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Summary: Despite being first described over 50 years ago,
periodic discharges continue to generate controversy as to
whether they are always, sometimes, or never “ictal.”
Investigators and clinicians have proposed adjunctive markers to
help clarify this distinctiondin particular measures of perfusion
and metabolism. Here, we review the growing number of
neuroimaging studies using Fluorodeoxyglucose-PET, MRI
diffusion, Magnetic resonance perfusion, Single Photon Emission
Computed Tomography, and Magnetoencepgalography to gain
further insight into the physiology and clinical significance of

periodic discharges. To date, however, no definitive consensus
exists regarding the features of periodic discharges that warrant
treatment intensification. However, an emerging consilience
among neuroimaging modalities suggests that periodic
discharges can induce a hyperexcitatory state with associated
hypermetabolism and hyperperfusion, which may result in local
metabolic failure.
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Since being first described by Chatrian et al. in 1964, periodic
discharges (PDs) have been universally associated with poor

neurologic outcomes.1,2 However, more than 50 years later, their
causal relationship with neurologic outcomes remains unclear.
No definitive consensus explains whether PDs (generalized,
lateralized, or bilaterally independent) represent an epiphenom-
enon of acute neuronal injury (essentially harmless) or an ictal
phenomenon (causing harm and potentially warranting
intervention)dor both. Although some conceptualize PDs as
a form of seizure activity,3 many clinicians adopt a pragmatic
context-specific approach that considers PDs ictal only when
associated with clinical manifestations or clinically and electro-
graphically responding to treatment. More recently, the Salzburg
criteria have operationalized definitions for nonconvulsive status
epilepticus (NCSE), in which PDs qualify as NCSE when they
occur at .2.5 Hz or when they occur with spatiotemporal
evolution typical of seizures, with clinical accompaniments or
with an electroclinical response to treatment. These criteria have
also defined “possible” NCSE as PDs responding to antiseizure
medications (AEDs) but without a high frequency, clear clinical
accompaniment, definite evolution, or a clinical response to
treatment.4 Definitions of NCSE by the International League
Against Epilepsy regard PDs without electrographic spatiotem-
poral evolution as a borderland condition lacking the features
required to meet the criteria for NCSE.5 In the absence of clinical
accompaniments or clear response to treatment trials, some
practitioners advocate using neuroimaging to dichotomize PDs
into ictal and nonictal patterns.6

The idea of an ictal–interictal continuum (IIC) posits that PDs
are not binary (ictal vs. nonictal), but instead fall on a spectrum.7

Over the past decades, there is increasing evidence that at least in
some cases, PDs demonstrate ictal characteristics.8,9 New data

from intracortical depth recordings with cerebral microdialysis
monitoring after traumatic brain injury (TBI) reveal that PDs seem
to cause metabolic crisis evidenced by the increased lactate/pyru-
vate ratio.10 A retrospective analysis of 90 comatose patients with
high-grade spontaneous subarachnoid hemorrhage undergoing
multimodal brain monitoring and scalp EEG concluded that that
high frequency PDs may cause further brain injury based on evi-
dence that they lead to increased cerebral blood flow (CBF) and
reduced partial pressure of oxygen in the interstitial brain tissue.11

What current criteria and definitions lack are (1) a definition
of clinical correlation includes the use of auxiliary tests to
diagnose NCSE in sedated, comatose, or neurologically injured
patients; and (2) a recognition that electrographic IIC reflects
a physiologic continuum, in which neurodiagnostic tests may
provide structural, metabolic, or hemodynamic evidence to
determine when PDs are and are not leading to secondary brain
injury. The aim of using such neurodiagnostic tests in cases of
PDs is to identify patterns on the IIC that may benefit from more
aggressive therapy in an attempt to minimize further cerebral
damage. Neuroimaging abnormalities are seen in 90% to 100%
of patients with lateralized PDs (LPDs), most commonly in the
acute setting and involving the cortical area with adjacent
subcortical structures and in a few cases with subcortical
changes.1,12,13 However, most of these studies focus on structural
changes and edema associated with the underlying insult that
precipitated the PDs. In this review, we focus on physiologic
neuroimaging changes more likely to be caused by PDs.

STRUCTURAL/DIFFUSION-BASED IMAGING

MRI/DWI and FLAIR/T2
Seizures often result in transient focal diffusion restriction

on diffusion-weighted imaging (DWI) images with correspond-
ing apparent diffusion coefficient (ADC) signal reduction.14–18

These findings result from ictal activity, namely, increased
metabolism, hyperperfusion, and cytotoxic edema.15,16 Restricted
diffusion (MRI-rd), reflecting cytotoxic edema, is attributed to
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metabolic failure and insufficient function of sodium/potassium
Adenosine Triphosphatease pumps and excess release of excit-
atory amino acids and their derivatives. Approximately 50% of
patients with status epilepticus (SE) have MRI-rd.19 In a recent
study, the interval from seizure onset to the first MRI findings
showing DWI restriction was 2 to 24 hours.20

In an attempt to guide therapy and gain a better understand-
ing of the nature of PDs, multiple studies and case series have
used MRI as an ancillary neurodiagnostic test (Table 1). Such
approaches look for similarities between imaging findings in PDs
and those seen with seizures and SE, with the assumption that
similar imaging findings imply that similar harmful pathophys-
iological processes are seen in both SE as well as PDs.

In several case series, patients with PDs initially presented
with SE and were found to have regional MRI-rd on DWI
sequences that implicated PDs as causing ictal injury with
persistence. The International League Against Epilepsy (ILAE)
t1/t2 definitions of status recognize SE as a time t2 when seizures
result in persistent injury, suggesting that DWI could rule in SE
in the absence of seizures on monitoring. Most of these PDs were
lateralized with concordant MRI findings. Some of the general-
ized PDs (GPDs) had MRI-rd.21 Some patients with LPDs had
simultaneous and ipsilateral MRI-rd in the thalamus.21–23 Hence,
some authors proposed the potential role of the thalamus in
generating LPDs.21,23

Narayan et al.24 studied 10 patients with LPDs, 50% of
which had MRI-rd on MRI, whereas the rest had a normal brain
MRI. Those with MRI-rd had electrographic seizures on their
EEG. One patient had bilateral independent PDs (BiPDs) without
DWI restriction.24 The author argued that the absence of DWI
findings should be a marker that LPDs are not ictal and do not
warrant aggressive therapy.24 Newey et al.25 reported 11 patients
with hepatic encephalopathy who had electrographic seizures and
NCSE on their acute presentation. Sixty-four percent of patients
had PDs after cessation of seizures (50% had GPDs and 50% had
LPDs).25 All with PDs had concordant MRI-rd on brain MRI.25

All patients had MRI 1 to 4 days after the last documented
seizure, and only one had an electrographic seizure while in the
MRI.25 The authors proposed that the findings seen on the MRI
could be due to ongoing or recent seizures.25

