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Abstract
Objective:Interictal	epileptiform	discharges	(IEDs)	were	shown	to	be	associated	
with	cognitive	impairment	in	persons	with	epilepsy.	Previous	studies	indicated	
that	IED	rate,	location,	timing,	and	spatial	relation	to	the	seizure	onset	zone	could	
predict	an	IED's	 impact	on	memory	encoding	and	retrieval	 if	 they	occurred	 in	
lateral	temporal,	mesial	temporal,	or	parietal	regions.	In	this	study,	we	explore	
the	influence	that	other	IED	properties	(e.g.,	amplitude,	duration,	white	matter	
classification)	have	on	memory	performance.	We	were	specifically	interested	in	
investigating	the	influence	that	lateral	temporal	IEDs	have	on	memory	encoding.
Methods:Two	hundred	sixty-	one	subjects	with	medication-	refractory	epilepsy	
undergoing	 intracranial	 electroencephalographic	 monitoring	 performed	 mul-
tiple	 sessions	of	a	delayed	 free-	recall	 task	 (n = 671).	Generalized	 linear	mixed	
models	 were	 utilized	 to	 examine	 the	 relationship	 between	 IED	 properties	 and	
memory	performance.
Results:We	found	that	increased	IED	rate,	IEDs	propagating	in	white	matter,	
and	IEDs	localized	to	the	left	middle	temporal	region	were	associated	with	poorer	
memory	performance.	For	lateral	temporal	IEDs,	we	observed	a	significant	inter-
action	between	IED	white	matter	categorization	and	amplitude,	where	IEDs	with	
an	increased	amplitude	and	white	matter	propagation	were	associated	with	re-
duced	memory	performance.	Additionally,	changes	in	alpha	power	after	an	IED	
showed	a	significant	positive	correlation	with	memory	performance.
Significance:Our	results	suggest	that	IED	properties	may	be	useful	for	predict-
ing	the	 impact	an	IED	has	on	memory	encoding.	We	provide	an	essential	step	
toward	understanding	pathological	versus	potentially	beneficial	interictal	epilep-
tiform	activity.
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1 	 | 	 INTRODUCTION

Apart	 from	 seizures,	 persons	 with	 epilepsy	 are	 at	 an	
increased	 risk	 for	 many	 other	 comorbidities.	 Of	 these,	
cognitive	issues	often	rank	as	one	of	their	top	concerns.1	
Studies	from	as	early	as	the	1930s	reported	an	association	
between	cognitive	impairment	and	subclinical	interictal	
epileptiform	discharges	(IEDs).2	Numerous	studies	pro-
vide	additional	support	for	the	association	between	corti-
cal	 IEDs	 and	 memory	 impairment.3–	7	 Lateral	 temporal	
and	parietal	IEDs	were	shown	to	impair	performance	on	
a	 free-	recall	 task	 if	 they	 occurred	 during	 encoding	 and	
recall	phases.3,4	There	 is	also	evidence	that	IEDs	 in	the	
left	 lateral	 temporal	cortex	 impair	memory	by	as	much	
as	 15%	 per	 IED;	 however,	 this	 effect	 was	 only	 present	
for	IEDs	outside	of	the	seizure	onset	zone	(SOZ)	during	
memory	encoding.4

Whereas	IEDs	are	harder	to	detect	with	scalp	elec-
troencephalography	 (EEG),	 intracranial	 EEG	 (iEEG)	
offers	a	highly	sensitive	method	for	detecting	IEDs	and	
is	 thought	 to	 reflect	 true	 neural	 activity.	 Thus,	 iEEG	
is	commonly	used	to	define	epileptogenic	zones	prior	
to	 surgery	 for	 focal	 refractory	 epilepsy.	 An	 emerging	
issue	 is	 that	 not	 all	 IEDs	 are	 the	 same,	 and	 accord-
ingly,	 not	 all	 IEDs	 are	 helpful	 for	 the	 localization	 of	
SOZs.8–	10	 Past	 studies	 have	 examined	 the	 importance	
of	 IED	 rate,	 location,	 timing,	 and	 spatial	 relation	 to	
the	 SOZ.	 However,	 they	 have	 not	 systematically	 con-
sidered	 other	 IED	 properties	 that	 may	 be	 useful	 for	
uncovering	differences	in	IED	populations.	This	poses	
a	testable	hypothesis	in	need	of	investigation:	are	spe-
cific	 IED	 properties	 more	 deleterious	 to	 successful	
memory	encoding?

In	 this	 study,	 we	 examine	 the	 impact	 that	 certain	
properties	of	IEDs	have	on	performance	on	a	free-	recall	
memory	 task.	 We	 were	 particularly	 interested	 in	 eval-
uating	 the	 impact	 that	 lateral	 temporal	 IEDs	 have	 on	
memory	encoding.	Our	hypothesis	was	that	specific	IED	
properties,	 such	 as	 amplitude	 and	 rate,	 would	 be	 asso-
ciated	with	greater	reductions	in	memory	performance.	
Based	on	previous	findings	that	 lower	frequency	bands	
were	 significant	 predictors	 of	 free-	recall	 memory	 per-
formance,11–	13	 we	 also	 hypothesized	 that	 IED-	related	
powerband	changes	 in	 the	 lower	 frequency	bands	 (i.e.,	
theta	and	alpha)	would	be	significantly	correlated	with	
memory	performance.	These	 findings	would	shed	 light	
on	 why	 certain	 IEDs	 are	 more	 detrimental	 to	 memory	
and	provide	insight	into	the	debate	on	whether	interictal	
epileptiform	activity	is	“good”	or	“bad.”14	It	would	also	
further	our	understanding	of	why	certain	IEDs	may	be	
more	useful	for	localizing	SOZs	and	predicting	cognitive	
outcomes	after	surgical	resections.

