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Functional magnetic resonance imaging has demonstrated reorganization of memory encoding networks within the temporal

lobe in temporal lobe epilepsy, but little is known of the extra-temporal networks in these patients. We investigated the

temporal and extra-temporal reorganization of memory encoding networks in refractory temporal lobe epilepsy and the

neural correlates of successful subsequent memory formation. We studied 44 patients with unilateral temporal lobe epilepsy

and hippocampal sclerosis (24 left) and 26 healthy control subjects. All participants performed a functional magnetic resonance

imaging memory encoding paradigm of faces and words with subsequent out-of-scanner recognition assessments. A blocked

analysis was used to investigate activations during encoding and neural correlates of subsequent memory were investigated

using an event-related analysis. Event-related activations were then correlated with out-of-scanner verbal and visual memory

scores. During word encoding, control subjects activated the left prefrontal cortex and left hippocampus whereas patients with

left hippocampal sclerosis showed significant additional right temporal and extra-temporal activations. Control subjects dis-

played subsequent verbal memory effects within left parahippocampal gyrus, left orbitofrontal cortex and fusiform gyrus

whereas patients with left hippocampal sclerosis activated only right posterior hippocampus, parahippocampus and fusiform

gyrus. Correlational analysis showed that patients with left hippocampal sclerosis with better verbal memory additionally

activated left orbitofrontal cortex, anterior cingulate cortex and left posterior hippocampus. During face encoding, control

subjects showed right lateralized prefrontal cortex and bilateral hippocampal activations. Patients with right hippocampal scler-

osis showed increased temporal activations within the superior temporal gyri bilaterally and no increased extra-temporal areas

of activation compared with control subjects. Control subjects showed subsequent visual memory effects within right amygdala,

hippocampus, fusiform gyrus and orbitofrontal cortex. Patients with right hippocampal sclerosis showed subsequent visual

memory effects within right posterior hippocampus, parahippocampal and fusiform gyri, and predominantly left hemisphere

extra-temporal activations within the insula and orbitofrontal cortex. Correlational analysis showed that patients with right

hippocampal sclerosis with better visual memory activated the amygdala bilaterally, right anterior parahippocampal gyrus and

left insula. Right sided extra-temporal areas of reorganization observed in patients with left hippocampal sclerosis during word

encoding and bilateral lateral temporal reorganization in patients with right hippocampal sclerosis during face encoding were

not associated with subsequent memory formation. Reorganization within the medial temporal lobe, however, is an efficient
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process. The orbitofrontal cortex is critical to subsequent memory formation in control subjects and patients. Activations within

anterior cingulum and insula correlated with better verbal and visual subsequent memory in patients with left and right

hippocampal sclerosis, respectively, representing effective extra-temporal recruitment.

Keywords: temporal lobe epilepsy; episodic memory; functional MRI

Introduction
Lesional, functional imaging and computational analyses have

shown that the medial temporal lobe, prefrontal cortex and sub-

cortical structures are involved in episodic memory processes

(Simons and Spiers, 2003; Squire et al., 2004). A recent meta-

analysis of functional MRI event-related studies identified other

brain regions critical to memory encoding such as the fusiform

gyrus, posterior parietal and premotor cortex in healthy individuals

(Hongkeun, 2011).

Specific processes that mediate memory encoding have been

shown to occur in different subregions of the prefrontal cortex;

semantic and phonological elaborations in the inferior frontal gyrus

(Otten and Rugg, 2001), and material organization and manipu-

lation within the middle frontal gyrus (Wig et al., 2004). The

orbitofrontal cortex, with its close anatomical connections to the

medial temporal lobe (Carmichael and Price, 1995), is thought to

be critical to the successful encoding of both verbal (Savage et al.,

2001) and visual material (Frey and Petrides, 2002). Individuals

with medial temporal lobe epilepsy have significant material-spe-

cific episodic memory impairments, with greater verbal and visual

memory deficits with left and right temporal lobe epilepsy, re-

spectively. More recently, however, widespread cognitive deficits

have been described with variable memory performance between

patients despite a homogenous clinical presentation (Helmstaedter

et al., 2003; Elger et al., 2004). This is in concert with more

widespread morphological (Woermann et al., 1999) and functional

abnormalities with disrupted connectivity as remote as the orbito-

frontal and occipital cortices being described (Voets et al., 2009).

Functional MRI studies in healthy control subjects have shown a

material-specific functional hemispheric lateralization of verbal and

visual memory encoding to the left and right hemispheres, re-

spectively (Kelley et al., 1998; Golby et al., 2002). Functional

MRI studies in patients with temporal lobe epilepsy have consist-

ently shown atypical material-specific involvement of the medial

temporal lobe in episodic memory encoding, with reorganization

of memory functions to the contralesional side (Golby et al., 2002;

Richardson et al., 2003; Powell et al., 2007). Extra-temporal acti-

vations during verbal and visual memory encoding in temporal

lobe epilepsy have only been investigated in relatively small studies

in which differences in the encoding network compared with con-

trol subjects have been described within the prefrontal cortex,

lateral temporal, parietal and occipital cortex (Dupont et al.,

2000, 2002; Maccotta et al., 2007; Alessio et al., 2013).

Greater contralateral right prefrontal cortex activations in varied

stereotactic brain regions have been shown during word encoding

in patients with left temporal lobe epilepsy (Dupont et al., 2000;

Maccotta et al., 2007; Alessio et al., 2013). Visual encoding in

patients with right temporal lobe epilepsy has been investigated in

relatively fewer studies (Maccotta et al., 2007; Alessio et al.,

2013). These studies were analysed using a blocked model and

no correlations were made with memory performance; therefore,

it is not known if these extra-temporal regions are involved in

subsequent memory formation.

Several subsequent memory studies using an event-related ana-

lysis of functional MRI comparing activations related to items that

are subsequently remembered to those forgotten have been re-

ported within the medial temporal lobe (Richardson et al., 2003,

2006; Powell et al., 2007; Bonelli et al., 2010). By contrast, extra-

temporal subsequent memory effects have been less well

described. A verbal subsequent memory analysis in a small hetero-

geneous group of patients with right and left frontal and temporal

lobe epilepsy showed that activations within the insula, cuneus

and cingulate cortex were contributory to subsequent verbal

memory in patients but not control subjects (Eliassen et al.,

2008). The extra-temporal functional anatomy of episodic

memory processes in those with temporal lobe epilepsy has not

been investigated in detail. This is an important consideration for

patients who may be candidates for epilepsy surgery.

The blocked analysis investigates neural correlates during the

encoding task and provides a good reflection of strategies em-

ployed during encoding. Although it is more sensitive than an

event-related analysis, the latter addresses a more specific issue

of successful subsequent memory (Powell et al., 2005). We em-

ployed a blocked analysis to test the hypotheses that: (i) healthy

control subjects have a material-specific representation of memory

encoding; left hemispheric activations for verbal memory and right

for visual; and (ii) patients with left and right temporal lobe epi-

lepsy have greater activations for verbal and visual memory

encoding within the contralateral ‘healthy’ hemisphere.

Additionally, we investigated the neural correlates of successful

subsequent memory in patients with temporal lobe epilepsy at a

whole brain level using an event-related analysis. Further, correl-

ations of out-of-scanner visual and verbal memory performance

with subsequent memory activations were conducted to investi-

gate the effectiveness of subsequent memory activations (Powell

et al., 2007).

Materials and methods

Subjects
We studied 44 patients with medically refractory temporal lobe epi-

lepsy (24 left: median age 42 years, range 19–54 years; and 20 right:

median age 42.5, range 21–56) due to unilateral hippocampal scler-

osis, who underwent presurgical evaluation at the National Hospital for
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Neurology and Neurosurgery, London. All patients had undergone

structural MRI at 3 T, including quantification of hippocampal volumes

and T2 relaxation times confirming unilateral hippocampal sclerosis

with normal contralateral medial temporal structures (Table 1).

Prolonged interictal and ictal EEG-video telemetry confirmed ipsilateral

seizure onset zones in all patients. All patients received anti-epileptic

medication and spoke fluent English. Twenty-six healthy native English

speaking control subjects, median age 37 years (range 19–58 years)

with no neurological or psychiatric history were also studied.

All patients underwent detailed presurgical neuropsychometry.

Handedness and language dominance were determined using a stan-

dardized questionnaire (Oldfield, 1971) and language functional MRI

tasks (Powell et al., 2006), respectively. Expressive language lateral-

ization within an inferior and middle frontal gyrus mask was calculated

(Bonelli et al., 2010). Only left language dominant control subjects

and patients were included in this study (language lateralization

index of 4�0.5) (Table 1). This study was approved by the

National Hospital for Neurology and Neurosurgery and the UCL

Institute of Neurology Joint Research Ethics Committee. Written

informed consent was obtained from all participants.

Neuropsychological testing
All patients and control subjects underwent standardized cognitive as-

sessments including measures of intellectual functioning, IQ (Nelson

and O’Connell, 1978; Wechsler, 1997) and measures of verbal learn-

ing and design learning (Coughlan et al., 2007) previously demon-

strated to be sensitive to the integrity of temporal structures

(Baxendale et al., 2006) (Table 1). In the verbal learning task, partici-

pants are read a list of 15 words that they subsequently recall. This

was done five times. A total sum of recalled words is calculated as a

verbal performance measure. A similar neuropsychological test in

which an abstract design was presented was used to calculate

design learning scores.

