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There has been increasing interest in the clinical and experimental use of memory

functional Magnetic Resonance Imaging (fMRI). The 2017 American Academy of

Neurology practice guidelines on the use of pre-surgical cognitive fMRI suggests that

verbal memory fMRI could be used to lateralize memory functions in people with

Temporal Lobe Epilepsy (TLE) and should be used to predict post-operative verbal

memory outcome. There are however technical and methodological considerations, to

optimize both the sensitivity and specificity of this imaging modality. Below we discuss

these constraints and suggest recommendations to consider when designing a memory

fMRI paradigm.
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INTRODUCTION

The most important cognitive comorbidity of TLE is impairment in episodic memory. The
hippocampus plays a major role in the generation and spread of temporal lobe seizures (1),
and it is also a critical structure serving long-term memory, including episodic memory (2). It
therefore follows that impairments in memory and learning are frequently seen in people with TLE,
although more wide-spread cognitive deficits have also been reported (3). In up to 80% of TLE,
epilepsy surgery can be curative (4), however, cognitive decline remains a significant complication
of epilepsy surgery (5–10). Early onset seizures interfere with the normal process of hemispheric
lateralization (11) and may result in the reorganization of memory functions (12–14). In unilateral
TLE, both the function of the contra-lateral MTL (hippocampal adequacy theory), and functional
reserve of the ipsilateral hippocampus have been posited in the maintenance of post-operative
memory functions (15). It is therefore important to identify the lateralization and localization of
memory functions prior to surgical intervention to evaluate the risk of significant post-operative
memory deficits.

Memory functional magnetic resonance imaging (fMRI) has been used to study the localization
and functional lateralization of critical structures involved in the specific memory task employed
(16–22). Memory fMRI is also useful in the prediction of post-operative memory performance
(20, 23, 24). Encouragingly, memory fMRI was shown to be the strongest independent predictor
of post-operative memory decline compared to standard clinical outcome predictors such as age
at onset of epilepsy, hippocampal volume, and pre-operative neuropsychometry (14, 20). Memory
fMRI has also been used to investigate post-operative memory plasticity (25–28).

However, memory fMRI remains challenging due to several neuropsychological and technical
considerations. Heterogeneous findings across memory fMRI studies may relate to methodological
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differences, particularly with regards to the memory task itself.
This is reflected in the failure to replicate results and paucity
of MTL activations in some studies. The quality of fMRI data
depends on several factors including paradigm design, task
selection, data acquisition and analysis (29).

We aim to provide a guide for clinicians and researchers
to design a memory fMRI protocol for pre-surgical evaluation
of memory in TLE. This guide will help the readers with
paradigm selection (section Paradigm selection), data analysis
(section Analyses), and improvement of reliability of fMRI data
(section Reliability of fMRI Data). The section on Paradigm
Selection describes the different cognitive processes involved in
memory. Understanding these processes will help the readers
identify which process they wish to specifically study. Examples
of paradigms are mentioned for each of those memory processes.
Section Analyses discusses inter-subject variance in brain
activation and its implication for interpretation of individual-
subject data. In this section, event-related and block analyses
are also discussed, as they should guide the design of the
paradigm. Finally, the section on reliability of fMRI data discusses
issues related to poor reliability of fMRI data and suggests ways
to improve it. We hope that through this guide, the reader
gains awareness in the parameters to consider when designing
a memory fMRI paradigm. This guide is primarily for adults.
Whilst similar principals apply in pediatrics, paradigm length
and complexity may need to be adjusted according to the age of
the participant.

PARADIGM SELECTION

Neuropsychology
Brain activation can vary depending on the nature of the memory
task and other cognitive demands related to the task. For this
reason, good understanding of the cognitive processes involved
in memory is important when designing an fMRI protocol.

Associative Memory and the Hippocampus

Surgical intervention involves the resection of the temporal lobe
lesion and the epileptogenic zone which usually encroaches on
the hippocampus (30, 31). Pre-surgical investigation of a patient’s
functional anatomy surrounding the brain lesion is therefore
critical for the surgical approach, and designing a memory fMRI
task for which performance is supported by the hippocampus
appears most relevant in this case.