2 	 | 	 MATERIALSANDMETHODS

2.1	 |	 Participants

Two	hundred	sixty-	one	subjects	with	medication-	refractory	
epilepsy	 were	 included	 in	 this	 study.	 Subjects	 contrib-
uted	671	unique	sessions	and	comprised	127	females	and	
134 males,	with	an	average	age	of	37.65	years	(range	=	18–	
66,	SD = 11.5).	Subjects	underwent	a	 surgical	procedure	
to	 implant	 intracranial	 surface	 (grids/strips)	 and	 depth	
electrodes	to	best	localize	epileptic	regions	(herein	referred	
to	collectively	as	iEEG	electrodes).	Data	were	collected	as	
part	of	a	prospective,	multicenter	feasibility	study	of	direct	
brain	 recording	 stimulation	 for	 memory	 enhancement	
(ClinicalTrials.gov	 identifier:	 NCT04286776)	 from	 the	
following	 eight	 hospitals:	 Columbia	 University	 Hospital	
(New	 York,	 NY),	 Dartmouth-	Hitchcock	 Medical	 Center	
(Lebanon,	NH),	Emory	University	Hospital	(Atlanta,	GA),	
Hospital	of	 the	University	of	Pennsylvania	(Philadelphia,	
PA),	 Mayo	 Clinic	 (Rochester,	 MN),	 National	 Institutes	
of	 Health	 (Bethesda,	 MD),	 Thomas	 Jefferson	 University	
Hospital	 (Philadelphia,	 PA),	 and	 University	 of	 Texas	
Southwestern	 Medical	 Center	 (Dallas,	 TX).	 The	 research	
protocol	 was	 approved	 by	 the	 institutional	 review	 board	
at	 each	 participating	 hospital,	 and	 written	 informed	
consent	 was	 obtained	 from	 each	 participant	 (protocol	 #	
MEMES-	001).	 Only	 nonstimulation	 testing	 sessions,	 col-
lected	before	any	brain	stimulation	was	performed,	were	
included	in	this	study.	All	testing	sessions	were	conducted	
at	least	4 h	after	the	most	recent	seizure	activity	and	a	mini-
mum	of	24 h	postimplantation.	Demographic	and	clinical	
characteristics	are	listed	in	Table	1.

2.2	 |	 Memorytask

Each	 subject	 participated	 in	 a	 delayed	 free-	recall	 mem-
ory	 task	 consisting	 of	 an	 encoding	 phase,	 delay	 phase,	

KeyPoints
•	 IEDs	in	the	left	middle	temporal	region	impair	

memory	encoding
•	 Higher	amplitude	IEDs	with	white	matter	prop-

agation	predicted	poorer	memory	performance
•	 Deleterious	IEDs	reduced	the	average	memory	

performance	by	approximately	8%	per	IED
•	 Increased	post-	IED	alpha	power	in	the	middle	

temporal	region	was	positively	correlated	with	
memory	performance
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and	 retrieval	 phase	 (Figure	 1A).	 During	 each	 trial,	 sub-
jects	 were	 asked	 to	 memorize	 12	 random	 nouns	 from	 a	
pool	of	English	nouns	(http://memory.psych.upenn.edu/
WordP	ools)	during	a	30-	s	encoding	phase.	Subjects	were	
subsequently	asked	to	complete	arithmetic	problems	pre-
sented	as	A + B + C = ?	where	A,	B,	and	C	were	set	to	ran-
dom	 single-	digit	 integers	 during	 a	 20-	s	 distractor	 phase.	
Subjects	were	finally	given	30 s	to	recall	as	many	words	as	
possible	in	any	order.	Trials	were	repeated	up	to	25	times	
per	 testing	 session,	 and	 an	 average	 of	 2.57	 (SD	 =	 1.59)	

sessions	were	completed	per	subject.	Data	were	used	from	
sessions	where	the	word	lists	were	categorized	(categori-
cal	free-	recall)	and	completely	independent	(free-	recall).

2.3	 |	 Anatomicallocalization

Intracranial	electrodes	were	localized	with	computed	to-
mography	 (CT)	 and	 magnetic	 resonance	 imaging	 (MRI)	
coregistration	 provided	 with	 the	 dataset.	 Preimplant	
T1-		 and	T2-	weighted	 structural	 scans	were	aligned	with	
postimplant	 CT	 scans	 for	 each	 subject	 using	 Advanced	
Normalization	 tools.15	 FreeSurfer	 and	 the	 Desikan–	
Killiany	 atlas	 were	 used	 for	 cortical	 parcellation	 and	
subfield	 localization.16	 Two	 neuroradiologists	 reviewed	
output	 from	 this	 automated	 localization	 pipeline.	 Only	
electrodes	localized	to	lateral	temporal	brain	regions	were	
included	 in	 this	 study.	 These	 electrodes	 were	 reclassi-
fied	based	on	whether	 they	were	 in	 the	superior	 tempo-
ral	region	(ST),	middle	temporal	region	(MT),	or	inferior	
temporal	region	(IT).	Figure	1B	illustrates	the	spatial	dis-
tribution	of	these	electrodes	on	an	average	brain.

2.4	 |	 iEEGdataprocessing

iEEG	signals	were	recorded	using	one	of	the	following	sys-
tems	 at	 each	 testing	 site:	 Quantum	 LTM	 (Natus),	 Grass	
Telefactor,	 Nihon-	Kohden,	 and	 custom	 Medtronic	 EEG	
systems.	Signals	were	originally	sampled	at	500,	1000,	or	
1600  Hz	 and	 were	 bipolar	 referenced	 or	 referenced	 to	 a	
common	contact	placed	intracranially,	on	the	scalp,	or	on	
the	mastoid	process.	Thus,	iEEG	signals	were	rereferenced	
to	 an	 averaged	 referential	 montage,	 linearly	 detrended,	
and	notch-	filtered	at	60 Hz	and	its	odd	harmonics.	Signals	
were	low-	pass	filtered	with	a	Butterworth	filter	at	250 Hz,	
high-	pass	filtered	with	a	Butterworth	filter	at	1 Hz,	then	
downsampled	to	500 Hz.	Electrodes	were	excluded	if	the	
signal	 was	 >3	 SD	 from	 the	 mean	 value	 across	 other	 re-
cording	channels.

