to conclude that our
statistically significant findings were not incidental.

The present findings support future prospective studies
involving larger numbers of patients aimed at validating the
utility of CTP in NCSE patients for predicting ASM respon-
siveness and for increasing the diagnostic yield when EEG
alone is not sufficient. Many neurologists are working hard
to fully understand NCSE, which is a diagnostically and ther-
apeutically challenging disease. CTP could be a valuable tool
for both increasing the diagnostic yield and predicting ASM
responsiveness in NCSE patients.
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