In a study by Rennebaum et al.,23 analysis of 19 patients
presenting with SE revealed peri-ictal MRI-rd (89% had concom-
itant cortical and thalamic restrictions). Fifty-eight (58%) patients
had LPDs on EEG along with restriction diffusion on brain MRI.
Interestingly, LPDs were often accompanied by both cortical and
thalamic DWI findings. They suggested that highly synchronized
cortico-thalamic fibers are potential generators of LPDs. Eleven
percent of the patients without MRI-rd had GPDs or BiPDs peri-
ictally. Huang et al.21 analyzed 15 patients with SE; 53% had PDs
(20% with LPDs and 33% with GPDs). Those with LPDs had
MRI findings of MRI-rd and hyperintense fluid-attenuated inver-
sion recovery (FLAIR) lesions; two had contrast enhancement.21

Three of these patients also had ipsilateral thalamic findings.21 All
with GPDs had MRI-rd, three had FLAIR hyperintensities, and
three had contrast enhancement; their MRI findings displayed
bilateral cortical involvement without thalamic involvement.21

In addition to MRI-rd accompanying LPDs, a single study
reported that 5.2% of patients with LPDs have subcortical white

matter (WM) disorders on MRI (e.g., multiple sclerosis and
posterior reversible encephalopathy syndrome [PRES]).13,26,27 In
a retrospective study that analyzed acute neuroimaging findings
in brain MRIs performed within 72 hours of detecting LPDs on
EEG, Kalamangalam et al.28 found that 40.5% of patients had
acute cortical findings, whereas 8.5% had acute subcortical
findings, 29.3% had chronic cortical findings, and 15.1% had
chronic subcortical findings. They redemonstrated that lesions
seen in the patients with LPDs can be both cortical and
subcortical as well as acute versus chronic.28 The authors
concluded that acute lesions are the most common structural
abnormalities seen in LPDs, whereas chronic lesions, subcortical
lesions, and nonlesional scans are not uncommon.28

Kalamangalam et al.28 postulated that LPDs are generated
from interconnected networks that generate different oscillations.
They observed that LPDs generated from subcortical areas have
shorter duration and are more stereotyped.28 In this particular
study, the authors did not investigate the ictal nature of the LPDs
but rather its potential generators and associated anomalous
networks.28 The authors excluded patients who had seizures and
LPDs on their EEG.28

Several authors reported patients with PRES presenting with
LPDs and concordant MRI findings consistent with PRES.26,27,29

A case series by Kastrup et al.29 studied 49 patients with PRES, of
whom one had LPDs on EEG and bilateral symmetric cortical and
subcortical FLAIR hyperintensities and edema on brain MRI.
Skiba et al.27 reported a patient with a history of recurrent PRES
with EEG revealing BiPDs. Concomitantly, on brain MRI, there
were T2 and FLAIR hyperintensities in the bilateral parietoocci-
pital regions with extension into the temporal lobes, with
diffusion-weighted imaging showing scattered areas of MRI-rd
in the posterior regions.27 After resolution of PRES, serial long-
term and extended EEGs were normal.27 Bhatt et al.26 also
presented a case of PRES with NCSE, with brain MRI revealing
bilateral subcortical edema predominantly of the temporo-occipital
lobes. EEG at the time of the MRI revealed posterior quadrant PDs
that resolved before the normalization of the brain MRI.26

Most retrospective analysis studies reveal that in most cases,
LPDs occur in the presence of both cortico-subcortical dysfunc-
tions.12,30,31 In postmortem analysis of 32 patients, Gloor et al.30

revealed that 5% of patients with LPDs had combined gray and
WM disease and that only 6% of patients had only gray matter
lesions and LPDs. This lead them to conclude that a combination
of gray and WM pathology is necessary to generate LPDs.30

Raroque showed that 6/8 patients with LPDs had brain MRI that
had both gray and WM structural changes.31 Gurer and
colleagues reported 71 adult patients with LPDs on their EEG,
35.2% of which had chronic lesions and the rest were acute.12

Lesions were cortical, cortical-subcortical, and subcortical.12

In terms of GPDs, both cortical and subcortical T2 FLAIR
hyperintense MRI changes have been seen without any MRI-
rd.32 Yemisci et al.32 studied 37 patients with GPDs. Patients
with GPDs (89.2%) had seizures (32.4% were in SE) within 48
hours of the GPD detection. Sixty-four percent of these patients
had brain MRIs performed.32 Fifty percent had concurrent
cortical and subcortical FLAIR hyperintensities (only one had
Herpes simplex virus encephalitis; this patient had cortical and
subcortical frontal and temporal contrast enhancement), 25% had

A. Herlopian, et al. Neuroimaging in Periodic Discharges

280 Journal of Clinical Neurophysiology Volume 35, Number 4, July 2018 clinicalneurophys.com



TABLE 1. Summary of the Studies that Reported MRI Brain Findings in Patients With PDs

Reference
Number/
First
Author

Number
of

Patients
with PDs

Type of the PD
(%LPD;
%GPD;
%BIPD) Imaging Abnormality Diagnosis

Treatment
Guided by

Neuroimagine
(AED Yes/No) Clinical Conclusion

Gurer et al.12 71 100% LPDs 77.5% had MRI and rest had CT of
the brain. 52.1% acute lesions; 35.2%
chronic lesions; 63.4% had
concordant findings. 12.7% had no
lesions; 64.7% with cortical and
subcortical lesions; 11.3% with
cortical lesions; 4.2% with
subcortical lesions; 5.6% had cortical,
subcortical, and deep gray matter
(basal ganglia) lesions; and 1.4% had
lesion in the putamen

28.2% stroke; 15.5% herpes
encephalitis; 15.5% abscess or tumor;
15.5% epilepsy; 8.5% posttraumatic
encephalomalacia; 2.8% anoxic
encephalopathy; 2.8% with SSPE,
2.8% meningoencephalitis; 1.4%
neuroBehect; 1.4% Listeria
monositogenesis infection; 1.4%
neuronal migration anomalies; and
1.4% unknown

No Most LPDs had concordant acute
anatomic lesions of the cortical
and adjacent subcortical areas.

Huang et al.21 15 20% LPDs; 33%
GPDs

LPD group: 66.67% DWI[; ADC[;
FLAIR[ 33.33% DWI[; ADC -;
FLAIR[, enhancement[; prominent
vessels
GPD group: 40% DWI[; ADC -;
FLAIR[, enhancement[; prominent
vessels
20% DWI[; ADC -; FLAIR[,
enhancement[; 20% DWI[; ADC[;
FLAIR-20% DWI[; ADCY;
FLAIR[

LPD group (33.33% alcohol
withdrawal seizure; 33.33% NPH
with VP shunt; 33.33% left frontal
abscess and SLE: 66.66% with
30 minutes GCSE, followed by 5
hours versus 7 days of NCSE;
66.66% GCSE for 6 hours and later 5
days of mild GCSE.

No DWI and FLAIR images provided
evidence of extent and severity of
secondary neuronal injury caused
by PDs in patients with SE.