2.5	 |	 AutomatedIEDdetection

An	 automated	 template-	matching	 IED	 detector	 was	
used	for	the	detection	of	all	IEDs	in	this	study.	This	de-
tector	was	validated	previously	and	performed	compa-
rably	to	clinicians	and	other	published	IED	detectors.3,17	
The	 detection	 algorithm	 cross-	correlated	 a	 60-	ms	 tri-
angular	 template	 with	 preprocessed	 iEEG	 data,	 then	
computed	 the	 absolute	 value	 of	 the	 normalized	 cross-	
correlation	from	1-	s	sliding	windows.	Local	peaks	above	
a	 specified	 detection	 threshold	 were	 classified	 as	 IEDs	

T A B L E  1 	 Subject	information

Characteristics
Subjects,
N = 261

Experiment	sessions,	n 671

Gender,	n	(%)

Female 127	(48.66%)

Age,	years

Mean	(SD) 37.65	(±11.50)

Seizure	onset	age,	years

Mean	(SD) 18.07	(±12.65)

Education,	years

Mean	(SD) 13.60	(±2.33)

Prior	resection,	n	(%)

Yes 42	(16.09%)

Seizure	onset	zone,	n	(%)

Left	hemisphere 65	(24.90%)

Right	hemisphere 182	(69.73%)

Bilateral 14	(5.36%)

Electrode	type,	n	(%)

Depth 248	(95.02%)

Grids	or	strips 143	(54.34%)

Electrode	coverage,	n

Bilateral 178

Unilateral	left 51

Unilateral	right 32

IED	amplitude,	µV

Mean	(SD) 234.71	(±182.71)

IED	duration,	ms

Mean	(SD) 46.49	(±13.27)

IED	region,	n	(%)

Ipsilateral	SOZ 5348	(61.26%)

Contralateral	SOZ 3382	(38.74%)

IED	frequency,	IEDs/trial

Mean	(SD) 3.43	(±2.51)

IED	spread,	electrodes/IED

Mean	(SD) 1.39	(±2.40)

Abbreviations:	IED,	interictal	epileptiform	discharge;	SOZ,	seizure	onset	
zone.

http://memory.psych.upenn.edu/WordPools
http://memory.psych.upenn.edu/WordPools
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(Figure	 1C).	 Temporally	 overlapping	 IEDs	 were	 col-
lapsed	 into	a	single	marked	event,	and	IEDs	occurring	
within	3 s	of	another	IED	were	excluded	to	account	for	
bursts	of	high-	frequency	activity.	We	elected	to	use	au-
tomatic	 IED	detection	because	 (1)	our	highly	 sensitive	
IED	detection	algorithm	provided	an	objective,	quantifi-
able	detection	method;	and	(2)	false	positive	IEDs	were	
predicted	to	be	distributed	equally	between	subjects	and	
experiment	trials.4

The	 following	parameters	were	collected	 for	all	 IEDs	
detected	during	the	encoding	phase:	amplitude,	duration,	
region	(ST,	MT,	IT),	 laterality	(i.e.,	whether	the	IED	was	
contralateral	or	 ipsilateral	 to	a	 subject's	SOZ),	 rate	 (total	
IEDs/trial),	hemisphere,	and	spread	(i.e.,	whether	an	IED	
occurred	 in	 a	 single	 channel	 or	 multiple	 channels).	 We	
also	indicated	whether	an	IED	propagated	to	white	matter	
and	the	Euclidean	distance	of	an	IED	from	the	hippocam-
pal	centroid	(Montreal	Neurological	Institute	[MNI]	coor-
dinates	[x,	y,	z],	left:	226,	218.8,	217.2;	right:	27.52,	218.2,	
216.8).18	White	matter	classification	of	IEDs	relied	on	an	
automated	version	of	the	MRIcron	software	in	R	(https://
github.com/yunsh	iuan/label	4MRI),	 which	 takes	 MNI	

coordinates	 as	 input	 and	 outputs	 (1)	 a	 Brodmann	 area	
(BA)	brain	region	and	(2)	an	output	distance.	Gray	matter	
IEDs	were	classified	as	those	with	an	output	distance	of	0,	
and	white	matter	IEDs	were	classified	as	those	with	out-
put	distances	greater	than	0	(Figure	1D).

2.6	 |	 Spectralpoweranalysis

The	 multitaper	 method	 was	 used	 to	 analyze	 spec-
tral	 power	 in	 the	 pre-		 and	 post-	IED	 interval	 (−2000	 to	
−1000 ms	relative	to	IED	onset,	and	+1000	to	+2000 ms	
after	 IED	 offset).	 This	 method	 convolved	 orthogonal	
Slepian	sequences	with	the	preprocessed	iEEG,	providing	
periodograms	that	were	used	to	compute	a	final	spectrum.	
The	final	spectrum	was	then	utilized	to	calculate	the	aver-
age	spectral	power	within	the	following	frequency	bands:	
delta	(2–	4 Hz),	theta	(4–	7 Hz),	alpha	(8–	12 Hz),	beta	(12–	
30  Hz),	 gamma	 (25–	40  Hz),	 and	 high-	frequency	 activity	
(40–	100  Hz).19	 We	 used	 a	 1-	s	 gap	 to	 measure	 relevant	
power	 changes	 surrounding	 an	 IED,	 while	 minimizing	
IED	 perturbations	 from	 post-	IED	 slow	 waves;	 this	 was	

F I G U R E  1  Task	design	and	analysis	methods.	(A)	Subjects	performed	a	verbal	free-	recall	memory	task,	where	they	were	asked	
to	encode	12	nouns,	perform	an	arithmetic	distraction,	then	verbally	recall	as	many	nouns	as	possible.	(B)	A	total	of	261 subjects	with	
intracranial	electrodes	in	the	lateral	temporal	region	participated.	Each	point	represents	an	electrode	where	at	least	one	interictal	
epileptiform	discharge	was	detected	during	the	encoding	phase	of	the	memory	task.	Electrodes	were	classified	based	on	whether	they	were	
in	the	superior	(red),	middle	(blue),	or	inferior	(orange)	temporal	regions.	(C)	Sample	interictal	epileptiform	discharges	detected	by	our	
automated	template-	matching	algorithm.	(D)	T1-	weighted	magnetic	resonance	imaging	with	a	subject's	electrodes	transformed	onto	an	
average	brain	with	interictal	epileptiform	discharge	(IED)	detections	classified	as	either	white	matter	(WM)	or	gray	matter	(GM;	i.e.,	IEDs	
with	or	without	WM	propagation).	A,	anterior;	L,	left;	P,	posterior;	R,	right

https://github.com/yunshiuan/label4MRI
https://github.com/yunshiuan/label4MRI
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motivated	by	our	previous	work,	which	revealed	that	the	
optimal	powerband	change	was	 in	 the	+1-		 to	+2-	s	post-	
IED	window.20