It is well-recognized that the hippocampus is critical for the
binding of information into a representation for later retrieval,
as required in paired-associate learning tasks (7, 32–36). The
hippocampus contributes to associative memory, whereas other
non-hippocampal medial temporal regions contribute to single-
item memory (32, 33, 37). Patient studies have demonstrated
that the effects of lesion to the hippocampus are selective to
specific forms of memory, and are apparent on tasks of arbitrary
paired-associates (38), in which association between the items of
a pair is necessary for successful performance. Given the role of
the hippocampus in TLE, a paired-associate memory paradigm,
such as word pairs (39) or face-name associations (40–42),

may be most appropriate for the investigation of hippocampal-
dependent memory.

Memory Formation

Memory formation is a complex dynamic process that is carried
out by representational systems in the brain; distinguished by
the nature of the information and task presented (43). Long-
term memory is made up of explicit (declarative) and implicit
(non-declarative) memory systems (44). Explicit memory allows
conscious recall and is sub-divided into semantic memory; the
conscious recall of factual knowledge, and episodic memory;
recall of individual events in spatial and context order. Critical
steps of episodic memory include the formation of distinct neural
traces during memory encoding, memory storage and memory
retrieval (45).

The first stage of memory is encoding, whereby the
information is perceived and transformed into a mental
representation. Retrieval is the process by which information
that is stored in memory is re-accessed. Retrieving information
from memory can occur through the processes of recollection
and familiarity. Recollection refers to the reliving of vivid and
detailed episodes, whereas familiarity is associated with a sense
that information was previously encountered but without any
contextual detail. These two processes are mediated by distinct
sub-regions of the MTL. Recollection is supported by the
hippocampus, and familiarity, the perirhinal cortex (46–48).

The frequently used “Old/New” paradigm compares brain
activation associated with the retrieval of studied items (“Old”)
and new items (“New”). A potential drawback with these
paradigms relates to the fact that brain activation associated with
the retrieval of studied items could reflect either familiarity or
recollection processes. This could lead to inaccurate conclusions
regarding the differential role of sub-regions engaged within
the MTL.

Paradigms that involve recollection processes are more likely
to engage the hippocampus. This can be achieved using the
“Remember/Know” paradigm (49–51) for which the responses
are thought to reflect recollection and familiarity processes,
respectively (52). However, familiarity and recollection may
differ along a continuum depending on response confidence,
and the imaging contrasts may not accurately reflect the
underlying cognitive process (48). Brain activation during a so-
called “recollection” contrast (i.e., “Remember>Know”) may
also include some activity related to familiarity; leading to
variability in fMRI studies. In imaging studies, paradigms like
the “Old/New” or “Remember/Know” can be adapted to either
measure brain activity during the encoding phase or the retrieval
phase of the memory process. These are described below.

Memory encoding
Memory fMRI studies often evaluate the encoding phase, with
retrieval assessed after scanning (14, 17, 20, 22, 24, 53). Images
are acquired during the presentation of information, when
participants are encouraged to memorize items presented in
the scanner, with retrieval of information occurring after the
scanning session.
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For example, in the “Old/New” paradigm first described by
Powel et al. (54), used by Bonelli et al. (20), and adapted
by Sidhu et al. (14, 22, 24), verbal and visual items are
visually presented to the subjects during the scanning session.
Subjects perform a deep encoding task which involves making
a judgement on whether each presented stimuli is pleasant
or unpleasant. After the scanning session, subjects perform
a recognition test outside the scanner. During this test, the
previously presented stimuli are randomly mixed with foils.
For each item, subjects are instructed to indicate whether they
remember seeing each stimulus during scanning, or whether it
is new. The stimuli presented during scanning are then classified
according to the responses made during the recognition test. A
correct response indicates that the stimulus was subsequently
remembered, whereas an incorrect response indicates that
the stimulus was subsequently forgotten. Sidhu et al. later
included a third response option (“Familiar”) to distinguish
between the processes of recollection (“Remember” response)
and familiarity (“Familiar” response). This type of paradigm
provides information about the neural network associated with
the encoding phase of memory, but not the network that is
involved in the retrieval of mnemonic information.