Magnetic resonance data acquisition
Studies were performed using a 3 T General Electric Excite HDx MRI

scanner with a gradient strength of 40 m/Tm and slew rate 150 Tm/s.

For the functional MRI, gradient-echo planar images were acquired,

providing blood oxygen level-dependent contrast. Each volume com-

prised 36 contiguous oblique axial slices, slice thickness 2.5 mm

(0.3 mm gap), field of view 24 cm, matrix 96 � 96 interpolated to

128 � 128 during image reconstruction, in-plane resolution 2.5,

SENSE factor 2.5, echo time 25 ms, repetition time 2.75 s. The field

of view was positioned to cover the temporal and frontal lobes with

the slices aligned with the long axis of the hippocampus on the sagittal

view.

Memory encoding paradigm
Two material types, visual stimuli (faces) and verbal stimuli (words)

were visually presented to patients during a single scanning session.

Black and white photographs of non-famous faces unfamiliar to the

subjects and single concrete nouns were presented on a magnetic

resonance compatible screen viewed through a mirror (Bonelli et al.,

2010). Each item was presented for 3 s in 60 s blocks. We used a

different interstimulus interval (3 s) to our repetition time of 2.75 s to

introduce jitter and facilitate random sampling. Each block consisted of

10 faces and 10 words followed by 15 s cross-hair fixation. We pre-

sented a total of 10 blocks (100 faces and 100 words). Participants

were explicitly instructed to memorize items for subsequent out of

scanner recall. A deep encoding task (Craik, 2002), which involved a

subjective decision on whether each stimulus was pleasant or unpleas-

ant, using a joystick, was performed.

Forty minutes after scanning, face and word recognition was tested

separately in an out-of-scanner recognition task. In each recognition

task, subjects were shown the same 100 items intermixed with an

additional 50 novel faces/words as foils in random order at the

same speed as items were displayed within the scanner.

A button box was used to indicate if items were remembered,

familiar or novel. These responses were used to sort each item

shown in the scanner to items remembered, familiar and forgotten.

Recognition accuracy (%) was calculated for both faces and words

(true positive � false positive).

Data analysis
Analysis was performed using Statistical Parametric Mapping 8 (http://

www.fil.ion.ucl.ac.uk/spm/). The imaging time series was realigned,

normalized into standard anatomical space (using a scanner specific

template created from 30 healthy control subjects, 15 patients with

left hippocampal sclerosis and 15 patients with right hippocampal

sclerosis using the high resolution whole brain echo planar image)

and smoothed with a Gaussian kernel of 8 mm full-width at

half-maximum.

Blocked design
Regressors of interest were formed by creating two box-car functions

for faces and words convolved with the canonical haemodynamic re-

sponse function. Movement parameters were included as confounds

and parameter estimates for the regressors were calculated for

each voxel. Contrasts were generated for both ‘words’ and ‘faces’

corresponding to the main effect of material-specific encoding.

These contrast images were used for the second-level analysis.

A random effects analysis was performed at the second level.

Subjects were divided into three groups: control subjects, patients

Table 1 Demographic details and results of standard neuropsychometry in control subjects and patients

Age
(years)

Age at
onset
(years)

Duration
(years)

No. of
AEDs

Language
LI within
frontal ROI

Right HC
Volume
(cm3)

Left HC
Volume
(cm3)

IQ List
Learning
/75

Design
Learning
/45

RA
Words %

RA
Faces %

C 37 (23.3) n/a n/a n/a �0.82 (0.13) 2.76 (0.21) 2.70 (0.3) 111.5 (11) 57.4 (8.9) 39.3 (5.3) 75 (12.1) 27 (12.2)

LHS 42 (9.3) 15.8 (2.8) 24.1 (14) 3 (1) �0.76 (0.12) 2.76 (0.35) 1.82* (0.4) 97* (9.8) 44.5* (10.9) 34.2 (7.4) 49* (15.7) 15* (9.4)

RHS 42.5 (13.5) 13.5 (2.5) 28.7 (16.5) 3 (1) �0.75 (0.14) 1.92* (0.41) 2.74 (0.32) 99* (14.7) 44* (10) 27*# (9) 59* (20.6) 14* (9.7)

Age and number of anti-epileptic drugs (AEDs) are shown as median (IQR), all others shown as mean (SD). LI = lateralization index; ROI = region of interest;
HC = hippocampus, RA = recognition accuracy. *Control subjects (C) 4 patient group indicated P 5 0.001, #left hippocampal sclerosis 4 right hippocampal sclerosis;

P = 0.004.
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with left hippocampal sclerosis and patients with right hippocampal

sclerosis. A one-sample t-test was performed to examine the group

effect of each contrast. An ANOVA was performed to quantitatively

assess statistically different brain activations between all three groups.

To ensure that only differences in activation were analysed, the

difference maps were masked with the main effect of condition.

All results for the main effects are shown corrected for multiple

comparisons [family wise error (FWE)], P5 0.05 and group compari-

sons at P5 0.001 uncorrected unless otherwise stated. Activations

within the medial temporal lobe are shown corrected for multiple com-

parisons using a small volume correction within a sphere of 6 mm,

FWE P5 0.001 (Bonelli et al., 2010).

Event-related analysis
Event-related analysis on a blocked designed experiment have been

performed in memory studies (Richardson et al., 2003; Powell et al.,

2007; Bonelli et al., 2010) and other cognitive tasks (Mechelli et al.,

2003; Seghier et al., 2012; Seghier and Price, 2012). We compared

the encoding-related responses for stimuli that were subsequently re-

membered versus stimuli that were subsequently forgotten or rated

familiar. A two-level event-related random-effects analysis was em-

ployed. One individual with left hippocampal sclerosis had a complex

partial seizure during the recognition task and one patient with right

hippocampal sclerosis had a complex partial seizure after scanning.

Recognition tasks and therefore event-related analysis were not per-

formed in these two patients.

First level

For each subject, trial-specific delta functions were convolved with the

canonical haemodynamic response function and its temporal deriva-

tive. Six regressors of interest for each of the event types, words re-

membered (WR), words familiar (WFam), words forgotten (WF), faces

remembered (FR), faces familiar (FFam) and faces forgotten (FF) were

created. Each subject’s movement parameters were included as con-

founds. Contrast images were created for each subject for verbal sub-

sequent memory [defined by (WR) � (WFam + WF)] and visual

subsequent memory [defined by (FR) � (FFam + FF)]. These images

were used for the second-level analysis.

Second level

One-sample t-tests were used to examine the group effect of each

contrast in each group.

Correlations with memory performance
Verbal and visual subsequent memory activations from the event-

related analyses were correlated with verbal and design learning scor-

esin control subjects, patients with left hippocampal sclerosis and pa-

tients with right hippocampal sclerosis, respectively. Positive and

negative correlations were explored using memory scores as a continu-

ous regressor in an analysis of covariance (ANCOVA), using the group

verbal and visual activation maps as a mask. All activations are shown

at a threshold of P5 0.001 uncorrected. Medial temporal lobe activa-

tions are shown corrected for multiple comparisons using a small

volume correction within a sphere of 6 mm (FWE P5 0.05) unless

otherwise stated.

Results

Behavioural
Control subjects performed significantly better than patients with left

and patients with right hippocampal sclerosis on both word [mean

% (SD), 75 (12.1), 49 (15.7), 59 (20.6), respectively] and face

[27 (12.2), 15 (9.4), 14 (9.7)] recognition. There was no significant

difference between the patient groups in word and face recognition

accuracy. Both control subjects and patients had significantly higher

recognition accuracy for words than faces (Table 1 and Fig. 1).

Control subjects performed better than both patients with left

and patients with right hippocampal sclerosis on the verbal learn-

ing task [57.4 (8.9), 44.5 (10.9), 44 (10)]. There was no significant

verbal learning difference between patients with left and patients

with right hippocampal sclerosis. Both control subjects and patients

with left hippocampal sclerosis performed significantly better than

those with right hippocampal sclerosis on the design learning task

[39.3 (5.3), 34.2 (7.4), 27 (90)] (Table 1).

Main effects

Word encoding

All three groups showed activations in the left inferior frontal

gyrus, middle frontal gyrus, anterior prefrontal cortex, left precen-

tral and bilateral fusiform gyri. Although activations were left later-

alized within the prefrontal cortex, control subjects also showed

activations in the right middle frontal gyrus. Patients with left

hippocampal sclerosis showed activations in the right middle fron-

tal gyrus, inferior frontal gyrus, angular gyrus, superior parietal

lobule and left post-central gyrus that were not seen in the

other groups. Qualitatively, both patient groups showed activa-

tions in the left inferior temporal gyrus and inferior parietal

lobule that were not seen in control subjects. Control subjects

and both patient groups activated the left hippocampus during

word encoding. Patients with left hippocampal sclerosis also

Figure 1 Histograms showing mean percentage recognition

accuracy with error bars ( � 1 SD) for word and face recognition

across all groups. LHS = left hippocampal sclerosis; RHS = right

hippocampal sclerosis.