2.7	 |	 Statisticalanalysis

We	evaluated	whether	specific	properties	of	 lateral	 tem-
poral	 IEDs	 were	 more	 deleterious	 to	 memory	 encoding.	
Memory	 performance	 was	 assessed	 with	 a	 normalized	
metric,	which	was	obtained	by	subtracting	the	total	num-
ber	of	recalled	words	per	trial	from	the	average	number	of	
recalled	words	in	that	session,	then	dividing	by	the	SD	of	
recalled	words	in	that	session	for	each	subject.	Generalized	
linear	mixed	models	(GLMMs)	were	used	for	significance	
testing	 to	 estimate	 within-	subject	 correlation,	 adjust	 for	
data	heterogeneity	between	subjects	(i.e.,	different	num-
ber	of	completed	trials	and	electrodes	per	subject),	test	the	
effect	of	potential	confounders,	and	account	for	differen-
tial	performance	due	to	experiment	type	(i.e.,	categorical	
free-	recall	vs.	free-	recall).

We	 first	 used	 a	 GLMM	 to	 test	 the	 effect	 of	 subject-	
level	variables	(e.g.,	age,	sex,	and	history	of	prior	surgical	
resections)	 against	 memory	 performance	 and	 IED	 oc-
currence	across	all	subjects.	We	next	examined	whether	
any	of	the	measured	IED	features	were	associated	with	
worse	 overall	 memory	 performance.	 This	 model	 had	
fixed	 effects	 for	 IED	 amplitude,	 duration,	 distance	 to	
the	hippocampal	centroid,	rate,	laterality	concerning	the	
SOZ,	hemisphere,	spread,	region,	and	white	matter	cat-
egorization.	The	dependent	variable	was	the	normalized	
memory	 performance	 metric.	We	 incorporated	 random	
slopes	and	intercepts	for	both	the	subject	and	the	exper-
iment	type.	These	models	also	included	interactions	for	
all	IED	parameters;	thus,	all	parameters	were	refactored	
as	either	binary	or	continuous.	Continuous	parameters	
were	standardized	for	ease	of	interpretation	and	to	min-
imize	 the	 influence	 of	 multicollinearity	 from	 higher	
order	 terms.	Analogous	models	were	used	 for	pairwise	
comparisons	between	lateral	temporal	regions.	Tests	for	
multicollinearity	showed	no	significant	collinearity	be-
tween	these	predictor	variables	(variance	inflation	factor	
range	=	1.03–	1.94).

We	subsequently	tested	whether	IED-	induced	changes	
in	 spectral	 power	 were	 correlated	 with	 memory	 perfor-
mance	 using	 similar	 hierarchical	 models.	 Independent	
models	 were	 used	 for	 each	 lateral	 temporal	 region	 (ST,	
MT,	IT)	and	frequency	band.	Power	changes	were	calcu-
lated	by	subtracting	the	post-	IED	average	power	from	the	
pre-	IED	average	power,	then	z-	scoring	within	subject	and	
frequency	band.	The	dependent	variable	was	normalized	
memory	 performance.	 Independent	 variables	 included	

normalized	 power	 change	 and	 IED	 features	 that	 signifi-
cantly	 influenced	 memory	 in	 our	 prior	 analysis	 (e.g.,	
IED	 rate,	 IED	 white	 matter	 category,	 IED	 hemisphere).	
Random	slopes	and	intercepts	were	included	for	both	sub-
ject	and	experiment	type.

A	 post	 hoc	 analysis	 was	 performed	 to	 compare	 the	
pre-		 and	 post-	IED	 alpha	 power	 in	 the	 middle	 temporal	
region	 relative	 to	 other	 lateral	 temporal	 regions	 (ST/IT	
regions	 combined).	 Independent	 tests	 were	 used	 for	 all	
IEDs	corresponding	 to	either	 increased	alpha	activity	or	
decreased	alpha	activity	to	determine	whether	changes	in	
alpha	power	were	due	to	(1)	post-	IED	power	alterations,	
(2)	 pre-	IED	 power	 alterations,	 or	 (3)	 a	 combination	 of	
pre-		and	post-	IED	alterations.	Similar	hierarchical	models	
were	 fit	with	pre-	IED	and	post-	IED	alpha	power	as	out-
come	 variables,	 region	 as	 the	 independent	 variable,	 and	
random	effects	for	subject	and	experiment.	We	performed	
a	nonparametric	permutation	test	to	validate	the	correla-
tion	between	alpha	power	changes	in	the	middle	tempo-
ral	region	and	memory	performance.	Alpha	power	values	
were	 permuted	 10  000	 times,	 storing	 model	 coefficients	
and	p-	values	for	each	iteration.

Another	 post	 hoc	 analysis	 used	 similar	 hierarchical	
models	with	change	in	alpha	power	as	the	outcome	and	
IED	features	as	independent	variables	to	evaluate	whether	
any	of	 the	 IED	features	were	correlated	with	 the	degree	
of	 change	 in	 peri-	IED	 alpha	 in	 the	 middle	 temporal	 re-
gion.	 Finally,	 to	 understand	 the	 role	 of	 alpha	 in	 the	 di-
rect	context	of	this	free-	recall	memory	task,	we	examined	
alpha	power	for	trials	without	any	IEDs	using	a	binomial	
GLMM.	The	outcome	variable	was	memory	performance,	
discretized	based	on	increased	or	decreased	performance	
relative	 to	 the	 within-	subject	 mean.	 Alpha	 power	 was	
used	as	the	independent	variable,	with	random	effects	for	
subject	and	experiment.