Memory retrieval
Paradigms that map the retrieval-related network can involve
recognition- or recall-based retrieval, as described below.

Recognition
Recognition reflects the ability to identify presented items as
familiar, and as such rely on familiarity processes and can
be performed without involvement of the hippocampus. FMRI
studies investigating retrieval-related activations often use a
recognition task (for example “Old/New” or “Remember/Know”
paradigms, as described above) (55), and examine MTL activity
during successful recognition.

Smith et al. (51) used a “Remember/Know” paradigm which
involved studying and making pleasant/unpleasant judgments
to words prior to the scanning session. Twenty minutes after
studying the words, subjects took a memory test inside the
scanner which included the studied words along with foils. For
each words presented inside the MRI scanner, subjects made
an old/new judgment using a 20-point scale (1 = definitely
new, 20 = definitely old). For words identified as “old,” subjects
were further asked to indicate whether the word was recollected,
familiar, or a guess. Participants were instructed to use the
“remember” response only if they could describe specific details
about the experience of studying the word and to use the
“familiar” response if the word was familiar but they could
not retrieve contextual details. Subjects provided their responses
inside the scanner by moving an MRI-compatible mouse to the
relevant location on the screen. Whereas, recognition paradigms
like the one described above are often used in memory fMRI
studies, they lack in the ability to identify recall-related processes.

Recall
Recall refers to the ability to bring back to mind consolidated
representations and relies on recollection processes. Based on

evidence from patients with bilateral hippocampal damage of
early onset, it is recognized that the hippocampus supports recall
processes (56). Recall-based memory should be considered in
memory fMRI studies to represent ecological scenarios of every-
day memory process, and to optimize hippocampal activation.

During recall, a fragment of the pattern representing the
event from the neocortical system triggers the retrieval of the
whole representation via pattern completion supported by the
hippocampal system (57). In order to recall an event (to bring
back to mind a specific past episode), the different features of
the event must be processed and bound together. Successful
recall therefore requires the use of associativemechanisms, which
depend on the hippocampus (58, 59).

Reas et al. (39) used a recall-based memory fMRI paradigm
whereby subjects studied word pairs prior to the scanning
session. After study, subjects were given a self-paced cued recall
test where they were presented with one word of each pair and
were asked to say out loud the word that was paired with it.
Forgotten pairs were repeated until all pairs were successfully
recalled. After a 20-min delay, subjects performed a recall and
classify task inside the MRI scanner. They were presented with
one word of each pair and were instructed to covertly recall the
missing word and to classify it as living or non-living. A third
response option (“unsure”) was given if they did not remember
the pair of the presented word. Subjects provided their responses
inside the scanner using a four-button response box. Following
the scan, subjects performed a self-paced cued recall test to
evaluate the retrieval success of the in-scanner cued recall task.

To date, fMRI studies that use such recall paradigms usually
involve covert responses, with additional verbal recall after the
scanning session to measure performance (39, 60). A potential
issue with this approach is that performance may differ between
the two retrieval periods, and the fMRI data may therefore not
fully represent activation related to successful performance. In
this respect, in-scanner overt recall may be more valid (see
section Overt Responses).

Combined encoding and retrieval paradigm
The specificmemory process that is impaired in the patient group
should guide the selection of the paradigm. People with TLE may
have difficulty with both encoding and retrieval of information.
As such, studying the mechanisms of both encoding and retrieval
(41, 61) may be useful. An fMRI protocol that maps both the
encoding and retrieval phases of the memory process could
provide a more robust mapping of memory-related networks, as
both phases are dependent on hippocampal involvement (62, 63).
Obtaining robust hippocampal activation at the individual level
has proven challenging across fMRI studies (63, 64), but a wider
approach to memory mapping involving two memory phases
(encoding and retrieval) may increase the sensitivity of this.