Memory encoding in temporal lobe epilepsy Brain 2013: 136; 1868–1888 | 1871

 at U
niversity C

ollege L
ondon on June 14, 2013

http://brain.oxfordjournals.org/
D

ow
nloaded from

 

http://brain.oxfordjournals.org/


showed contralateral right hippocampus and amygdala activation.

Patients with right hippocampal sclerosis also activated the left

parahippocampal gyrus (Table 2 and Fig 2).

Face encoding

Control subjects and patients with left hippocampal sclerosis

showed right lateralized prefrontal cortex activations. Patients

with right hippocampal sclerosis showed bilateral, albeit reduced,

prefrontal cortex activations. All three groups activated the right

superior parietal lobule, bilateral fusiform gyri, left pre- and post-

central gyri and left insula. Only control subjects activated the

right orbitofrontal cortex, anterior prefrontal cortex and left occipi-

tal cortex. Patients with left hippocampal sclerosis also activated

the right inferior temporal gyrus and temporal poles bilaterally.

Control subjects showed bilateral activations within the hippocam-

pus, parahippocampal gyrus and amygdala. Both patient groups

showed qualitatively more activations in the contralesional medial

temporal lobe (Table 3 and Fig. 3).

Table 2 Whole brain activations in control subjects, patients with left hippocampal sclerosis and patients with right
hippocampal sclerosis during word encoding shown corrected for multiple comparisons (FWE) P50.05

FWE P50.05 Word encoding

Left hemisphere Right hemisphere

Controls z LHS z RHS z Controls z LHS z RHS z

Ant PFC �4 52 �22 4.89 �38 30 �14 5.54 �34 30 �12 5.64

�42 28 �18 5.07

Inf Frontal G �42 24 �4 5.41 �46 24 �6 5.97 �48 30 4 6.87 40 32 16 6.27

�44 16 6 5.03 �48 28 20 6.18 �46 18 22 6.16 36 26 8 6.14

�38 24 14 5.06 �50 16 �4 6.1 �44 6 24 6.13 5018 �10 6.08

�40 6 28 6.54 �48 8 22 5.72 �50 28 �10 5.95 54 14 6 6

�52 10 10 4.78 �56 10 12 5.78

Mid Frontal G �36 �4 56 6.37 �48 12 36 6.24 �52 28 22 5.85 38 0 50 5.14 5814 30 5.88

�40 2 36 5.36 40 2 52 5.51

36 44 28 4.78

Med Frontal G �6 4 54 6.19 �4 12 50 6.44 10 12 48 5.87

�2 �4 56 6.04 6 2 56 5.75

Insula �32 24 2 5.25 �48 �26 18 5.07 36 26 �2 4.84 32 20 4 5.59

�40 0 12 4.69

Precentral G �32 �10 64 6.71 �40 �16 54 5.56 �44�16 58 4.89 56 8 42 5.05 50 8 30 6.7

�38 �24 58 6.21 �54 0 42 5.71

�36 �14 60 6.26

Postcentral G �42 �40 62 5.61

�38 �26 52 5.52

�50 �14 54 5.44

Angular G 30 �5846 4.88

Supramarginal �52 �22 18 5.28 �54 �38 24 5.01

Sup Parietal L �26 �58 52 5.08 34�58 54 4.92

Inf Parietal L �32 �48 46 5.1 �32 �60 52 4.88

Thalamus �14 �12 4 5.84 14 �6 �2 4.95

Putamen �26 0 �6 5.53 18 6 8 4.81

24 4 8 4.95

Fusiform G �42 �52 �14 6.01 �42�54 �16 6.25 �46�58 �18 5.41 34�38 24 3.85 32�38�24 4.65 42 �52�24 4.32

�36 �38 �24 5.57 �34 �64 �8 4.23 �44�46�22 4.63 38�52�12 4.47

�40 �56 �10 6.36 �40 �24 �8 5.83 �46 �58�18 5.41 34�6�46 3.71

Inf Temporal G �50�52�10 5.62 �37�14 �36 4.23

�50�44 �10 5.96

�46 �66 �6 4.87

Mid Temporal G �48 �54 �2 5.27

Occipital �40 �58 �8 6.65 �54�64 �16 5.60

Cerebellum �28 �48 �22 5.59 4�56 �10 5.53 6 �60�18 4.74

MTL activations, Family wise error correction within a 6 mm sphere, P5 0.001

Hippocampus �30�18�12 4.65 �26 �24 �8 4.38 �32�14�18 5.08 32�20 �8 4.45

�24�22 �10 4.69 �32�22�10 4.1 �26�22�14 4.65 28 �24 �8 4.31

�14�28�10 4.23 �28�28�6 4.38 32 �16�12 3.69

�12 �6 �16 4.39 �16�26�8 4.01

PHG �14 �30�10 3.74

Amygdala �22 �8 �12 4.24 �26 2 �16 4.01 22 6 �16 3.39

�26 �2 �16 3.38

Medial temporal lobe activations are shown corrected for multiple comparisons using a small volume correction within a sphere of 6 mm, FWE P50.001. All groups showed
left prefrontal cortex (PFC) activations during word encoding. Patients with left hippocampal sclerosis (LHS) additionally activated the right middle frontal gyrus and inferior

frontal gyrus. Patients with right hippocampal sclerosis (RHS) showed no right prefrontal cortex activation but showed activations in the left inferior temporal gyrus and
parahippocampal gyrus (PHG) that was not seen in control subjects. Ant = anterior; Med = medial; G = gyrus; L = lobule; Sup = superior; Mid = middle; Inf = inferior;
MTL = medial temporal lobe.
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Group comparisons

Word encoding

Quantitative analysis revealed significantly greater right hemi-

spheric activations within the middle frontal gyrus, inferior frontal

gyrus and superior temporal gyrus in patients with left hippocam-

pal sclerosis compared with control subjects whereas those with

right hippocampal sclerosis activated the right superior temporal

gyrus and middle frontal gyrus bilaterally, greater than control

subjects (Table 4 and Fig. 2).

Both patient groups showed reduced left hemispheric activations

compared with control subjects. In patients with left hippocampal

sclerosis this reduction was seen at a lower threshold; left middle

temporal gyrus (P = 0.002) and left inferior frontal operculum

(P = 0.007) (Table 4).

Face encoding

Patients with left hippocampal sclerosis showed significantly

greater right hemispheric activations within the inferior frontal

gyrus, superior temporal gyrus and supramarginal gyrus compared

with control subjects whereas those with right hippocampal scler-

osis showed greater bilateral superior temporal gyrus activations

compared with control subjects during face encoding. No signifi-

cant extra-temporal increased activation was seen in patients

with right hippocampal sclerosis compared with control subjects

(Table 4 and Fig. 3).

Both patient groups showed significantly less medial orbitofron-

tal cortex activation than control subjects. Patients with left hip-

pocampal sclerosis also showed significantly fewer left hemisphere

activations within the inferior frontal gyrus, lateral orbitofrontal

cortex, middle occipital gyrus, amygdala and hippocampus than

control subjects, whereas those with right hippocampal sclerosis

showed significantly fewer right hemisphere activations within

the middle frontal gyrus, middle occipital gyrus and amygdala

than control subjects (Table 4).

Event-related analysis

Verbal subsequent memory

In control subjects, verbal subsequent memory activations were

seen within the left orbitofrontal cortex, parahippocampal gyrus

and fusiform gyrus. Patients with left hippocampal sclerosis

showed subsequent memory effects within the right posterior

parahippocampal gyrus and hippocampus, right fusiform gyrus

and inferior temporal gyrus bilaterally. No extra-temporal subse-

quent memory activations were seen in patients with left hippo-

campal sclerosis. Patients with right hippocampal sclerosis

activated the left orbitofrontal cortex and inferior frontal gyrus,

right insula and bilateral parahippocampal gyrus, precentral gyrus

and temporal poles during verbal subsequent memory. The extra-

temporal areas of significantly increased activation compared with

control subjects during word encoding in both patients with left

Figure 2 Rendered image showing whole brain activations, coronal image showing medial temporal lobe activations and group com-

parisons during word encoding in control subjects (C), patients with left hippocampal sclerosis (LHS) and right hippocampal sclerosis (RHS).

Control subjects and patients with right hippocampal sclerosis showed robust left lateralized prefrontal cortex and hippocampal activations

whereas patients with left hippocampal sclerosis activated the prefrontal cortex and hippocampus bilaterally. Group comparisons showed

greater right prefrontal cortex activations in patients with left hippocampal sclerosis than control subjects. Patients with right hippocampal

sclerosis activated the prefrontal cortex bilaterally greater than control subjects; only right prefrontal cortex activation greater than control

subjects is shown in this image. L = left; R = right.
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hippocampal sclerosis (right middle frontal gyrus and inferior fron-

tal gyrus) and those with right hippocampal sclerosis (bilateral

middle frontal gyrus) were not involved in subsequent verbal

memory formation (Table 5 and Fig. 4).

Correlation of verbal subsequent memory activations
with out-of-scanner verbal learning scores

Control subjects showed no significant positive correlations.

Activations within the posterior cingulate cortex bilaterally corre-

lated negatively with verbal learning scores in control subjects.