The	trial	number	was	included	in	all	models	assessing	
memory	and	IEDs,	as	it	was	significantly	associated	with	
memory	 performance	 and	 IED	 occurrence.	 Sensitivity	
tests	 were	 performed	 with	 simpler	 models	 to	 confirm	
the	overall	results	reported	by	our	full	models.	Wald	chi-	
squared	tests	were	used	to	obtain	the	significance	of	fixed	
effects.	Here,	a	β-	value	 for	memory	performance	greater	
than	zero	indicates	a	positive	correlation	with	the	predic-
tor,	 and	 a	 value	 less	 than	 zero	 indicates	 a	 negative	 cor-
relation	with	the	predictor;	larger	β	values	correspond	to	
increased	 predictor	 effects.	 The	 false	 discovery	 rate	 was	
controlled	at	.05	with	the	Benjamini–	Hochberg	procedure	
for	all	models21;	 thus,	all	 reported	values	were	adjusted,	
unless	otherwise	stated.	Distributional	assumptions	were	
verified	for	all	models	in	this	study.	Code	for	analyses	in	
this	study	was	written	in	R	version	3.6.2	and	Python	ver-
sion	3.6.7.
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2.8	 |	 Dataavailability

All	 data	 are	 available	 through	 the	 Defense	 Advanced	
Research	 Projects	 Agency	 (DARPA)	 Restoring	 Active	
Memory	 Public	 Data	 Release	 (http://memory.psych.
upenn.edu/RAM).	Code	used	for	our	analyses	is	available	
upon	reasonable	request.

3 	 | 	 RESULTS

Subjects	had	an	average	recall	rate	of	25.81%	(SD	=	10.65%)	
for	the	free-	recall	task	and	31.48%	(SD	=	15.17%)	for	the	
categorical	 free-	recall	 task.	Of	 the	subject-	level	variables	
examined,	 a	 higher	 trial	 number	 was	 significantly	 asso-
ciated	with	a	decrease	in	memory	performance	(adjusted	
p  <  .001)	 and	 a	 slight	 decrease	 in	 IED	 rates	 (adjusted	
p = .031;	Figure	S1).	There	was	no	significant	difference	
in	memory	performance	or	IED	rates	by	age,	age	at	seizure	
onset,	history	of	prior	resection,	sex,	and	SOZ	hemisphere	
(Figure	S1).	Raw	IED	amplitudes	and	durations	are	illus-
trated	in	Figure	S2.

3.1	 |	 IEDfeaturesandmemory
performance

This	 study's	 primary	 focus	 was	 to	 characterize	 whether	
features	of	IEDs	were	significantly	correlated	with	mem-
ory	 performance	 for	 IEDs	 that	 occurred	 in	 the	 lateral	
temporal	region	during	encoding.	A	higher	IED	rate	was	
significantly	correlated	with	worse	memory	performance	
(adjusted	 p  <  .001;	 Figure	 2A).	 Regardless	 of	 the	 SOZ	
hemisphere,	 IEDs	 in	 the	 left	 lateral	 temporal	 lobe	 were	
associated	 with	 lower	 recall	 relative	 to	 right	 lateralized	
IEDs	(adjusted	p = .024;	Figure	2A).	Among	lateral	tem-
poral	brain	regions,	IEDs	occurring	in	the	middle	tempo-
ral	region	were	more	detrimental	to	memory	performance	
(adjusted	p = .010;	Figure	2A).	IEDs	propagating	in	white	
matter	 were	 more	 deleterious	 than	 purely	 gray	 matter	
IEDs	(adjusted	p = .047;	Figure	2A).

There	was	a	 significant	 interaction	between	 IED	am-
plitude	and	the	white/gray	matter	classification	(adjusted	
p = .011;	Figure	2B).	That	is,	elevated	IED	amplitude	had	
a	 greater	 impact	 on	 memory	 performance	 for	 IEDs	 that	
propagated	to	white	matter	relative	to	gray	matter	IEDs.	A	
pairwise	comparison	between	all	lateral	temporal	regions	
demonstrated	 that	 IEDs	 in	 the	 middle	 temporal	 region	
predicted	 worse	 overall	 memory	 performance	 relative	
to	 both	 the	 inferior	 temporal	 region	 (adjusted	 p  =  .011;	
Figure	 2C)	 and	 the	 superior	 temporal	 region	 (adjusted	
p = .032;	Figure	2C).	In	back-	transforming	our	model	esti-
mates	for	ease	of	interpretation,	we	show	that	IEDs	in	the	

middle	 temporal	 region	 with	 white	 matter	 propagation	
reduced	the	average	recall	by	approximately	8%	per	IED.	
Furthermore,	holding	the	features	above	constant,	we	re-
veal	an	additional	3%	reduction	 in	 the	average	recall	 for	
every	183-	µV	increase	in	IED	amplitude.

3.2	 |	 Spectralpowerchangesfollowing
anIEDinfluencememoryencoding

After	 determining	 that	 IEDs	 had	 location-	dependent	
influences	 on	 memory	 encoding,	 we	 sought	 to	 predict	
whether	an	IED	would	be	detrimental	to	memory	perfor-
mance	based	on	its	impact	on	local	network	oscillations.	
There	 were	 nonsignificant	 correlations	 between	 power	
changes	and	memory	performance	for	all	frequency	bands	
except	for	the	alpha	band	(adjusted	p = .029;	Figure	3A).	A	
permutation	test	validated	these	alpha	power	findings	for	
IEDs	in	the	middle	temporal	region	(permuted	p = .026;	
Figure	3B).	Repeating	this	analysis	for	IEDs	in	the	supe-
rior	temporal	region	and	inferior	temporal	region	revealed	
null	 findings	 for	 all	 frequency	 bands	 (Figure	 S3).	 Thus,	
we	 used	 the	 ST/IT	 regions	 as	 a	 reference	 to	 distinguish	
when	alpha	power	changes	were	occurring	relative	to	the	
IED	(i.e.,	pre-	IED,	post-	IED,	or	both).	For	observed	IED-	
related	increases	in	alpha	activity,	our	analysis	showed	a	
significant	increase	in	alpha	power	after	an	IED	(adjusted	
p = .0073;	Figure	3C),	but	not	prior	to	an	IED	(adjusted	
p = .55;	Figure	3C).	For	observed	IED-	related	decreases	in	
alpha	activity,	we	showed	a	significant	decrease	in	alpha	
power	after	an	IED	(adjusted	p =  .0068;	Figure	3C),	but	
not	prior	to	an	IED	(adjusted	p = .11;	Figure	3C).	A	back-	
transformation	of	peri-	IED	power	changes	in	the	middle	
temporal	region	showed	a	4.5%	reduction	in	the	average	
recall	for	every	6-	dB	decrease	in	post-	IED	alpha	power.