GPD group; 20% alcoholism; 80%
old strokes (50% lacunar; 25%
ischemic cortical; 25% hemorrhagic).
40% GCSE for 1-5 hours
intermittently; 40% GCSE, followed
by subtle GCSE; and 20% NCSE

Rennebaum
et al.23

69 48% had PDs:
18.8% LPDs;
among the 29%
some had GPDs

LPDs: 15.4% without MRI-rd; 84.6%
had DWI[ ADCY
9% were cortical; 17% both thalamic
and cortical; 1% thalamic only (of
total patients)
GPD group did not have MRI-rd

All presented with SE; 32%
postischemic gliosis; 21% subcortical
lesion or multiple pathologies; 16%
subdural or intracerebral hemorrhage
in history; 11% subacute stroke; 11%
cerebral tumor or metastases; 5% no
visible lesion; 5% other; and 58% had
a history of epilepsy

Unknown Patients with peri-ictal MRI-rd
had LPDs on EEG and different
clinical presentation with local
cortical metabolic disturbances
and occasional seizures. LPDs
were associated with chronic
rather than acute cortical lesions.

Narayan
et al.24

10 100% LPDs 50% LPDs 1 electrographic seizures
had restricted diffusion.
50% LPDs without seizures had no
MRI-rd; DWI[ ADCY

50% of LPDs had seizures; 20% left
frontal encephalomalacia; and 80%
no structural lesions.

Unknown MRI could be a good biomarker
in patients with PLEDs to indicate
risk of seizure occurrence.

(Continued )
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TABLE 1. (Continued)

50% with LPDs no seizures; 20% no
structural lesion; 20% nodular
heterotopia; 20% left temporal edema
with cavernous angioma; 20% left
frontal edema with left parietal
epidural hematoma and craniectomy;
20$ right intraparenchymal
hemorrhage.

Newey25 11 18.2% LPDs;
27.3% GPDs, 9%
had GPD 1 LPD
9% BiPDs

54.5% of patients had MRI. 100%
had DWI[ ADCY.
All BiPDs had right temporo-parietal
subtle MRI-rd (patient had seizures
both from the left and right parieto-
occipital area).
All GPD 1 LPD combined had
MRI-rd in the left more than the right
bilateral fronto-temporo-occipital
area (seizures arose from the left
temporo-occipital region) 1/2 of the
LPDs had concordant MRI-rd; 1/3 of
GPDs had MRI-rd in the bilateral
fronto-temporo-occipital area
(seizures were from the right fronto-
central)

100% grade III/IV hepatic
encephalopathy with seizures; 54.5%
were due to alcohol; 18.2% hepatitis
B or C; 18.2% congestive heart
failure; 9.1% acetaminophen
overdose; and 9.1% pancreatic cancer
with portal vein thrombosis.
63.6% of all patients with in SE

Yes DWI findings displayed cortical-
subcortical and cortical
abnormalities

Bhatt et al.26 1 LPD Bilateral subcortical edema in the
temporo-occipital lobe. No MRI-rd.

Reversible posterior
leukoencephalopathy and NCSE due
to chemotherapeutic medication

Discontinuation of
chemotherapy
(etoposide)

Description of an electrographic
pattern that could be
a predisposing factor to SE and
seizures or an indication for
structural damage.

Skiba et al.27 1 BiPDs at times
occurring as GPDs

T2 and FLAIR hyperintense signal in
the parieto-occipital area with
extension into the temporal lobes
with scattered DWI[ in the posterior
regions

PRES in the setting of thrombotic
thrombocytopenic purpura-hemolytic
uremic syndrome

Yes PRES is usually reversible but
when associated with PDs can
have long-term neurologic
sequelae

Kalamangalam
et al.28

106 LPDs 65.1% MRI (28.3% acute cortical
lesion; 17% chronic cortical lesion;
8.5% acute subcortical lesions; 7.5%
chronic subcortical lesion; 3.8% normal.;
34.9% CT (12.3% acute cortical lesion;
12.3% chronic cortical lesion; 7.5%
chronic subcortical lesion; 2.8% normal)

None mentioned No Cortical and subcortical LPDs
have distinct morphologies with
specific duration and stereotypical
morphology

Kastrup et al.29 17 5.9% (1/17) LPDs MRI showed FLAIR hyperintensities
frontal, parietal and occipital subcortical,
and marked cortical involvement

PRES with recurrent GTC, followed
by two focal motor seizures.

Yes No clear correlation between
EEG and MRI findings.

(Continued )
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TABLE 1. (Continued)

Raroque
et al.31

39 85% LPDs; 15%
BiPDs

82% CT; 18% MRI. 83% of the brain
MRI performed had FLAIR
hyperintensities
83% of BiPDs have lesions in both
hemispheres; 37.5% of LPDs had
unilateral lesions; 62.5% had bilateral
or diffuse lesions.

20.5% encephalomalacia; 43.6%
atrophy; 30.8% periventricular
lucency; 28.1% lacunar infarcts;
33.33% mass effect/effacement;
10.3% extra-axial mass.

No First attempt to identify the role of
structural lesions and metabolic
derangements in the pathogenesis
of LPDs and BiPDs. Structural
lesions have a more prominent role.

59% of the patients had metabolic
derangements within 24 hours of
EEG.
100% had structural lesions.

Yemisci32 37 100% GPDs 75.7% had neuroimaging; 21.4% of
these were normal. 64.3% had MRI,
and 35.7% had CT.
94.4% of patients with MRI have
hyperintensities on T2/FLAIR; 5.6%
have hypointense cortical and
subcortical lesions.
50% had both cortical and subcortical
lesions. 25% had subcortical lesions;
3.6% had cortical lesions.

59.5% metabolic or infectious
etiologies. 29.7% SSPE, 10.8% CJD

No Attempt to identify structural/
anatomic correlates to GPDs.
Most patients had underlying
structural abnormalities but
w60% of patients presented with
metabolic/infectious etiologies.

Sinha et al.33 30 10% LPDs Normal brain MRI in all LPDs 100% neurosyphilis and 25% with
seizures

Yes LPDs did not respond to
lorazepam but were reversible
with treatment of neurosyphilis.
LPDs could represent heightened
neuronal excitability.

Takagaki
et al.34

2 LPDs #1: FLAIR hyperintensities in the
cortical region of the anterior
bitemporal lobes and subcortical
hyperintensity in the posteromedial left
frontal lobe without enhancement.

100% neurosyphilis; 50% HIV Yes Emphasis on consideration of
neurosyphilis in the workup of
LPDs.

#2: Left frontal leptomeningeal
enhancement

ADC, apparent diffusion coefficient; AEDs, anti-seizure medications; BiPD, bilateral independent periodic discharge; CJD, Creutzfeld-Jakob disease; CT, Computed tomography; DWI, diffusion-weighted imaging; FLAIR,
fluid-Attenuated inversion recovery; GCSE, generalized convulsive status epilepticus; GPD, generalized periodic discharge; GTC, generalized tonic-clonic seizure; LPD, lateralized periodic discharge; MRI-rd, restricted
diffusion; NCSE, nonconvulsive status epilepticus; NPH, normal pressure hydrocephalus; PD, periodic discharge; PLED, periodic lateralized epileptiform discharge; PRES, posterior reversible encephalopathy syndrome; SE,
status epilepticus; SLE, systemic lupus erythematous; SSPE, subacute sclerosing panencephalitis; VP, ventroperitoneal.
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subcortical FLAIR hyperintensities, and 3.6% had only cortical
findings.32