Although patients with left hippocampal sclerosis showed no

extra-temporal verbal subsequent memory effects as a group, cor-

relation with verbal learning scores showed a positive correlation

with extra-temporal activation within the left orbitofrontal cortex

and anterior cingulate cortex. Positive correlation was also seen

with temporal activations within the right posterior parahippocam-

pal gyrus and hippocampus, bilateral middle temporal gyrus and

left posterior hippocampus activations [left posterior hippocampus

activation was seen at a lower threshold (uncorrected P = 0.01)].

In patients with right hippocampal sclerosis, left hippocampus, bi-

lateral anterior parahippocampal gyrus, right posterior parahippo-

campal gyrus and hippocampus activations correlated positively

with verbal learning scores. No negative correlations with ver-

bal learning scores were seen in either patient group (Table 6

and Fig. 5).

Visual subsequent memory

Control subjects activated the right orbitofrontal cortex, fusiform

gyrus, hippocampus, amygdala and inferior temporal gyrus.

Activations were also seen in the left parahippocampal gyrus,

left temporal pole and middle temporal gyri bilaterally. In patients

with left hippocampal sclerosis activations were seen in the right

anterior parahippocampal gyrus and amygdala, left insula, left su-

perior and middle temporal gyri and left anterior cingulate cortex.

Patients with right hippocampal sclerosis activated the left insula,

orbitofrontal cortex, precentral and post-central gyri, right anterior

and posterior parahippocampal gyrus and right posterior hippo-

campus (Table 7 and Fig. 6).

Table 3 Whole brain activations in control subjects, patients with left hippocampal sclerosis and patients with right
hippocampal sclerosis during face encoding shown corrected for multiple comparisons (FWE) P5 0.05

FWE P50.05 Face encoding

Left hemisphere Right hemisphere

Controls z LHS z RHS z Controls z LHS z RHS z

Ant PFC �38 30 �20 5.74 2 52 �20 5.34

10 62 �10 4.79

32 32 �20 5.65

Inf Frontal G �40 6 28 5.38 �36 8 30 5.1 �42 6 26 5.34 46 18 24 6.69 48 8 30 7 42 8 22 5.68

�30 26 �10 5.17 50 36 10 6.24 46 32 14 5.77 50 32 24 5.36

30 26 �14 5.26 52 16 6 5.76

Mid Frontal G 40 4 42 5.72 42 2 52 5.76 48 10 34 5.37

44 28 36 5.13

Med Frontal G �6 6 52 6.21 �4 10 52 6.76 6 18 46 5.82 0 18 50 6.11

�2 �8 54 5.65

Insula �42 �2 10 4.77 �36 18 8 5.2 �34 22 4 5.36 38 26 �2 6.69 34 22 4 4.87

�30 16 4 5.34

Precentral G �32 �10 64 6.36 �40 �26 62 5.9 �38 �4 46 5.19 52 8 44 6.12

Postcentral G �38 �24 60 6.14 �46 �38 62 6.17 �50 �34 54 5.09

�54 �18 54 5.95

Angular G 32 �56 44 4.91

Sup Parietal L 32 �58 56 6.21 30 �56 46 34 �60 44 5.44

Inf Parietal L �28 �50 48 5.41

Putamen �22 �4 0 7.07 �26 �2 2 5.44 18 2 �2 6.85 22 6 6 5.08

Fusiform G �38 �46 �18 �40 �44 �22 5.65 �38 �52 �24 5.84 44 �42 20 6.41 44 �54 �8 5.42 38 �50 �24 5.57

�36 �62 �18 5.44 44 �52 �12 6.03 42 �38 �22 5.26

34 �38 �24 5.74

Temporal Pole �48 16 �10 5.2 54 18 �10 5.93

Inf Temporal G 44 �40 �20 5.46

Occipital �38 60 �8 6.44 44 �64 �2 5.96 24 �100 10 6.01

�38 �70 0 5.61 32 �84 14 6.27 42 �74 �12 4.90

Cerebellum �36 �54 �24 5.93 4 �56 �10 5.45 36 �52� 26 6.13

26 �48 �26 5.68

MTL activations, Family wise error correction within a 6 mm sphere, P5 0.001

Hippocampus �26 �24 �8 5.18 �22 �16 �14 4.83 20 �30 �8 5.53 26 �22 �10 4.2

28 �20 �10 4.3 14 �4 �16 4.51

Amygdala/ PHG 22 �2 �24 5.43 �24 �2 �16 4.22 �18 �4 �14 4.68 18 �6 �22 20 2 �20 5.29

Medial temporal lobe activations (MTL) are shown corrected for multiple comparisons using a small volume correction within a sphere of 6 mm, FWE P5 0.001. Only

control subjects activated the anterior prefrontal cortex (Ant PFC). Although all groups activated the right middle and inferior frontal gyri, patients with right hippocampal
sclerosis showed reduced activations in these regions. Ant = anterior; Med = medial; G = gyrus; L = lobule; Sup = superior; Mid = middle; Inf = inferior;
PHG = parahippocampal gyrus.
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Correlation of visual subsequent memory activations
with out-of-scanner design learning scores

Control subjects showed no significant positive correlation.

Activations within the middle cingulate cortex and supplementary

motor area correlated negatively with design learning scores in

control subjects. Patients with right hippocampal sclerosis

showed significant positive correlation with right anterior parahip-

pocampal gyrus and amygdala, left amygdala and left insula acti-

vations (Table 6 and Fig. 7). No negative correlation with design

learning scores was seen in patients with right hippocampal scler-

osis. Patients with left hippocampal sclerosis showed neither posi-

tive nor negative correlation with design learning scores.

Effect size analysis

In our event-related analysis above we showed brain regions that

were important for successful memory formation in patients but

not in control subjects. To further strengthen the methodology

and validity of our findings we performed a post hoc analysis

where we investigated the effect size of brain activations for re-

membered, familiar and forgotten trials individually in a brain

region that was important for subsequent memory in patients

but not control subjects. Effect size quantification was performed

within the left insula where we showed significant successful sub-

sequent visual memory activation in patients with right hippocam-

pal sclerosis but not in control subjects in the event-related

analysis.

Effect size quantification was performed by extracting the mean

blood oxygen level-dependent percentage signal change for re-

membered, familiar and forgotten faces individually using the

MarsBar toolbox in SPM8 (Brett et al., 2002). This was performed

in all patients with right hippocampal sclerosis and control subjects

at the single subject level. There was a significant difference in

percentage signal change between the remembered, familiar and

forgotten faces [mean % signal change (SEM), 0.035 (0.012),

�0.002 (0.014), 0.008 (0.017), respectively] in patients with

right hippocampal sclerosis (paired t-test, P5 0.05) with the high-

est positive percentage signal change for remembered faces. There

was a negative percentage signal change for faces remembered,

familiar and forgotten [�0.003 (0.012), �0.021 (0.013), �0.012

(0.014), respectively] in control subjects at the left insula with no

significant difference in effect size between the three trials

(P4 0.05, paired t-test; Fig. 8). Patients with right hippocampal

sclerosis showed a significantly higher percentage signal change

for faces remembered compared with control subjects (P50.05,

independent sample t-test).

A significant difference in effect size between remembered, fa-

miliar and forgotten faces was only seen in patients with right

hippocampal sclerosis but not in control subjects. There was a

higher percentage signal change for faces remembered in patients

with right hippocampal sclerosis compared with control subjects.

These findings corroborate the findings from the event-related

analysis above that the left insula was significantly involved in

Figure 3 Rendered image showing whole brain activations, coronal image showing medial temporal lobe activations and group com-

parisons during face encoding in control subjects (C), patients with left hippocampal sclerosis (LHS) and right hippocampal sclerosis (RHS).

Control subjects showed bilateral prefrontal cortex (right lateralized) and medial temporal lobe activations during face encoding. Patients

with left hippocampal sclerosis activated predominantly the right prefrontal cortex and medial temporal lobe whereas patients with right

hippocampal sclerosis showed fewer activations than control subjects in the right prefrontal cortex and only left medial temporal lobe

activation. Group comparisons are shown on a rendered image. Patients with left hippocampal sclerosis activated the right prefrontal

cortex, superior temporal gyrus and supramarginal gyrus more than control subjects. Patients with right hippocampal sclerosis activated

the superior temporal gyri bilaterally (anterior on left, posterior on right) greater than control subjects. L = left; R = right.
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Table 4 Coordinates, P-values and z-scores of whole brain group differences in activations comparing control subjects,
patients with left hippocampal sclerosis and patients with right hippocampal sclerosis during word and face encoding

Group differences: word encoding

Region Coordinate P-value Z-score Region Coordinate P-value Z-score
LHS5Controls RHS5Controls

Lt mid temporal gyrus �62 �14 �14 0.002 2.87 Lt postcentral gyrus �54 �20 40 0.000 3.37

Lt frontal operculum �38 6 18 0.007 2.47

LHS`Controls RHS`Controls

Rt mid frontal gyrus 48 16 26 0.000 4.19 Rt sup temporal gyrus 56 2 �2 0.000 3.32

Rt inf frontal gyrus 52 26 20 0.000 3.37 Rt mid frontal gyrus 40 20 24 0.001 3.22