While	investigating	whether	peri-	IED	alpha	in	the	mid-
dle	 temporal	 region	 was	 correlated	 with	 any	 of	 the	 IED	
features,	we	found	that	peri-	IED	alpha	changes	were	neg-
atively	correlated	with	IED	amplitude	(adjusted	p < .001).	
None	 of	 the	 other	 IED	 features	 were	 significantly	 asso-
ciated	 with	 peri-	IED	 alpha.	 Our	 final	 post	 hoc	 analysis	
evaluated	alpha	trends	in	trials	without	any	IEDs	during	
encoding.	This	revealed	6.5%	increased	odds	of	recall	for	
every	12.21-	dB	increase	in	alpha	power	in	the	middle	tem-
poral	region	(adjusted	p = .036;	Figure	3D).

4 	 | 	 DISCUSSION

Whereas	several	studies	indicate	that	IED	rate,	IED	later-
ality,	and	IED	time	dependence	significantly	impact	mem-
ory	networks,3,4,22	they	did	not	account	for	IED	features,	
such	 as	 peri-	IED	 rate	 compositions	 and	 white	 matter	

http://memory.psych.upenn.edu/RAM
http://memory.psych.upenn.edu/RAM
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propagation,	which	may	be	related	to	memory.	Here,	we	
showed	 that	 certain	 properties	 of	 lateral	 temporal	 IEDs	
were	 more	 deleterious	 to	 successful	 memory	 encoding.	
We	demonstrated	that	 increased	IEDs	in	the	 left	middle	
temporal	region	with	white	matter	propagation	were	most	
harmful	to	memory	encoding	and	resulted	in	significant	
reductions	in	recall.	IED	amplitude	showed	a	significant	
interaction	 with	 white	 matter	 categorization,	 whereby	
IEDs	with	higher	amplitudes	and	white	matter	propaga-
tion	 were	 associated	 with	 lower	 memory	 performance.	
Finally,	 we	 observed	 that	 IED-	related	 modulations	 in	
alpha	power	were	correlated	with	memory	performance.	

These	results	uncover	IED	properties	that	may	be	useful	
for	differentiating	“bad	spikes”	from	“good	spikes”	as	they	
relate	to	memory	encoding.14

Similar	 to	 past	 reports,	 we	 observed	 greater	 memory	
impairment	for	an	increased	rate	of	left	lateralized	IEDs.3,4	
The	magnitude	of	our	observed	effect	was	comparable	to	
Ung	et	al.'s4	past	report	of	6.6%	reduced	odds	of	recall	for	
each	IED	in	the	left	middle	temporal	gyrus	(BA	21).	These	
findings	were	 likely	 linked	with	 the	verbal	and	auditory	
word	processing	functions	of	the	left	temporal	lobe,	which	
are	necessary	to	perform	the	verbal	word	memory	task.5	
Wagner	et	al.'s23	functional	MRI	study	also	demonstrated	

F I G U R E  2  Features	of	interictal	epileptiform	discharges	(IEDs)	associated	with	memory.	(A)	IED	rate	(IEDs/trial),	hemisphere,	
lateral	temporal	localization,	and	white	matter	classification	were	significantly	associated	with	memory	performance.	An	increased	IED	
rate	localized	to	the	left	middle	temporal	region	with	white	matter	propagation	predicted	worse	memory	performance.	(B)	IED	white	
matter	categorization	and	amplitude	showed	a	significant	interaction;	an	increased	amplitude	of	IEDs	with	white	matter	propagation	was	
associated	with	lower	memory	performance.	(C)	Pairwise	comparisons	of	all	lateral	temporal	brain	regions	revealed	IEDs	in	the	middle	
temporal	region	(MT)	predicted	reduced	memory	performance.	*p < .05,	***p < .001.	IT,	inferior	temporal	region;	SOZ,	seizure	onset	zone;	
ST,	superior	temporal	region
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that	 activity	 in	 the	 left	 prefrontal	 and	 temporal	 regions	
was	jointly	required	for	memory	formation,	especially	for	
recalling	verbalizable	events.

We	 observed	 that	 left	 lateralized	 IED	 effects	 were	 ir-
respective	of	the	subjects'	SOZ,	as	IED-	SOZ	laterality	did	

not	significantly	impact	encoding.4,22	This	contrasts	with	
past	studies,	which	include	Kleen	et	al.'s22	report	that	hip-
pocampal	 IEDs	bilateral	and	contralateral	 to	 the	 seizure	
focus	 decreased	 memory	 performance,	 and	 Ung	 et	 al.'s4	
report	that	IEDs	outside	of	the	SOZ	had	a	greater	impact	

F I G U R E  3  Interictal	epileptiform	discharge	(IED)	power	spectral	perturbations	and	memory	performance.	(A)	Changes	in	power	
were	calculated	by	comparing	pre-	IED	and	post-	IED	(−2000	to	−1000 ms	relative	to	IED	onset,	and	+1000	to	+2000 ms	after	IED	offset)	
windows.	Power	changes	were	evaluated	in	each	frequency	band	for	electrodes	in	the	middle	temporal	region	(MT)	during	the	encoding	
phase.	Alpha	power	showed	a	significant	positive	correlation	with	memory	performance.	Dashed	black	lines	represent	correlations;	yellow	
lines	were	plotted	as	a	reference	(z-	score = 0).	(B)	A	nonparametric	permutation	procedure	validated	alpha	power	findings.	The	red	point	
denotes	our	observed	p-	value;	blue	points	denote	permuted	p-	values	<	.05.	(C)	To	determine	whether	alpha	power	changes	were	due	to	
shifts	before	or	after	IEDs,	we	compared	alpha	power	in	the	MT	to	alpha	power	in	other	lateral	temporal	regions	(superior	temporal	region	
[ST],	inferior	temporal	region	[IT])	for	IEDs	with	overall	increases	and	decreases	in	alpha	activity.	In	the	MT,	increases	in	post-	IED	alpha	
drove	IED-	related	increases	in	alpha	activity,	and	decreases	in	post-	IED	alpha	drove	IED-	related	decreases	in	alpha	activity.	IEDs	showed	
nonsignificant	effects	on	pre-	IED	alpha	activity.	(D)	There	were	approximately	6.5%	increased	odds	of	recall	for	every	12.21-	dB	increase	in	
alpha	power	during	encoding	periods	without	any	IEDs	(p = .036).	Red	indicates	significant	changes.	*p < .05,	**p < .01.	CI,	confidence	
interval;	HFA,	high-	frequency	activity
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on	recall	than	IEDs	within	the	SOZ.	These	discrepancies	
could	be	explained	by	our	increased	sample	size	and	con-
trol	for	IED-	related	properties	(e.g.,	amplitude,	duration,	
spread),	 which	 may	 have	 confounded	 past	 observations.	
Heterogeneity	 surrounding	 the	 importance	 of	 the	 SOZ	
for	predicting	 IED	effects	on	memory	 is	 further	demon-
strated	by	Horak	et	al.'s3	finding	that	IEDs	in	the	SOZ	had	
a	greater	impact	on	memory.