Very few studies address the natural course of PDs or their
response to therapy in relation to MRI findings. Most of the case
series document resolution of LPDs with resolution of the
underlying acute etiology, with or without treatment of AEDs.
Sinha et al.33 described three patients with neurosyphillis and
LPDs with normal brain MRIs. The LPDs resolved after antibiotic
administration but not after a trial with lorazepam.33 Takagaki
et al.34 reported two patients with neurosyphilis presenting with
seizures and LPDs, with concordant brain MRI showing FLAIR
hyperintensities both in the cortical and subcortical areas. After
treating both patients with AEDs and antibiotics, 2-week follow-
up EEG revealed resolution of LPDs along with clinical improve-
ment.34 Chatrian et al.35 reported a patient presenting with SE with
EEG revealing low-frequency LPDs and brain MRI showing T1
hypointense and T2/FLAIR hyperintense lesions in the cortical
areas without any contrast enhancement. Aggressive treatment
with AEDs contributed to rapid reversibility of imaging findings
and improvement in clinical examination.35

Advantages of MRI in the assessment of PDs include the
ability to identify the extent of anatomic cerebral dysfunction in
an attempt to correlate with the underlying structural pathology
associated with the discharges such as stroke, infection, PRES,
etc. DWI is also an attractive MRI tool to measure the functional
effect of PDs, in particular LPDs. Although it is difficult to

attribute DWI changes to the ictal nature of the PDs versus
primary underlying pathology resulting in a hyperexcitable
cortex, nonetheless, it is an attractive sequence because it reflects
not only on the metabolic activity or perfusion as many other
markers do, but it is also a functional marker, showing the ability
of the tissue to meet its metabolic demands. The drawback of
MRI is the long duration of the study, limited availability for
acutely ill patients, and the DWI sequence provides only a brief
snapshot of what is in fact a dynamic process.

METABOLISM

FDG-PET
Another neuroimaging modality that can aid in further

defining the nature of PDs and the necessity for treatment
escalation is Fluorodeoxyglucose PET (FDG-PET). It measures
cerebral metabolism by evaluating glucose uptake. It frequently
displays hypermetabolism during seizures and SE.36–38 In most
studies, LPDs have been associated with hypermetabolism,
whereas GPDs have been associated with both hypometabolism
and hypermetabolism (Figs. 1–3). In a single center analysis of
18 patients with patterns falling on the IIC, 78% had PDs, of
whom 36% had GPDs and 74% had LPDs.39 Twenty-nine
percent of patients with PDs (two LPDs and two GPDs) had
hypometabolism on PET, whereas the rest displayed

FIG. 1. This is the case of a 74-year-old
woman who has a history of right
occipital ischemic stroke who presented
with new-onset convulsive status
epilepticus. Convulsions were aborted
with anti-seizure medications. A, Brain
MRI with axial FLAIR sequence reveals
right occipital encephalomalacia with
hyperintensity. B, cEEG at the time of the
brain MRI displayed near-continuous right
occipital low frequency 0.5 to 0.75 Hz
LPDs. C, PET was performed to aid with
medication management. It displayed
hypometabolism in the right occipital
area concordant with the MRI and EEG
findings (see arrow). The patient’s mild
hypometabolism was speculated to
represent possible pseudo-normalization
from more what would be expected to be
a prominent hypometabolism at baseline.
Focal status epilepticus was refractory to
treatment including resective surgery and
she was discharged with palliative goals.
Continuous EEG recording is displayed on
a bipolar longitudinal montage at LFF 1
Hz, HFF 70 Hz, Notch on, Timebase 30
mm/second. LFF, low frequency filter;
LPDs, lateralized PDs; HFF, high frequency
filter.
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hypermetabolism.39 One patient had improvement in PET hyper-
metabolism concurrent with resolution of LPDs during burst
suppresion, suggesting that PET avidity was a dynamic biomarker
not only sensitive to structural repair or inflammation. This study
concluded that in patients with cEEG patterns that fall on the IIC,
FDG-PET hypermetabolism can serve as a common biomarker of
electrographic and electroclinical SE and seizures.39 A second
study by Franck et al.40 analyzed 25 patients with seizures, 3
(12%) of whom had LPDs on EEG. Interictally, 80% of patients
had hypometabolism on PET; ictal states displayed hypermetab-
olism and increased CBF.40 All patients with LPDs had increased
regional blood flow and local cerebral metabolic rate.40

Other authors have reported patients with LPDs and
corresponding PET findings.9,41,42 Few had concordant hyper-
metabolism that resolved after cessation of the LPDs with
neurologic improvement.9,41 Others had focal concordant hypo-
metabolism on PET during the LPDs.42 Administration of AEDs
and treatment of the underlying etiology helped resolve the LPDs

and improve the clinical state.42 Handforth et al.9 reported
a patient presenting with convulsive SE that clinically aborted
with AEDs. Persistent encephalopathy was associated with LPDs
that displayed focal hypermetabolism on PET. Sakakibara et al.42

reported a single patient with convulsive SE and brain MRI
revealing cortical thickening and cortical FLAIR hyperinten-
sities. Five months after SE, LPDs emerged with an unremark-
able brain MRI and PET displaying right temporo-parieto-
occipital hypometabolism.42 While having LPDs, the patient
had hemineglect, and workup revealed autoimmune encephali-
tis.42 After IV steroids administration, LPDs resolved along with
neurologic deficit.42 In another report, Kim et al.41 described
a patient with traumatic intracranial hemorrhage with focal motor
SE with residual hemiplegia and encephalopathy. EEG had
LPDs, and brain MRI revealed cortical concordant encephalo-
malacia. Administration of anti-seizure medications resulted in
resolution of LPDs and clinical improvement.41 PET after LPD
resolution displayed left hemispheric hypometabolism.41

FIG. 2. Focal hypermetabolism seen on FDG-PET that is concordant with PDs on cEEG. Case #1 (A–C): A 32-year-old woman with a history
of focal epilepsy related to the underlying perinatal stroke presented with clonic movements consistent with epilepsia partialis continua. A,
Brain MRI FLAIR axial sequence revealed right frontal lobe postsurgical changes, with FLAIR hyperintense findings seen in the right occipital
lobe. B, continuous EEG showed continuous LPDs in addition to a breach artifact and focal anatomic slowing. Epilepsia partialis continua was
refractory to medical treatment, and the patient underwent surgical resection that resulted in resolution of the status epilepticus. C, PET
reveals concordant hypermetabolism in the right occipital area medially and marked hypometabolism in the right frontal area congruent
with her postsurgical resection. Case #2 (D–F): 25-year-old woman presented with convulsive status epilepticus, followed by
encephalopathy. D, Initial brain MRI FLAIR axial sequence revealed left parietal right FLAIR hyperintense findings. E, Continuous EEG shows
intermittent bursts of low-frequency left temporo-parietal PDs. F, PET reveals concordant hypermetabolism in the left parietal area medially.
The patient was treated based on the PET findings with intravenous sedatives, and AED resulted in resolution of LPDs and improvement in
mental status back to baseline. FDG-PET, fluorodeoxyglucose-PET; LPDs, lateralized PDs.
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The advantage of FDG-PET in the assessment of LPDs is its
ability to temporally average the metabolic activity of tissue over
the entire uptake period (w30–45 minutes), potentially making it
a more sensitive marker. FDG-PET also has better spatial
resolution than Single Photon Emission Computed Tomography
(SPECT) and may be more specific than DWI on MRI. The DWI
can be affected by decreased perfusion while PET is less
sensitive to these changes, although MRI coupled with perfusion
image could abrogate this concern. FDG-PET is also not readily
available in many centers limiting its utility.