Rt sup temporal gyrus 60 �24 14 0.001 3.08 Lt mid frontal gyrus �32 40 10 0.001 3.01

Group differences: face encoding

Region Coordinate P-value Z-score Region Coordinate P-value Z-score
LHS5Controls RHS5Controls

LHS5Controls RHS5Controls

Medial OFC 4 56 �18 0.000 4.26 Medial OFC 2 58 �12 0.000 3.46

Lt mid occipital �30 �90 16 0.000 3.33 Rt mid occipital gyrus 32 �78 24 0.000 3.63

Rt post central gyrus 40 �32 44 0.000 3.32 Rt mid frontal gyrus 44 2 42 0.000 3.46

Lt OFC �38 28 �16 0.001 3.07 Rt amygdala 18 �2 �22 0.06* 2.40

Lt inf frontal gyrus �42 24 �6 0.001 2.97

Lt hippocampus �14 �2 �14 0.021* 2.89

Lt amygdala �22 �8 �12 0.028* 2.77

LHS`Controls RHS`Controls

Rt sup temporal gyrus 66 �24 16 0.000 3.62 Rt sup temporal gyrus 66 �26 16 0.001 3.18

Rt inf frontal gyrus 54 6 0 0.000 3.33 Lt sup temporal gyrus �48 8 �10 0.001 2.98

Rt supramarginal gyrus 66 �24 28 0.001 2.99

*Family wise error corrections P5 0.05 using a small volume correction within a sphere of 6 mm for medial temporal lobe activations. Lt = left; Rt = right; Inf = inferior;

Mid = middle; Sup = superior; G = gyrus; OFC = orbitofrontal cortex; NS = no significant activations.

Table 5 Coordinates, P-values and z-scores of whole brain verbal subsequent memory activations in control subjects,
patients with left hippocampal sclerosis and patients with right hippocampal sclerosis

Words: remembered � familiar forgotten

Left hemisphere Right hemisphere

Region Coordinate P-value Z-score Region Coordinate P-value Z-
score

Controls

Medial OFC �4 60 �8 0.000 3.36

PHG �24 0 �30 0.058* 2.49

Fusiform G �32 �42 �22 0.05* 2.53

LHS

Inf Temporal G �46 �6 �36 0.001 3.18 Posterior PHG/ Hippocampus 38 �32 �16 0.03* 3.46

Inf temporal G 50 �12 �26 0.000 3.40

Fusiform G 28 �42 �8 0.001 3.23

RHS

Pre-central G �40 �6 �34 0.000 3.85 Temporal pole 32 12 �26 0.000 3.94

Caudate �10 �4 16 0.000 3.66 Insula 32 2 14 0.000 3.62

PHG �12 0 �26 0.005* 3.41 Caudate 10 2 16 0.000 3.50

Temporal pole �34 14 �24 0.000 3.4 Precentral G 40 �14 36 0.001 3.20

OFC �30 36 �4 0.001 3.10 PHG 18 0 �28 0.019* 2.97

Inf Frontal G �44 4 24 0.001 3.00

Inf Frontal G �50 16 16 0.001 2.97

*Family wise error corrections P5 0.05 using a small volume correction within a sphere of 6 mm for medial temporal lobe activations. Lt = left; Rt = right;
OFC = orbitofrontal cortex; Sup superior; Inf = inferior; G = gyrus; C = cortex; PHG = parahippocampal gyrus; NS = no significant activations.
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subsequent memory formation for faces in patients with right

hippocampal sclerosis but not in control subjects.

Discussion
Control subjects showed material-specific memory encoding acti-

vations with predominantly left hemispheric activations for word

encoding and right for face encoding.

Patients with left hippocampal sclerosis showed greater right-

sided activations both temporally (superior temporal gyrus) and

extra-temporally for word (middle frontal gyrus and inferior frontal

gyrus) and face (supramarginal gyrus, inferior frontal gyrus)

encoding. Patients with right hippocampal sclerosis similarly

showed increased activations both temporally (right superior tem-

poral gyrus) and extra-temporally (bilateral middle frontal gyrus)

for word encoding, but increases in activation were limited to the

temporal lobe (bilateral superior temporal gyrus) for face encod-

ing. Whereas patients with left hippocampal sclerosis showed pre-

dominantly right hemispheric increases for word and face

encoding, those with right hippocampal sclerosis showed increased

activation bilaterally.

Subsequent memory activations in control subjects were mater-

ial-specific with predominantly left sided activations for verbal sub-

sequent memory and similar right sided activations for visual

subsequent memory. Patients with left hippocampal sclerosis

Figure 4 Whole brain verbal subsequent memory in control subjects (C), patients with left hippocampal sclerosis (LHS) and right

hippocampal sclerosis (RHS). Top row: Activations in control subjects, middle row: patients with left hippocampal sclerosis; and bottom

row: patients with right hippocampal sclerosis. Medial temporal lobe activations are displayed at a threshold of P5 0.01, uncorrected.

Control subjects showed verbal subsequent memory effects within the left medial orbitofrontal cortex, parahippocampal gyrus and

fusiform gyrus. Patients with left hippocampal sclerosis showed no orbitofrontal cortex activations and only right sided activations within

the hippocampus, parahippocampal gyrus and fusiform gyrus. Patients with right hippocampal sclerosis showed left orbitofrontal cortex,

and bilateral parahippocampal gyrus activations. L = left; R = right.
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showed predominantly right temporal verbal subsequent memory

activations and no extra-temporal activations. By contrast, those

with right hippocampal sclerosis showed bilateral temporal and

extra-temporal verbal subsequent memory effects (Table 8).

Patients with left hippocampal sclerosis and those with right hip-

pocampal sclerosis showed visual subsequent memory activations

within the right anterior medial temporal lobe (anterior parahip-

pocampal gyrus, amygdala) but patients with right hippocampal

sclerosis additionally showed activations within the right posterior

parahippocampal gyrus and hippocampus. Both patient groups

showed left extra-temporal visual subsequent memory activations

(Table 9). Across both tasks, patients with right hippocampal scler-

osis showed greater extra-temporal subsequent memory effects

than those patients with left hippocampal sclerosis.

Although patients with left hippocampal sclerosis as a group

showed only right temporal subsequent memory activations and

no extra-temporal activations, patients with a better verbal

memory showed additional activations within the left orbitofrontal

cortex, anterior cingulate cortex and left posterior hippocampus

correlating positively with verbal learning scores (Table 8). In pa-

tients with right hippocampal sclerosis with a better verbal

memory, activations within the left hippocampus and right poster-

ior hippocampus in addition to the bilateral anterior parahippo-

campal gyrus activation seen during verbal subsequent memory

correlated positively with verbal learning scores. Patients with

right hippocampal sclerosis with a better visual memory showed

significant correlations with activation within the left amygdala in

addition to activations within the right anterior parahippocampal

gyrus and left insula that were seen in the visual subsequent

memory analysis (Table 9). No additional areas correlated with

design learning in patients with left hippocampal sclerosis.

The areas of significantly increased activation observed in pa-

tients compared to control subjects on word and face encoding

were not associated with subsequent memory formation across

both material types but additional contralateral medial temporal

lobe activations correlated with better memory performance

within the patient groups. Extra-temporally, the orbitofrontal

cortex is involved in successful verbal and visual subsequent

Table 6 Coordinates, P-values and z-scores of positive and negative correlations of verbal and visual subsequent memory
activations with verbal memory (VL) and visual memory (DL) performance in control subjects, patients with left hippo-
campal sclerosis and patients with right hippocampal sclerosis

Correlations with verbal and visual memory scores

Coordinate P-value Z-score Region
Controls

Better VL NS

Worse VL 6 �38 16 0.000 3.87 Rt posterior Cingulate C

�12 44 16 0.000 3.84 Lt posterior Cingulate C

Better DL NS

Worse DL 16 �16 56 0.000 4.74 SMA / Rt Mid Cingulate C

14 �12 30 0.000 3.61 Mid Cingulate C

LHS

Better VL 64 �26 �16 0.000 3.97 Rt Mid Temporal G

�50 �38 2 0.001 3.26 Lt Mid Temporal G

�36 56 �6 0.001 3.21 Lt OFC

2 42 10 0.001 3.05 Anterior Cingulate C

26 �36 �10 0.048* 2.57 Rt posterior PHG

18 �32 �4 0.01* 2.54 Rt posterior HC

�20 �36 2 0.01 2.25 Lt posterior HC

Worse VL NS

Better DL NS

Worse DL NS

RHS

Better VL �34 �30 �10 0.001* 3.88 Lt HC

24 0 �26 0.003* 3.62 Rt anterior PHG/ amygdala

18 �30 �12 0.008* 3.28 Rt posterior PHG

�14 �2 �22 0.032* 2.74 Lt anterior PHG

36 �36�4 0.048* 2.57 Rt posterior HC

Worse VL NS

Better DL 24 2 �24 0.017* 3.18 Rt amygdala/ anterior PHG

�1 0 �18 0.059* 2.62 Lt amygdala

�42 2 �2 0.001 3.06 Lt insula

Worse DL NS

* Family wise error corrections P5 0.05 using a small volume correction within a sphere of 6 mm for medial temporal lobe activations. Lt = left; Rt = right;
OFC = orbitofrontal cortex; C = cortex; G = gyrus; Mid = middle; HC = hippocampus; PHG = parahippocampal gyrus; SMA = supplementary motor area; NS = no signifi-
cant activations.
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Figure 5 Positive correlation of verbal subsequent memory activations with verbal learning in patients with left hippocampal sclerosis.