During	 our	 regional	 analysis	 of	 IEDs,	 we	 discovered	
that	 IEDs	 in	 the	 middle	 temporal	 region	 affected	 recall	
more	 than	 IEDs	 in	 the	 inferior	 and	 superior	 temporal	
regions.	 Previous	 iEEG	 studies	 showed	 that	 the	 inferior	
temporal	lobe	was	involved	in	memory	encoding3	and	that	
hippocampal	IEDs	reduced	memory	performance	during	
memory	 retrieval	 but	 not	 encoding.22,24	 These	 findings	
support	the	theory	that	different	memory	processes	(i.e.,	
encoding	 vs.	 retrieval)	 may	 depend	 on	 different	 brain	
regions;	 medial	 structures,	 such	 as	 the	 hippocampus,	
may	 be	 more	 involved	 with	 memory	 retrieval,	 whereas	
lateral	 temporal	 structures	may	be	essential	 for	memory	
encoding.

Past	 studies	 of	 human	 episodic	 memory	 offer	 addi-
tional	support	for	this	theory.	Mainly,	there	is	a	flow	of	in-
formation	from	the	neocortex	to	the	hippocampus	during	
memory	encoding	and	a	reverse	in	this	flow	during	mem-
ory	 retrieval.25,26	 The	 successful	 recall	 of	 an	 event	 was	
also	shown	to	depend	on	the	reinstatement	of	an	oscilla-
tory	state.27,28	In	a	study	with	69	iEEG	subjects,	Manning	
et	 al.27	 showed	 that	 the	 pattern	 of	 brain	 activity	 during	
successful	recall	was	similar	to	patterns	observed	during	
memory	encoding	for	that	item	and	neighboring	list	items	
during	a	free-	recall	memory	task.	Another	iEEG	study	of	
11 subjects	 further	demonstrated	that	this	reinstatement	
process	was	dependent	on	both	time	and	space	and	could	
be	predicted	by	the	magnitude	of	phase	synchronization	
between	 the	hippocampus	and	 lateral	 temporal	cortex.29	
Whether	this	oscillatory	reinstatement	spans	across	broad	
brain	regions	or	is	focal	at	specific	sites	is	still	up	for	de-
bate30,31;	 nevertheless,	 IEDs	 are	 likely	 to	 disrupt	 oscilla-
tory	patterns	necessary	for	proper	memory	encoding	and	
retrieval.

Our	work	shows	that	IEDs	with	white	matter	propaga-
tion	 in	 the	 lateral	 temporal	 region	were	more	detrimen-
tal	 to	memory	encoding.	These	 results	are	unsurprising,	
as	white	matter	tracts	have	a	known	association	with	the	
propagation	 of	 electrical	 stimulation	 in	 the	 brain.32,33	
Viewing	 IEDs	 as	 internally	 generated	 equivalents	 to	 ex-
ogenous	 electrical	 stimulation,	 our	 results	 agree	 with	
Solomon	et	al.'s34	finding	that	stimulation	in	or	near	white	
matter	induces	spectral	power	changes	across	a	broad	net-
work	of	brain	regions	in	the	theta	range.	In	a	subsequent	
study,	Solomon	et	al.11	 also	 showed	 that	 increased	 theta	
synchrony	 in	 medial	 temporal	 regions	 indicated	 periods	

of	successful	memory	encoding.	Thus,	our	next	step	was	to	
evaluate	the	association	between	spectral	power	changes	
between	pre-		and	post-	IED	windows	and	memory.

Of	 all	 the	 power	 bands,	 only	 changes	 in	 alpha	 activ-
ity	 were	 significantly	 correlated	 with	 memory	 perfor-
mance.	 We	 witnessed	 a	 positive	 relationship	 between	
alpha	power	changes	and	memory	performance	in	middle	
temporal	 regions,	 through	 which	 IED-	related	 increases	
in	alpha	predicted	better	memory	performance	and	IED-	
related	decreases	 in	alpha	predicted	worse	memory	per-
formance.	 We	 showed	 that	 power	 changes	 following	 an	
IED	 were	 driving	 these	 alpha	 alterations.	 Additionally,	
IEDs	with	higher	amplitudes	were	correlated	with	more	
negative	peri-	IED	alpha	changes	(i.e.,	worse	memory	per-
formance).	Two	prominent	theories	may	explain	the	func-
tional	significance	of	alpha	activity	for	cognition:	(1)	alpha	
activity	is	thought	to	be	involved	with	cortical	idling,	with	
increases	occurring	during	rest	states35;	and	(2)	alpha	ac-
tivity	is	thought	to	contribute	to	memory	retention,	where	
task-	related	increases	in	alpha	were	seen	with	increasing	
task	load.36,37

Recent	 research	 provides	 increasing	 support	 for	 the	
latter	 theory	 owing	 to	 consistent	 observations	 of	 task-	
related	increases	in	alpha	activity.	Moreover,	these	reports	
exposed	 two	 suspected	 roles	 for	 increased	 alpha	 during	
memory	retention.	The	first	role	deals	with	the	inhibition	
timing	 hypothesis,	 where	 alpha	 is	 thought	 to	 filter	 out	
task-	irrelevant	 information,	 preventing	 its	 interference	
with	 memory.12,38,39	 Second,	 alpha	 activity	 is	 thought	 to	
be	directly	responsible	for	maintaining	relevant	memory	
contents	and	controlling	 the	 timing	within	 task-	relevant	
networks.40–	43	 Both	 roles	 support	 our	 findings	 that	 in-
creased	post-	IED	alpha	power	 is	conducive	 to	enhanced	
memory	 performance,	 and	 that	 middle	 temporal	 alpha	
was	positively	correlated	with	memory	performance,	even	
in	 the	 absence	 of	 IEDs.	 An	 alternative	 explanation	 for	
these	findings	is	that	“good”	IEDs	did	not	interfere	with	a	
subject's	ability	to	engage	cognitively	(i.e.,	did	not	perturb	
underlying	alpha	oscillations).	An	epiphenomenon	could	
also	explain	 these	 findings,	whereby	trials	 that	a	subject	
engaged	 cognitively	 resulted	 in	 enhanced	 alpha	 oscilla-
tions,	coincidentally	timed	right	after	an	IED.