Cerebral Microdialysis
Over the past few years, evidence has emerged in support of

multimodal monitoring in comatose patients with TBIs, intracere-
bral hemorrhage, and aneurysmal subarachnoid hemorrhage.43–45

Multimodal brain monitoring includes a combination of
modalitiesdintracranial pressure, brain tissue PO2 (PbtO2), and
cerebral microdialysis (CMD).43–45 These modalities are intended
to diminish secondary cerebral injury by optimizing cerebral
perfusion pressure, oxygen therapy, red blood cell transfusion,
and metabolic control.43 Lactate–pyruvate ratio (LPR), glutamate,
and extracellular glucose are CMD biomarkers of metabolic dys-
function.43,46 Of particular interest to our present topic is the utility

of CMD in further understanding cerebral injury mechanisms,
namely, subclinical seizures and PDs. This knowledge will be
reflected on the clinical ground by optimization of cerebral per-
fusion and meeting the metabolic demand to prevent secondary
ischemia in patients with acute brain injury (ABI).43–45

Nonconvulsive seizures and PDs may further amplify
secondary brain insult in patients with ABI,10,43 particularly by
resulting in metabolic crisis defined as elevated LPR and
decreased extracellular glucose levels10 or brain tissue hypoxia.
Causes of metabolic crisis include focal cerebral ischemia,
seizures, and inflammation.10 In patients with TBI and sub-
arachnoid hemorrhage, 21% to 25% of patients had electro-
graphic seizures.10 Since more seizures were detected after
invasive EEG monitoring in patients with TBI in comparison
to the scalp EEG, Vespa et al.10 explored the hypothesis whether
high rates of metabolic crisis were associated with the rates of the
seizures detected on depth EEG. Using both surface and intra-
cortical EEG recordings as part of the CMD paradigm, Vespa
established a correlation between seizures and metabolic crisis.10

Similarly, pathological spreading depressions can result in
significant cerebral metabolic disturbance evidenced by alter-
ations in CMD biomarkers as reduced extracellular glucose and
elevated LPR and glutamate levels.47–49 Vespa et al.50 analyzed
20 patients with moderate to severe TBI, with each undergoing

FIG. 3. A 77-year-old man with hypertension presented with encephalopathy. Figures A–C represent the findings before initiation of IV
anesthetics. A, Brain MRI FLAIR axial sequences reveal FLAIR hyperintensities in the left posterior quadrant cortical area in addition to
periventricular hyperintense white matter changes. B, Continuous EEG displays bursts of high-frequency left posterior quadrant interrupted
by generalized voltage attenuations. C, FDG-PET shows hypermetabolism in the right posterior quadrant concordant with the cEEG and MRI
findings. Figures D–F represent the phase where the patient was initiated on IV anesthetics. D, MRI FLAIR axial sequences reveal resolution
of the hyperintense cortical ribboning in the left posterior quadrant. E, Continuous EEG shows a burst suppression pattern without any
periodic discharges. F, FDG-PET shows resolution of the hypermetabolism. Despite treatment with IV anesthetics and anti-seizure
medications, the patient did not improve clinically and was thus transitioned to comfort care measures. FDG-PET, fluorodeoxyglucose-PET.
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continuous EEG monitoring as well as CMD. Ten patients had
seizures and seven of 10 had SE.50 These resulted in episodic
increases in intracranial pressure and LPR when compared with
patients without seizures.50 These findings provided further
impetus to better understand and treat patients with ABI. In his
last work, Vespa et al. analyzed a total of 34 patients with TBI.
Twenty-one of 34 had either electrographic seizures (23.5%) or
PDs on depth EEG (38.2%).10 None of the PDs had clinical
accompaniments. Cerebral microdialysis was performed in 20/34
patients. They concluded that PDs have similar metabolic crisis
profile compared with seizures. Thus, clinicians have to approach
PDs and seizures similarly and appropriately and adequately treat
patients with ABI.

PERFUSION

SPECT
SPECT is used to study regional CBF, a marker of

functional impairment. Increased localized isotope uptake occurs
during ictal events (hyperperfusion), whereas a decreased isotope
uptake could be seen interictally and postictally (hypoperfu-
sion).51 It must be noted that SPECT is not reflective of seizure
activity per se, but it reflects increased neuronal activity that
could be secondary to an ictal event.52 Nonetheless, in focal
seizures, 69% to 93% of the ictal SPECTs identified the ictal
focus. Some believe that functional impairment in cerebral
disease can precede structural abnormalities.53 For this reason,
SPECT is a good tool to detect such functional abnormalities,
especially when the brain MRI is unremarkable or lags in
findings.

Lee et al.54 investigated the patterns of ictal perfusion and
related clinical factors using SPECT in 61 patients who had
epilepsy surgery. The authors classified the ictal perfusion
patterns into focal hyperperfusion, hyperperfusion plus, com-
bined hyperperfusion-hypoperfusion, and focal hypoperfusion.54

Some patients were observed to have ictal hypoperfusion at the
epileptic focus, with ictal hyperperfusion in the neighboring brain
regions where ictal discharges propagated.54 They proposed that
a focal ictal hyperperfusion and hypoperfusion localizes an
epileptic focus.54 The ictal hypoperfusion is likely to be an
intraictal early exhaustion of seizure focus or a steal phenomenon
associated with the propagation of ictal discharges to the
neighboring areas.54

Several studies have used SPECT to elucidate the clinical
significance of PDs in patients with neurologic deficits because
of various etiologies. Lateralized PDs have been reported to be
associated with hyperperfusion on SPECT (Table 2).55 This
finding has been attributed to either being a marker of functional
impairment or representing a form of focal SE.55,56 Among the
studies that reported hyperperfusion on SPECT, concordant with
LPDs is the study performed by Assal et al.55 He studied 18
patients who had hyperperfusion during SPECT.55 The areas of
hyperperfusion were more restricted than the field of LPDs seen
on scalp EEG.55 Resolution of LPDs was associated with focal
hypoperfusion.55 Forty-four percent of the patients had acute
findings on their neuroimaging (stroke, hemorrhage, and tumor),

whereas others had old findings.55 The authors hypothesized that
the increased CBF is due to abnormal vasodilatation that may be
the result of a decreased oxygen extraction fraction.55 They
believed that LPDs were the metabolic sign of partial neuronal
damage with reparative capacity.55