Correlation maps are shown on a coronal image with their corresponding dot plot graphs plotted on SPM8 shown on the right. Medial

temporal lobe activations are displayed at a threshold of P50.01, uncorrected. The top row shows correlations with left orbitofrontal

cortex activation (OFC), middle row, activations within the anterior cingulate cortex (ACC) and bottom row, activation correlation within

the right posterior parahippocampal gyrus (PHG). The coronal image on the bottom row also shows activations within the right and left

middle temporal gyri and right posterior hippocampus that correlate positively with verbal learning in patients with left hippocampal

sclerosis.
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memory in control subjects and patients with right hippocampal

sclerosis and is activated in verbal subsequent memory in patients

with left hippocampal sclerosis with better verbal memory. The

orbitofrontal cortex therefore appears to be a critical region for

encoding in control subjects and patients. Activations within an-

terior cingulum and insula correlated with better verbal and visual

subsequent memory only in left and right hippocampal sclerosis

patients respectively, but not in control subjects.

Memory performance
Both patient groups performed significantly worse than control

subjects in the out-of-scanner verbal learning task. In the design

learning task however, patients with left hippocampal sclerosis

showed no significant difference compared with control subjects.

Patients with right hippocampal sclerosis were significantly worse

than control subjects and those with left hippocampal sclerosis. In

the recognition task within the scanner both patient groups had

significantly worse word and face recognition accuracy than con-

trol subjects. Both control subjects and patients had significantly

lower face recognition than word recognition accuracy. This is

possibly due to the fact that memorizing words that are familiar

and are associated with semantic inferences is an ‘easier’ task than

memorizing unfamiliar faces.

Both patient groups were impaired across both visual and verbal

domains in line with current evidence suggesting a shift away

from the material-specific model of memory deficits in temporal

lobe epilepsy (Baxendale, 1998; Gleissner et al., 2002; Glikmann-

Johnston et al., 2008; Saling, 2009). Both widespread

physiological dysfunction due to ongoing seizure activity

(Hermann et al., 2006) and extensive structural deficits beyond

the lesional temporal lobe (Focke et al., 2008; Keller et al., 2009)

have been associated with widespread cognitive deficits seen in

patients with temporal lobe epilepsy.

Memory in control subjects
During memory encoding, control subjects showed widespread

material-specific frontal, parietal, temporal and occipital activation;

left for verbal and right for visual encoding. During subsequent

memory analyses although still material-specific, the extra-tem-

poral activations were limited to the left orbitofrontal cortex for

verbal subsequent memory and right orbitofrontal cortex and

inferior frontal gyrus for visual subsequent memory.

Memory encoding is a complex dynamic process with activa-

tions representing a task-specific network (Fletcher and Henson,

2001). Inferior frontal gyrus activations are seen during semantic

and phonological elaborations (Otten and Rugg, 2001) with ma-

terial organization and manipulation mediated within the middle

frontal gyrus (Wig et al., 2004). A fronto-parietal interaction be-

tween the premotor cortex and posterior parietal cortex has been

shown to be critical to attention during encoding (Corbetta et al.,

2008). The medial temporal lobe has been widely recognized for

its key storage function of these memory representations for sub-

sequent recall (Squire et al., 2004).

Robust activations that we showed in control subjects during

encoding reflect the global cognitive state during the task and

include strategies and stages of memory encoding as described

Table 7 Coordinates, P-values and z-scores of whole brain visual subsequent memory activations in control subjects,
patients with left hippocampal sclerosis and patients with right hippocampal sclerosis

Faces: remembered � familiar forgotten

Left hemisphere Right hemisphere

Region Coordinate P-value Z-score Region Coordinate P-value Z-
score

Controls

Temporal pole �34 16 �34 0.000 3.46 Mid temporal G 58 0 �24 0.001 3.52

Mid temporal G �54 4 �22 0.001 3.09 OFC 34 36 �9 0.000 3.34

PHG �24 2 �36 0.024* 3.06 Amygdala 20 �2 �20 0.015* 3.15

PHG �20 �2 �32 0.025* 2.95 Fusiform G 32 �2 �46 0.001 3.15

Hippocampus 34 �14 �18 0.046* 2.70

Inf temporal G 42 �6 �32 0.001 3.04

LHS

Insula / Sup temporal G �44 �18 8 0.000 4.43 PHG/amygdala 30 4 �32 0.051* 2.53

Sup temporal G �62 �38 16 0.001 3.11

Mid temporal G �60 �22 �4 0.001 3.10

Ant cingulate C �4 6 28 0.001 2.98

RHS

Insula �40 �16 22 0.000 3.59 Sup temporal G 60 �32 18 0.001 3.09

Precentral G �52 �6 50 0.000 3.31 Posterior PHG 32�38�12 0.026* 2.83

OFC �4 62 �2 0.000 3.30 Posterior HC 22 �32 �4 0.044* 2.60

Postcentral G �60 �16 20 0.001 3.22 Anterior PHG/fusiform G 34 �4 �40 0.055* 2.50

*Family wise error corrections using a small volume correction within a sphere of 6 mm for medial temporal lobe activations. Lt = left; Rt = right; OFC = orbitofrontal cortex;
Sup = superior; Mid = middle; Inf = inferior; G = gyrus; C = cortex; Ant = anterior; PHG = parahippocampal gyrus; NS = no significant activations.
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above. Subsequent memory paradigms, however, are specific to

activations that represent successful memory formation and bear

some relevance to memory storage function (Hongkeun, 2011).

Extra-temporally, we showed that the orbitofrontal cortex was

involved in both verbal and visual subsequent memory in control

subjects.

The orbitofrontal cortex is well connected to limbic structures

including the amygdala, hippocampus, temporal pole, entorhinal,

perirhinal and parahippocampal cortices (Insausti et al., 1987;

Carmichael and Price, 1995; Lavenex et al., 2002) and may

explain its critical role in successful memory formation along

with medial temporal lobe structures. A lesional study of the

orbitofrontal cortex in rhesus monkeys revealed impairments in

recognition memory similar to that seen after medial temporal

lesions (Meunier et al., 1997). In a PET study of a visual

memory encoding paradigm, the orbitofrontal cortex and parahip-

pocampal gyrus were the only regions that showed more activity

with increasing encoding demands (Frey and Petrides, 2002).

The discrepancy in activation seen during encoding and subse-

quent memory analyses is due to the task differences explored by

the two different analysis methods. Encoding explores the global

cognitive task irrespective of whether an item is successfully

encoded, whereas subsequent memory paradigms specifically in-

vestigate activations for items successfully encoded.

Figure 6 Whole brain visual subsequent memory in control subjects (C), patients with left hippocampal sclerosis (LHS) and patients with

right hippocampal sclerosis (RHS). Top row: activation in control subjects; middle row: patients with left hippocampal sclerosis; and

bottom row: patients with right hippocampal sclerosis. Medial temporal lobe activations are displayed at a threshold of P50.01, un-

corrected. Control subjects showed visual subsequent memory effects within the right orbitofrontal cortex, right hippocampus and

parahippocampal gyri bilaterally. In patients with left hippocampal sclerosis visual subsequent memory effects within the right parahip-

pocampal gyrus and left insula are shown. In patients with right hippocampal sclerosis, visual subsequent memory effects within the left

medial orbitofrontal cortex, right posterior hippocampus and parahippocampal gyrus are shown. L = left; R = right.
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Memory encoding in temporal lobe
epilepsy

Verbal memory encoding

Reorganization of memory function to the contralesional hemi-

sphere in patients with temporal lobe epilepsy has been consist-

ently described particularly within the medial temporal lobe

(Richardson et al., 2003; Powell et al., 2007; Bonelli et al.,

2010). This process is thought to occur as a ‘compensatory’

effort in patients with temporal lobe epilepsy who have been

shown to have widespread physiological and structural deficits.

Both left hippocampal sclerosis and right hippocampal sclerosis

patients showed increased recruitment of the right superior tem-

poral gyrus compared with control subjects. Extra-temporally,

patients with left hippocampal sclerosis showed significantly

greater right inferior frontal gyrus and middle frontal gyrus acti-

vations whereas patients with right hippocampal sclerosis showed

bilateral middle frontal gyrus increases.

A few other studies have reported extra-temporal activations

during verbal memory tasks in patients with both left and right

temporal lobe epilepsy, but these have been small (Dupont et al.,

2000, 2002; Maccotta et al., 2007; Alessio et al., 2013). In a

heterogenous group of patients with right and left temporal lobe

epilepsy, Maccotta et al. (2007) showed reorganization to the

right inferior frontal gyrus in both patient groups, left temporal

lobe epilepsy greater than right temporal lobe epilepsy, compared

with control subjects. As activations were explored within a limited

inferior frontal gyrus region it is not known if there were differ-

ences in other frontal lobe regions (Maccotta et al., 2007).