Analogous	to	other	neural	oscillations,	the	task-	related	
role	of	alpha	is	much	more	complex	than	the	above	sim-
plifications.	 For	 instance,	 Jensen36	 observed	 increased	
posterior-	central	 alpha	 with	 lateralized	 asymmetries	
during	Sternberg	retention,	which	was	present	during	the	
last	2.5 s	of	the	retention	period.	Palva	et	al.37	also	showed	
that	 frontoparietal	 high	 alpha	 was	 suppressed	 at	 higher	
memory	 loads,	 whereas	 the	 high	 alpha	 and	 beta	 bands	
were	positively	correlated	with	memory	load	from	400 ms	
to	the	end	of	the	visual	working	memory	retention	period.	
Both	studies	suggest	that	the	location	and	timing	of	alpha	
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and	other	 frequencies	are	complex.	Adding	 to	 this	 com-
plexity,	alpha	changes	witnessed	in	these	studies	are	likely	
different	from	alpha	changes	associated	with	eyes-	opened	
and	eyes-	closed	states	(i.e.,	eyes-	opened	alpha	desynchro-
nization).44	 Future	 work	 should	 examine	 how	 location	
and	timing	may	affect	IED-	related	changes	in	alpha	to	fur-
ther	uncover	the	relationship	between	IED-	related	shifts	
in	alpha	and	memory.

The	 literature	 also	 suggests	 that	 theta	 oscillations	
are	 important	 for	 successful	 memory	 encoding	 and	
retrieval.45,46	 Theta	 is	 thought	 to	 drive	 hippocampus-	
dependent	 memory	 processing	 and	 interregional	 brain	
communication.11,13,47	Zhang	et	al.48	provide	a	connection	
between	alpha	oscillations,	theta	oscillations,	and	memory	
in	showing	that	theta	and	alpha	oscillations	are	traveling	
waves	 in	 the	 human	 neocortex,	 which	 serve	 to	 organize	
neural	 processes	 across	 space	 and	 time.	 These	 traveling	
waves	 are	 thought	 to	 temporally	 and	 spatially	 segment	
neural	representations;	the	neocortex	(e.g.,	lateral	tempo-
ral	structures)	was	shown	to	prefer	alpha	oscillations,48–	50	
whereas	 mesial	 structures	 (e.g.,	 hippocampus)	 preferred	
theta	oscillations.51,52	Despite	these	findings,	the	question	
of	causality	remains.	Future	work	is	encouraged	to	deter-
mine	whether	certain	IEDs	are	beneficial	to	memory	via	
increased	 alpha	 activity	 or	 whether	 increased	 alpha	 ac-
tivity	coinciding	with	better	internal	memory	states	sup-
presses	IEDs.

Several	limitations	should	be	noted.	First,	we	acknowl-
edge	that	automated	IED	detection	could	introduce	bias,	
especially	because	our	detector	is	not	perfectly	concordant	
with	human	review.17	However,	our	automated	algorithm	
allowed	for	the	objective	quantification	of	IEDs	in	a	large	
iEEG	dataset	while	limiting	bias	attributable	to	differences	
in	interrater	reliability.	The	implications	of	these	findings	
were	 further	 limited	 by	 missing	 surgical	 outcome	 data,	
which	 reduced	 confidence	 in	 labeled	 SOZs.	 Electrode	
segmentation	was	also	based	on	MNI	coordinates	due	to	
the	 sheer	 volume	 of	 subjects	 and	 detected	 IEDs.	We	 ac-
knowledge	the	presence	of	selection	bias	because	we	did	
not	select	subjects	to	specifically	examine	the	relationship	
between	 IEDs	 and	 memory.	 Furthermore,	 we	 could	 not	
correlate	memory	performance	with	the	subject's	lateral-
ized	memory	dominance.

Additional	 sources	 of	 bias	 result	 from	 the	 varying	
placement	of	electrodes,	different	number	of	experiment	
sessions	 completed	 per	 subject,	 and	 other	 uncontrolla-
ble	 factors	 commonly	 associated	 with	 iEEG	 research.	
Bias	 may	 also	 result	 from	 our	 less	 conservative	 control	
for	 multiple	 comparisons	 (i.e.,	 Benjamini–	Hochberg	 vs.	
Bonferroni	 correction).	 Although	 our	 statistical	 models	
accounted	 for	 many	 of	 these	 limitations,	 there	 remains	
a	 need	 for	 controlled	 experiments	 specifically	 designed	
to	 examine	 the	 influence	 that	 different	 IED	 properties	

have	 on	 cognition.	We	 also	 utilized	 canonical	 frequency	
bands	classically	defined	for	scalp	EEG;	thus,	future	work	
should	 evaluate	 frequencies	 with	 finer	 granularity	 (e.g.,	
using	 smaller	 logarithmically	 spaced	 frequency	 bins)	 to	
better	 identify	 peri-	IED	 frequencies	 that	 may	 be	 crucial	
for	memory	encoding.

5 	 | 	 CONCLUSIONS

In	this	study,	we	showed	that	IEDs	impaired	memory	per-
formance	when	they	occurred	in	the	left	middle	temporal	
region	 during	 memory	 encoding.	 Higher	 amplitude	 IEDs	
with	white	matter	propagation	had	adverse	effects	on	mem-
ory,	whereas	increased	post-	IED	alpha	power	predicted	bet-
ter	memory	performance.	These	results	suggest	that	certain	
properties	of	IEDs	may	be	useful	for	differentiating	patho-
logical	 from	 potentially	 beneficial	 IEDs	 concerning	 their	
influence	on	cognition.	Our	findings	support	the	future	ex-
amination	of	IED	properties,	as	targeting	IED	populations	
detrimental	 to	 cognition	 may	 improve	 surgical	 outcomes	
and	the	quality	of	life	for	persons	with	epilepsy.
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