Several other reports have been published with similar
findings where the brain MRI was normal, the patient had acute
neurologic deficits, and EEG revealed LPDs.57–59 Electroclinical
improvement was time locked with resolution of hyperperfusion
on SPECT.57 Another report described a patient with mesial
temporal lobe epilepsy undergoing right anterior temporal
lobectomy with hippocampectomy.58 About 3 months postsur-
gically, the patient developed LPDs, and the SPECT revealed
congruent hyperperfusion with surrounding hypoperfusion. Res-
olution of LPDs resulted in regional hypoperfusion.58 Ali et al.59

reported a case where SPECT was used to guide escalation of
therapy in a patient with a metastatic cerebral tumor status after
resection who presented with focal clinical SE with cEEG
revealing LPDs after clinical cessation of ictal activity. After
treatment, LPDs resolved, and SPECT revealed resolution of
previously seen hyperperfusion.59 Ergun et al.56 reported a patient
with acute cortical stroke with thalamic hematoma who presented
with focal motor seizures and LPDs on EEG. SPECT showed
concordant hyperperfusion with involvement of the basal
ganglia.56 The authors speculated that the basal ganglia could
possibly be involved in LPD generation and that LPDs likely
represent the penumbra zone.56

A few reports have described hypoperfusion on SPECT
seen along with concordant PDs.60 Some cases were associated
with subcortical WM changes on the brain MRI, whereas others
had subacute-onset progressive dementia such as Creutzfelt–
Jakob disease (CJD).53,61 Kan et al.60 reported patients with
CJD who had GPDs in the middle of their third stage (last stage
or advanced stages of CJD). SPECT revealed global hypo-
perfusion because the GPDs were diminishing in frequency and
amplitude.60

Few authors have used SPECT perfusion studies to identify
the epileptic nature of stimulus-induced rhythmic periodic ictal
discharges and to guide medication management. Smith et al.62

reported on two such patients. One had global unilateral hemi-
spheric hypoperfusion concordant with the side of the low
frequency LPD.62 This patient had intracerebral hemorrhage,
and SPECT was helpful in maintaining the same therapy without
escalation and resulted in favorable outcome (patient discharged
to rehabilitation).62 The second patient had cardiac arrest and
developed postanoxic MRI findings including DWI changes in
bithalamic areas with global edema.62 After aggressive therapy
that aborted SE, the patient had emergence of stimulus-induced
rhythmic periodic ictal discharges consisting of GPDs.62 During
stimulus-induced GPDs, there was no hyperperfusion.62 This led
to descalation of therapy.62 Another study by Zeiler et al.52

demonstrated the utility of SPECT in a patient with postcardiac
arrest who had occlusion of the internal carotid artery with
collateral blood flow and no infarct on brain MRI. The patient
had neurologic deficits, and during arousals, the EEG revealed
arousal-induced periodic and rhythmic patterns.52 She had
SPECT to help determine whether the patterns were ictal or
not.52 Injection was administered 5 seconds after stimulus-
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TABLE 2. Summary of the Studies that Reported SPECT Findings in Patients With PDs

Reference
Number

Number
of

Patients

Type of PD (%
LPD; %GPD;

%BIPD) Imaging Abnormality Diagnosis

Treatment
Based on

Neuroimaging
(Yes/No) Clinical Conclusion

Zeiler et al.52 1 100% focal
SIRPDs

SPECT: Normal.
MRI/MRA and DSA of brain and vessels
normal except for chronic occlusion in
the left ICA at origin of bifurcation with
extensive collateral flow from the right
hemispheric vasculature.

Respiratory arrest with recovery 3
days later with persistent focal
neurologic findings.

Yes SIRPDs could have inhibitory
effect resulting in “Todd’s like
paralysis effect.” They debated
whether the normal SPECT could
represent a pseudonormalized
pattern and be hypoperfused in
states of no SIRPDS

Aye53 1 100% LPDs SPECT: reduction in CBF in the frontal
regions

Cerebral lupus 1 seizure and frontal
lobe dysfunction

Yes LPDs as biomarkers for
functional impairment

Brain MRI: T2 hyperintensities in the
thalamus, basal ganglia and frontal
subcortical regions.

Assal et al.55 18 100% LPDs SPECT: 100% hyperperfusion ([CBF)
with 94% concordance with the maximal
point of LPDs. 38.9% of patients had
very adjacent hypoperfusion (YCBF)
Repeat SPECT in only 16.7% of patients
who had clearance of LPDs, showed
resolution of hyperperfusion

100% presented with seizures. 5.6%
had focal motor SE. 27.8% had
atrophy and WM changes; 44.4% had
stroke (hemorrhage; ischemic); 5.6%
had subdural hematoma; 16.7% had
tumor. C-morbidities include the
following: 11.1% had dementia; 50%
had alcoholism (44.4% of which had
hepatic cirrhosis due to alcoholism)

No Hyperperfusion on SPECT with
LPDs could reflect a form of EPS

Ergun et al.56 1 100% LPDs Brain MRI: left parietal stroke with left
thalamic hematoma

Stroke and focal motor seizures Yes LPDs could be ictal

SPECT 1 LPDs: concordant [CBF.
SPECT after resolution of LPDs:
concordant YCBF

Lee et al.57 1 100% LPDs MRI: left temporal atrophy; and mild
diffuse cerebral atrophy.
SPECT during LPDs: [CBF concordant
with the maximal point of the LPDs.
SPECT after resolution of LPDs: YCBF
concordant with previous area of
hyperperfusion and occurrence of LPDs

Alcohol and phenytoin withdrawal Yes LPDs are manifestations of
abnormal enhanced neuronal
activity, which is clinically
evidenced by deficits and seizures
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TABLE 2. (Continued)

Bozkurt
et al.58

1 100% LPDs MRI postsurgical: temporal lobectomy
along with residual posterior
hippocampal anomalies
SPECT (72 days after surgery)
hyperperfusion in the right temporal
region concordant with LPDs.
Repeat SPECT after resolution of LPDs:
hypoperfusion

Mesial temporal lobe epilepsy status
after hippocampectomy

Unknown SPECT is a helpful tool to assess
the ictal nature of LPDs.

Ali et al.59 1 100% LPDs Contrasted brain MRI at the time of
LPDs was normal.
SPECT during LPDs: [CBF concordant
with LPDs
SPECT after resolution of LPDs: YCBF
concordant with the area of previously
noted LPDs

Metastetic brain tumor status after
resection presented with GTCs and
later was in NCSE. She comatose
despite optimal treatment.

Yes SPECT played a role in
differentiating the nature of the
LPDs and guide further therapy

Kan et al.60 1 100% GPDs Brain CT: ventriculomegaly with
dilatation of cortical sulci.
Serial brain CT: worsening diffuse
cerebral atrophy especially in deep gray
matter areas.
SPECT x2: Global cerebral
hypoperfusion in comparison to the
cerebellum and brainstem. Last SPECT:
less marked difference in perfusion
between the cerebellum/brainstem and
cerebrum

CJD No Presence of GPDs necessitates
concordant cerebral pathological/
anatomic dysfunction.

Shih et al.61 1 100% GPDs Brain CT: normal.
SPECT: hypoperfusion in the left frontal
and left parieto-temporal areas.

CJD-autopsy confirmed No SPECT could provide evidence of
regional neurochemical and
neurophysiological dysfunction
and guide in further diagnostic
tests as biopsy
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induced rhythmic periodic ictal discharges.52 On SPECT, there
was no hyperperfusion seen in the left temporal area.52 Also,
MRI did not show MRI-rd.52 The AEDs were continued without
any escalation and her symptoms gradually improved.52 Her
multiple MRIs did not reveal any acute stroke.52

SPECT suffers from poor spatial resolution and only
captures a relatively brief snapshot of perfusion. The absence
of a clearly defined interictal period in many patients with LPDs
(because LPDs are often continuous) makes subtraction imaging
impossible, furthering the complications of SPECT imaging.
SPECT also has limited availability.