Figure 7 Positive correlations of visual subsequent memory activations with design learning (DL) in patients with right hippocampal

sclerosis. Medial temporal lobe activations are displayed at a threshold of P50.01, uncorrected. Correlation maps are shown on the left

with corresponding dot plot graphs plotted on SPM8 on the right. The top row shows correlation with left insula activation and bottom

row shows right amygdala and anterior parahippocampal gyrus (PHG) correlation with design learning scores in patients with right

hippocampal sclerosis. The bottom image also shows activation in the left amygdala that correlate positively with design learning scores in

patients with right hippocampal sclerosis.
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Dupont et al. (2002) showed increased bilateral with right more

than left middle frontal gyrus activations in patients with left hip-

pocampal sclerosis, whereas those with right hippocampal sclerosis

only showed increased left middle frontal gyrus activations. In this

study control subjects only activated the left inferior frontal gyrus

(Dupont et al., 2002). In contrast, Alessio et al. (2013) showed no

difference in middle frontal gyrus activations in patients with left

hippocampal sclerosis compared with control subjects during a

similar word encoding task, but both left hippocampal sclerosis

and right hippocampal sclerosis patients showed bilateral inferior

frontal gyrus activations that were lateralized to the contralesional

hemisphere; activations that was not seen in control subjects

(Alessio et al., 2013). Areas of reorganization described in the

latter two studies were reported qualitatively based on group ac-

tivation maps, therefore it is not known if inter-group differences

were statistically significant.

Visual memory encoding

Patients with left hippocampal sclerosis showed both temporal and

extra-temporal reorganization compared with those with right hip-

pocampal sclerosis, who only showed temporal reorganization

during face encoding. Although we described reduced medial orbi-

tofrontal cortex and ipsilesional medial temporal lobe activations in

both patient groups compared with control subjects, patients with

left hippocampal sclerosis showed greater network dysfunction

compared to those with right hippocampal sclerosis with additional

regions of reduced extra-temporal activation both ipsilesionally

(left inferior frontal gyrus and orbitofrontal cortex) and contrale-

sionally (right post-central gyrus) positing an explanation for the

more widespread reorganization seen in patients with left hippo-

campal sclerosis.

Few studies have investigated the extra-temporal neural correl-

ates of visual encoding (Maccotta et al., 2007; Alessio et al.,

2013). In an abstract pattern encoding task, Alessio et al.

(2013) reported right frontal activations in control subjects and

bilateral frontal activations within the superior frontal gyrus and

inferior frontal gyrus in patients with right hippocampal sclerosis

and with left hippocampal sclerosis. All three groups showed bilat-

eral parieto-occipital activations. Group differences, however, were

only reported qualitatively (Alessio et al., 2013).

Maccotta et al. (2007) reported right lateralized frontal activa-

tions in control subjects and patients with right and left temporal

lobe epilepsy in a visual encoding task. Although patients per-

formed significantly worse than control subjects in a subsequent

recognition test, no differences in the visual encoding network

were seen between control subjects and patient groups. In this

study, group differences were only explored within a limited in-

ferior frontal gyrus region of interest and an implicit encoding task

Figure 8 Mean percentage signal change and standard error (SEM) at the left insula for faces remembered, familiar and forgotten in

patients with right hippocampal sclerosis (RHS) and control subjects.
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Table 9 Summary of visual memory findings in patients with left hippocampal sclerosis and patients with right hippocampal
sclerosis

Summary of Visual Memory Findings in patients with left hippocampal sclerosis

Face encoding
(blocked analysis) LHS4Controls

Visual subsequent memory
(event related analysis)

Positive correlation of visual subsequent memory
with design learning scores

Rt Superior Temporal G Rt Anterior PHG and amygdala No significant correlation seen

Rt Inferior Frontal G Lt Insula

Rt Supramarginal G Lt Superior Temporal G

Lt Middle Temporal G

Lt Anterior Cingulate Cortex

Summary of visual memory findings in patients with right hippocampal sclerosis

Face encoding RHS4 controls Visual subsequent memory Positive correlation of visual subsequent memory
with design learning scores

Rt Superior Temporal G (posterior) Rt Superior Temporal G (anterior) Rt anterior PHG and Amygdala

Lt Superior Temporal G Rt Posterior PHG and hippocampus Lt Amygdala

Rt anterior Parahippocampal G Lt Insula

Rt Fusiform G

Lt Insula

Lt Precentral G

Lt Orbitofrontal Cortex

Lt Postcentral G

Lt = left; Rt = right; G = gyrus; PHG = parahippocampal gyrus.

Table 8 Summary of verbal memory findings in patients with left hippocampal sclerosis and patients with right hippo-
campal sclerosis patients

Summary of verbal memory findings in patients with left hippocampal sclerosis

Word encoding
(blocked analysis) LHS4Controls

Verbal subsequent memory
(event-related analysis)

Positive correlation of verbal subsequent memory
with verbal learning scores

Rt Superior Temporal G Rt posterior PHG and Hippocampus Rt Mid Temporal G

Rt Inferior Frontal G Rt Inferior Temporal G Lt Mid Temporal G

Rt Middle Frontal G Rt Fusiform G Lt Orbitofrontal Cortex

Lt Inferior Temporal G Anterior Cingulate Cortex

Rt posterior PHG

Rt posterior Hippocampus

Lt posterior Hippocampus

Summary of verbal memory findings in patients with right hippocampal sclerosis

Word encoding RHS4Controls Verbal subsequent memory Positive correlation of verbal subsequent memory
with verbal learning scores

Rt Superior Temporal G Lt Precentral G Lt Hippocampus

Rt Middle Frontal G Lt Parahippocampal G Lt anterior Parahippocampal G

Lt Middle Frontal G Lt Temporal pole Rt posterior PHG and Hippocampus

Lt Orbitofrontal Cortex Rt anterior PHG and Amygdala

Lt Inferior Frontal G

Rt Temporal pole

Rt Insula

Rt Precentral G

Rt Parahippocampal G

Lt = left; Rt = right; G = gyrus; C = cortex; PHG = parahippocampal gyrus; RHS = right hippocampal sclerosis; LHS = left hippocampal sclerosis.
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in which memorization was not encouraged was performed

(Maccotta et al., 2007). Greater inferior frontal gyrus activation

has been shown in explicit paradigms in which memorization is

encouraged (Dove et al., 2006). These factors may explain the

lack of network differences reported.

During verbal and visual encoding, we showed extra-temporal

contralesional reorganization in patients with left hippocampal

sclerosis. Patients with right hippocampal sclerosis, in contrast,

showed increased extra-temporal reorganization bilaterally at

word encoding but reorganization was limited to the temporal

lobe for face encoding.

Subsequent memory: event related
analysis
Activations in the event-related design represent activations asso-

ciated with successful memory formation in control subjects and

patients. Though a less efficient network than control subjects (as

patients perform significantly worse than control subjects across

both tasks), activations in this specific paradigm represent a ‘ne-

cessary’ network for patients for subsequent memory formation.

These activations were further correlated with neuropsychological

memory performance measures. Activations that correlated posi-

tively represent areas of effective recruitment in patients who

performed better.

Verbal subsequent memory and
correlation with verbal learning
performance
Control subjects showed predominantly left hemisphere verbal

subsequent memory activations. As most control subjects per-

formed uniformly well, no positive correlation with verbal learning

was seen. Negative correlation was seen with activation within the

posterior cingulate, a region that is typically activated as part of

the default mode network (Raichle et al., 2001), implying that

poor performance in control subjects is likely to be due to distrac-

tion or reduced attention during the task.

During verbal subsequent memory, patients with left hippocam-

pal sclerosis as a group showed predominantly right temporal ac-

tivations with no extra-temporal activations; however, in patients

with left hippocampal sclerosis who performed better, positive

correlation was seen with additional activations temporally within

the ipsilesional posterior hippocampus and extra-temporally within

the left orbitofrontal cortex and anterior cingulate cortex implying

areas of effective recruitment in this patient group.

By contrast, patients with right hippocampal sclerosis showed

bilateral temporal and extra-temporal verbal subsequent memory

activations. Patients with right hippocampal sclerosis who per-

formed better showed positive correlation with activation within

the anterior medial temporal lobes bilaterally and right posterior

medial temporal lobe implying effective recruitment of these

regions for verbal memory performance.

In both our patient groups recruitment of the ipsilesional pos-

terior hippocampus and bilateral medial temporal lobe was an

efficient process for verbal subsequent memory.

Visual subsequent memory and
correlation with design learning
performance
Predominantly right extra-temporal activations were seen in con-

trol subjects for visual subsequent memory. As in verbal learning,

no positive correlation was seen in control subjects with design

learning and negative correlation was seen with activation within

the default mode system.

In contrast to bilateral extra-temporal activations for verbal sub-

sequent memory, patients with right hippocampal sclerosis showed

mainly left extra-temporal visual subsequent memory activations

(left insula, orbitofrontal cortex, left precentral and postcentral

gyri). Patients with right hippocampal sclerosis showed widespread

areas of reduced right extra-temporal activations compared with

control subjects during face encoding, which may explain the

‘compensatory’ left extra-temporal recruitment in these patients

during visual subsequent memory. Patients with right hippocampal

sclerosis as a group showed visual subsequent memory activations

within the right temporal lobe (parahippocampal gyrus, amygdala

and posterior hippocampus), however, patients who performed

better showed positive correlation with design learning scores

with activations within the left amygdala in addition to right

amygdala and left insula activations. Left amygdala and insula

activation was not seen in control subjects and represent areas

of efficient recruitment in patients with right hippocampal sclerosis

for visual memory.

Patients with left hippocampal sclerosis showed right medial

temporal lobe activations for visual subsequent memory as in

verbal subsequent memory, but also showed significant extra-tem-

poral visual subsequent memory activations within the left insula

and anterior cingulate cortex that were not seen for verbal sub-

sequent memory. No correlation with design learning was seen in

patients with left hippocampal sclerosis possibly because these pa-

tients did not perform significantly worse than control subjects on

the design learning task.

Medial temporal subsequent
memory effects
In both patient groups, bilateral medial temporal lobe activation

correlated positively with verbal and visual memory performance

implying efficient network reorganization within these structures.

Several verbal (Richardson et al., 2003) and visual (Guedj et al.,

2011) event-related studies have shown subsequent memory

effects and correlations within the medial temporal lobe in patients

with left and right temporal lobe epilepsy (Powell et al., 2007;

Bonelli et al., 2010). Richardson et al. (2003) showed that activa-

tion within the right medial temporal lobe in patients with left

hippocampal sclerosis was an efficient process during verbal sub-

sequent memory (Richardson et al., 2003). Powell et al. (2007),

however, showed that only left medial temporal lobe activations

during verbal subsequent memory correlated with better memory

performance. Bonelli et al. (2010) and Powell et al. (2007)

showed that only right medial temporal lobe activation repre-

sented efficient reorganization in a face encoding task; however,
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Guedj et al. (2011) showed that bilateral medial temporal lobe

activation represented an efficient network.

To assess subsequent memory, we used a robust paradigm of,

‘remember � familiar + forgotten’ whereas a paradigm of ‘re-

member � forgotten’ was used by Powell et al. (2007) and

Bonelli et al. (2010), ‘remember � familiar’ by Richardson et al.

(2003) and ‘remember’ by Guedj et al. (2011). Powell et al.

(2007) acquired functional MRI data on a 1.5 T scanner,

Richardson et al. (2003) on a 2 T scanner whereas we used a

3 T scanner. These methodological differences as well as the dif-

ferences in number of patients and pathology may account for the

differences seen.

Extra-temporal subsequent memory
effects
Both patient groups did not activate the ipsilesional orbitofrontal

cortex as control subjects did. In an electrical stimulation study,

responses in the orbitofrontal cortex were detected upon stimula-

tion of the hippocampus positing a role of the orbitofrontal cortex

in propagation of medial temporal lobe seizures (Wilson and

Engel, 1993). The lesser activation we observed in patients may

therefore be a result of either network dysfunction caused by

propagation of epileptic activity, be due to concomitant frontal

structural deficits (Bonilha et al., 2007), or both.

The importance of the orbitofrontal cortex to successful verbal

memory formation was demonstrated in patients with left hippo-

campal sclerosis where only those with a better verbal memory

showed significant positive correlation with activation within the

left orbitofrontal cortex. In a verbal encoding study, healthy par-

ticipants who spontaneously used a semantic strategy to memorize

items showed greater activation in the orbitofrontal cortex, indi-

cating that orbitofrontal cortex activation predicted which subjects

would initiate effective verbal learning strategies (Savage et al.,

2001). In patients with left hippocampal sclerosis who perform

better, left orbitofrontal cortex activation may reflect the effective

strategies employed. The left orbitofrontal cortex was also seen in

patients with right hippocampal sclerosis during both verbal and

visual subsequent memory analyses.

In a verbal subsequent memory study of non-amnesic temporal

and frontal lobe epilepsy patients, activation within the right

insula, left cuneus and bilateral anterior cingulate cortex was re-

ported to be an efficient network (Eliassen et al., 2008). Using

correlation analysis in a larger homogenous group of patients with

left hippocampal sclerosis we showed that anterior cingulate

cortex activation similarly represents effective recruitment for

verbal subsequent memory in these patients but not in control

subjects. Anterior cingulate cortex activation has been shown to

be related to motivation, goal directed behaviour (Devinsky et al.,

1995) and is activated particularly in tasks with greater difficulty

(Fu et al., 2002). This may explain anterior cingulate activation in

patients with left hippocampal sclerosis who performed better.

Left insula visual subsequent memory activations were seen in

both left and right hippocampal sclerosis but not in control sub-

jects. The insula has been functionally implicated in higher order

cognition and emotional recognition from facial expression (Calder

et al., 2000; Singer et al., 2004) and atrophy in the insula has

been associated with a reduced ability to discern facial expression

in patients with dementia (Hsieh et al., 2012). Encoding emotional

faces has been shown to be associated with better subsequent

recognition memory (Nomi et al., 2013). In patients with right

hippocampal sclerosis, insula activation was associated with

better visual memory implying efficient recruitment. This may be

attributed to better emotional recognition in patients who per-

formed better.

Study strengths and limitations
Our study has several methodological strengths. Activations within

the medial temporal lobe are susceptible to geometric distortions

and signal loss. Factors that influence this include scanning par-

ameters such as slice thickness, echo time and gradients used

(Powell et al., 2005). In whole brain blocked design studies, no

medial temporal lobe activations were seen during memory encod-

ing (Dupont et al., 2000; Alessio et al., 2013). We scanned in the

oblique axial plane on a 3 T scanner with a slice thickness of

2.5 mm, echo time of 25 ms and showed robust anterior hippo-

campus and amygdala activations in both the blocked design and

event-related analysis.

Second, we included a relatively large homogeneous cohort of

patients with hippocampal sclerosis who were all left-language

dominant to ensure that there was no inherent bias to contralat-

eral activations during the verbal encoding task.

Third, during memory encoding, activations within the pre-

frontal cortex, medial temporal lobe and parietal lobe have been

described with familiarity judgements (Skinner and Fernandes,

2007). We therefore assessed successful memory formation by

subtracting activations that represented neural correlates of not

just items forgotten, but also items deemed familiar, to generate

a more specific model of successful subsequent memory.

Fourth, we applied robust analysis methods and used conserva-

tive statistical thresholds that allow inferences to be made about

patients with hippocampal sclerosis as a population.

There are several limitations to our study. For an event-related

analysis it is important that there are adequate stimuli to create

events for items remembered and those deemed familiar and for-

gotten. In control subjects and higher functioning patients there

can be relatively fewer familiar or forgotten responses particularly

for words so in our study we incorporated a greater number of

stimuli than previously used (Powell et al., 2007). Although this

has conferred greater sensitivity to our event-related analysis, this

imbalance remains a methodological limitation.

Although we attempted maximal brain coverage, our field of

view did not incorporate the whole of the superior frontal gyrus.

Anti-epileptic drugs may have a detrimental effect on cognition.

Although both patient groups were on equal numbers of antiepi-

leptic drugs, this effect was not accounted for in our analysis.

Clinical implications and future work
In well selected patients with refractory temporal lobe epilepsy,

temporal lobe resection may render up to 50% of patients seiz-

ure-free in the long term (de Tisi et al., 2011); however, reports
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have shown that amnesia may ensue from unilateral temporal lobe

resection (Penfield and Milner, 1958; Kapur and Prevett, 2003).

Functional MRI is a useful tool in predicting decline of memory

after anterior temporal lobe resection. Asymmetry of medial tem-

poral lobe activations and absolute hippocampal activations pre-

operatively have been correlated with memory performance

postoperatively to predict memory change (Richardson et al.,

2003; Rabin et al., 2004; Powell et al., 2008; Bonelli et al.,

2010). Although these studies describe correlations of posto-

perative memory decline to preoperative medial temporal lobe

activations, little is known of the predictive value of preoperative

extra-temporal activations for postoperative memory change.

We are investigating the predictive ability of the extra-temporal

activations shown in this study to memory function postoperatively.

Conclusion
Both right and left temporal lobe epilepsy owing to hippocampal

sclerosis have altered memory networks with a predominantly ipsi-

lesional hemisphere reduction in activations during encoding.

Patients with left hippocampal sclerosis engaged contralateral

extra-temporal and temporal regions during both word and face

encoding greater than control subjects, whereas those with right

hippocampal sclerosis show bilateral extra-temporal increases

during word encoding and only temporal increases during face

encoding. These areas of reorganization in patients with left hippo-

campal sclerosis and those with right hippocampal sclerosis were not

involved in subsequent memory formation. The neural correlates of

subsequent memory formation differed between control subjects

and patients with hippocampal sclerosis. Both left and right hippo-

campal sclerosis patients who performed better showed effective

recruitment of the contralesional medial temporal lobe during

verbal and visual encoding, respectively. The orbitofrontal cortex is

critical to subsequent memory formation in control subjects and

patients. Activations within anterior cingulum and insula correlated

with better verbal and visual subsequent memory in patients with

left and right hippocampal sclerosis, respectively, representing areas

of effective extra-temporal recruitment.
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