MR Perfusion
Hyperperfusion on Magnetic resonance (MR) is likely an

ictal phenomenon rather than interictal, whereas hypoperfusion
correlates with the postictal or interictal period.63,64 Hyper-
perfusion is likely due to the energy demand and the autoregu-
lation of vessels.21 It is also hypothesized that an increase in CBF
in areas showing LPDs may indicate a healthy response, allowing
neurons to get required blood and oxygen.6 Venkatraman65

presented two cases, in which MR perfusion findings aided in
treatment. The first patient had focal neurologic deficits, with
cEEG revealing continuous LPDs.65 MR perfusion displayed
concordant hyperperfusion. The patient displayed unilateral
paresis that improved after aggressive therapy.65 The second
patient was admitted with continuous unilateral myoclonic
movements, with cEEG showing LPDs time-locked with myo-
clonic movements.65 MRI perfusion did not show hyperperfu-
sion.65 Anti-seizure medications were down-titrated and
discontinued. Subsequently, EEG showed resolution of LPDs.65

MR perfusion is a promising modality when coupled with DWI,
FLAIR, and ADC.65 The major drawbacks are scanning time and
difficulty of prolonged imaging time in critically ill patients.65

Measurement of Cerebral Blood Flow by Invasive
Thermodilution Probe

Cerebral blood flow and metabolism changes are associated
with LPDs, and both are associated with cortical spreading
depolarizations (CSDs) associated with ABI. Cortical spreading
depolarization are pathological and massive (1–2 mV) electro-
physiological waves of depolarization that travels along the grey
matter at an ultra-slow rate of 2–5 mm/minute.66 They occur in
approximately 50% of patients with ABI from TBI, subarachnoid
hemorrhage, intracerebral hemorrhage, and hemispheric ischemic
stroke.67 Recovery from CSD depends on CBF and an appro-
priate metabolic match to the NA/K pump. The CSD represent
the pathophysiological disruption of the “viable gray mat-
ter.”47,68 Negative direct waves of the CSD invade the poorly
perfused penumbra and result in further depolarizations of the
peri-infarct area and subsequently more damage and expansion
of the infarcted core.47,68–70 Several studies have associated CSD
with poor outcome.66,71 In addition, CSD has been implicated in
lesional expansion in patients with ABI.47,66,68 In a single study
of 53 patients with acute TBI, Hartings et al.66 found out that the
occurrence of CSD in acute TBI is associated with worse clinical
outcomes. In eight of nine patients, there were prolonged
depolarizations that were associated with PDs onTA
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electrocorticography.66 The prolonged depolarizations likely
reflected poor tissue perfusion and lesional expansion.66 Hinz-
man et al.49 studied 16 patients with TBI who underwent
subdural electrode strip in the perilersional cortex along with
cerebral microdialysate study. Their data showed that CSD is
involved in secondary brain injury along with glutamate
excitotoxicity and severe metabolic crisis (LPR ratio elevation)
in patients with severe TBI.49

Few studies have correlated CSD with MRI findings, in
particular DWI.72 Hartings et al.72 studied 23 patients with
ruptured anterior communicating aneurysm who underwent
clipping. Patients had brain MRI 24 to 48 hours of aneurysm
treatment.72 Cortical spreading depolarization is seen mainly in
patients with focal brain lesions with more prolonged depres-
sions.72 In this study, a correlation was made between the
neuroimaging findings of focal lesions (ischemic infract and
intracerebral hemorrhage) versus nonfocal brain lesions and the
CSD.72 Peak CSD per day was higher in patients with infarct in
comparison to nonlesional patients.72 Hartings et al.72 confirm an
association between CSD and early brain lesions as infarcts.
They suggested the use of Electrocorticography as a diagnostic
marker for early brain injury in cases where there is no evident
brain lesion on neuroimaging.72,73 De Crespigny et al.74 dis-
played a decrease in the ADC sequences during CSD propaga-
tion patterns in rats with normal cerebral perfusion. In another
study by Busch et al.,70 DWI sequences revealed that the peri-
infarct depolarizations resulted in further expansion of the
cerebral infarct in rats.

Optical Imaging
Functional near-infrared spectroscopy (f-NIRS) is a promis-

ing noninvasive optical imaging modality that permits continu-
ous monitoring of cerebral tissue oxygenation, which reflects
cerebral hemodynamics. It can be performed at the bedside in the
epilepsy monitoring unit and in neurocritical care units simulta-
neously with scalp EEG recordings. Simultaneous f-NIRS and
PET measurements show that changes in cerebral oxygenation
correlate with changes in regional CBF.75 There is no study to
date that has investigated the utility of f-NIRS in PDs. All
previous studies have studied the clinical feasibility of f-NIRS in
patients with epilepsy. So far, all data have been promising.

Peng et al76 have been working on implementing long-term
EEG-f-NIRS acquisition at the bedside in both the epilepsy units
and the neurologic intensive care units. In their study, Peng
et al76 revealed that nonperiodic interictal activity seen in the
62% of patients with neocortical epilepsy has significant
reduction in cerebral oxygenation corresponding to the interictal
foci. Sokol et al.77 measured cerebral oxygenation preictally,
peri-ictally, and postictally in 17 seizures. Their study revealed
a change in cerebral oxygenation from preictal baseline in all
seizures except one.77 The focal seizures displayed an increase in
baseline oxygenation and the generalized ones had a decrease in
cerebral oxygenation.77 Watanabe and Nguyen et al. also showed
increased cerebral blood volume after ictal onset.78–80 It is
noteworthy that electrographic seizures either had no changes
in cerebral oxygenation or less pronounced changes. This finding
will ultimately be incorporated in future analysis of PDs in

comatose/sedated patients, who do not display definitive clinical
findings. This subgroup of patients will require a careful analysis
to prevent underestimation of their EEG-f-NIRS findings.

All these findings serve as a potential tool in evaluating the
PDs and whether they are associated with increased cerebral
oxygenation. Functional near-infrared spectroscopy is an exciting
technique because it allows real-time continuous monitoring of
LPDs, which in the acute setting are a dynamic process.
Drawbacks are primarily limited brain coverage and sparse
spatial sampling.

MEG
Magnetoencepgalography (MEG) measures magnetic fields

associated with intracellular current flow within the neurons.
MEG has a promising future role in identifying neuronal
networks involved in the generation of PDs, particularly LPDs.
It offers a detailed spatial and temporal understanding of the
neuronal networks involved in the generation and propagation of
PDs.81,82 Recently published studies have dichotomized LPDs
into lesional and nonlesional cases.82 In cases of LPDs that have
concordant structural anomalies on brain MRI or computed
tomography, MEG reveals that PDs arise from the interface
between the lesion and the surrounding normal cortex rather than
within the lesion itself.82 In the nonlesional cases, the temporal
lobes were implicated in the generation of LPDs.82 The
morphology of LPDs has been consistent both on MEG and
EEG.82

Hisada reported a patient with metastatic right parietal
adenocarcinoma who had right hemispheric PDs on EEG.83

Brain MRI revealed T2/FLAIR hyperintense lesions in the right
parietal lobe.83 SPECT demonstrated hypoperfusion in the area
surrounding the lesion, which was concordant with MEG
findings that showed dipoles in the perilesional area.83

Two studies confirmed the presence of perilesional epileptic
networks in focal lesional patients.81,82 Burdette et al.81 inves-
tigated the utility of MEG in detecting neuronal activity
underlying the LPDs. Their MEG results were coregistered with
MRI findings.81 Twelve patients with epilepsy and LPDs on their
EEG underwent MEG.81 Seventy-five percent had structural
brain lesions, with MEG revealing LPDs arising from the
perilesional area rather than within the lesion itself.81 In nonle-
sional patients (25%) and those with SE, coherence imaging
suggested that epileptogenic networks involved the temporal lobe
structures that may not be seen on EEG.81 This could potentially
indicate propagation of LPDs associated with the patient’s highly
epileptogenic state.81 The study revealed that MEG is a sensitive
noninvasive test that would detect LPDs emerging from the
damaged cortex.81

Shvarts et al.82 studied 13 patients with LPDs on their
cEEG. Seventy-seven percent of patients had SE before clinical
stabilization and evolution of the electrographic patterns to
LPDs. In patients with structural pathologies on brain MRI/
computed tomography, MEG showed that LPDs emerged from
the area surrounding the lesion rather than the lesion itself.82 In
nonlesional patients, LPDs were localized maximally to the
temporal lobes regardless of EEG scalp localization.82 These
patients had acute/subacute subcortical diffuse signal

Neuroimaging in Periodic Discharges A. Herlopian, et al.

clinicalneurophys.com Journal of Clinical Neurophysiology Volume 35, Number 4, July 2018 291



abnormalities and diffuse subcortical chronic abnormalities.82

This is likely due to the presence of independent networks
responsible for generating and maintaining focal SE.82

A single study addressed the genesis and propagation of PDs
in patients with subacute sclerosing panencephalitis (SSPE)
using MEG and EEG. Velmurugan et al.84 recruited five patients
with SSPE and myoclonus who had GPDs. The magnetic source
imaging and electric source imaging revealed the onset of
discharges from the thalami or inusla.84 Mean source localization
at the earliest peak in magnetic source imaging was in the peri-
central gyrus, whereas in electric source imaging in the frontal
cortex.84 The MEG observations mirrored the EEG findings.84

Their analysis revealed that the discharges originated in the
thalami and insula and subsequently propagated to the antero-
lateral cortical surfaces to the same site of onset.84

MEG is potentially useful for source localization of LPDs.
However, for differentiating ictal from nonictal PDs, it is of
limited utility for both practical and physiologic reasons.

DISCUSSION
Neuroimaging using PET, MRI, or in some cases SPECT

can identify associated structural and metabolic anomalies,
including cortical, thalamic, and other subcortical regions
impacted by LPDs. Identifying the regions and severity of
hypermetabolism or injury via neuroimaging might help contex-
tualize clinical examination findings in relation to neurophysio-
logic findings and may increase the confidence that a patient’s
LPDs represent “ictal” activity by providing evidence of
hypermetabolism, hyperperfusion, or secondary tissue injury.

MRI is the most commonly available neuroimaging test in
most institutions relative to other modalities. It can be used in
multiple strategies. One approach is to identify if there is
associated MRI-rd, which might imply that PDs are behaving
in an ictal manner resulting in tissue injury. Hence, optimization
and more aggressive treatment might follow a positive MRI
finding. The outcome of treatment could be followed clinically,
electrographically, or even by repeating the brain MRI and
demonstrating the resolution of MRI-rd. There is a lack of studies
that use MRI (DWI/ADC and FLAIR sequences) to determine
the clinical, neuroimaging, and electrographic outcome of
treating PDs with AEDs. Isolated changes in DWI/ADC are
nonspecific, but when coupled with local increased perfusion, the
likelihood of an ictal pathophysiology is increased.

Metabolic imaging can be used to help evaluate PDs falling
on the IIC. Because hypermetabolism on FDG-PET has been
associated with ictal states because of increased cerebral
metabolic demand, hypermetabolism on FDG-PET concordant
with PDs could be considered ictal in a comatose/sedated patient
with minimal suspicious clinical accompaniments. This in itself
would serve as a marker for treatment outcome in patients whose
PDs are on the IIC without definitive clinical correlates. The
major advantage of FDG-PET is the long uptake period, which
offers the ability to temporally sum the metabolic activity. This
may be relevant if PDs are intermittent rather than continuous.
Studies using SPECT show hyperperfusion with concordant EEG
PDs; some describe hypoperfusion potentially related to postictal

hypometabolism in the setting of brief temporal resolution. Based
on studies in candidates with focal epilepsy surgery, it may be
that hyperperfusion is more closely aligned with ictal pathology,
whereas hypoperfused regions represent more benign PDs.

Little data exist pertaining to MR perfusion studies in
patients with acute or chronic LPDs. MR perfusion when coupled
with DWI/FLAIR is a promising and widely available test. This
will not only identify the structural pathology but will also
provide evidence of functional impairments.

MEG has a promising role in research efforts to identify
neuronal networks involved in the generation of PDs but is not
readily available in the in-patient setting. Evidence to date
suggests that in lesional cases, LPDs originate from the interface
between the lesion and the surrounding normal cortex rather than
within the lesion. In nonlesional cases, the temporal lobes have
been implicated in the generation of LPDs. Nevertheless, MEG
studies have not clarified whether PDs are ictal versus nonictal.

CONCLUSION

Multimodal and Iterative Approach to PD Diagnosis
and Management

PDs exist on a continuum of both electrographic features such
as duration, frequency, and prevalence, as well as physiologic
factors such as perfusion, metabolism, and inflammation, which
may relate to both a baseline patient state as well as temporal
context. Together, these electrographic and physiologic features
associated with PDs may induce secondary neuronal damage and/
or reversible or irreversible neurologic deficits. Because a multi-
modal approach seems to reveal physiologic variation beyond
what can be inferred from scalp EEG features alone, a multimodal
approach may better discriminate which patients with PDs would
benefit from more aggressive pharmacologic treatment. Any
approach should be tailored to the patient’s presentation, comorbid
risk factors, and dynamic clinical needs.

At this stage, guidelines for universal treatment of LPDs
would be premature, but it would be appropriate to expand the
terminology “clinical correlation” of PDs to two chief axes. First,
an axis of metabolic classification should expand from semio-
logic correlation to diverse modalities including intermittent
“electro-radiologic” correlation, dynamic “electro-metabolic”
physiologic correlation, or scalp–depth electrophysiologic cor-
relation. Second, an axis of treatment responsiveness should
allow for classifying LPDs according to their change after a trial
of therapy. By enriching the classification to a multimodal and
interative classification, we hope that identification of distinct
diagnostic phenotypes will improve the understanding of
appropriate management of LPD activity in clinical practice and
clinical trials.
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