Aim of the Protocol
The clinical aim of the study is pertinent in paradigm selection.
If the aim is to study re-organization of memory functions to the
contralateral MTL, a material-specific paradigm would need to
be employed. Verbal material activates the dominant hemisphere
and visual, the non-dominant hemisphere (11, 65, 66), whereas
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bilateral tasks such as picture or scene encoding incur bilateral
MTL activations. “Failure of activation” using these bilateral
tasks have been used to test the hippocampal adequacy vs. the
functional reserve model in the prediction of post-operative
memory outcome (17).

Irrespective of material type, test-retest reliability of a
paradigm is an important consideration (see section Reliability
of fMRI Data). In memory-fMRI, reproducible hippocampal
magnitude was shown using “hometown walking,” a paradigm
which requires imagining a familiar route in the scanner (67). In
the same study, test-retest of verbal memory recall most reliably
identified hemispheric lateralization, which is clinically pertinent
to guide surgical planning and predict memory outcome. The
clinical aim of the study should therefore inform the design of
the fMRI paradigm.

Overt Responses
Most fMRI studies involve covert verbal responses in order to
avoid speech-related artifacts (21, 68). However, overt verbal
responses may be advantageous for clinical studies, as they
are useful to monitor in-scanner performance and conduct
event-related analyses (see section Event vs. Block Analysis).
Involving overt responses allows online measure of performance
and this is beneficial as it makes it possible to explore
specific brain activation associated with verbal output. This is
particularly relevant for the interpretation of performance and
the investigation of brain networks in people with cognitive
impairment. The associated movement-related artifacts can be
controlled for using image processing techniques (69). Studies
have employed overt cued-recall paradigms and demonstrated
significant activation in the MTL for successful recall (61, 70,
71). Overt responses should therefore be considered in memory
fMRI paradigms.

Baseline Task
Baseline tasks are subtracted from the active memory conditions
to generate “activation contrasts.” In memory studies, there are
two main considerations in selecting a baseline task. The first, is
to model a pure memory process. For this, an active baseline task
that removes attention, language and motor processes should be
considered (72). Next, the baseline task should not activate the
hippocampus as this would reduce the sensitivity of hippocampal
activations associated with the active process, when contrasted.
In a study comparing several baseline tasks, Stark and Squire
(73) demonstrated higher activation in the hippocampal region
associated with a memory task when the odd/even digit task was
used as baseline, compared to when rest was used as baseline.

As in active tasks, baseline task activations vary. We examined
hippocampal activation in three healthy participants during five
baseline tasks, compared to rest. These included: an odd/even
number task where participants were presented with double
digits and were asked to decide whether the number was odd
or even; an arithmetic subtraction task (for example 27–4);
a non-word repetition task where participants were visually
presented with two syllable non-words and were asked to read
them out loud; a verbal noise detection task where participants
were asked to indicate whether mixed letters were presented

FIGURE 1 | Activity within the hippocampus (left and right) during five baseline

tasks. The bars show the mean percent signal change during each task

relative to the mean signal during rest. The results show significant less

activation in all tasks, except visual noise detection, compared to rest. Error

bars = SEM. Significant at *p < 0.05.

in pale green or blue and a visual noise detection task where
participants were asked to indicate whether shapes, which were
embedded in a visual white noise mask, were presented in pale
green or blue. All the stimuli were presented every 2 s, apart
for the subtraction task where stimuli were presented every
3 s. Compared to rest, there were significantly less bilateral
hippocampal activations in all baseline tasks except for visual
noise detection (Figure 1). These four baseline tasks are therefore
ideal for maximizing hippocampal activations when subtracted
from an active memory task. Careful piloting of both the active
and baseline tasks is therefore recommended when designing a
memory fMRI paradigm.

ANALYSES

Single-Subject Level vs. Group-Level
Analyses
Group analysis collapses data across subjects and examines the
overlapping effects. Variability between subjects is considered
as nuisance and is included as covariate in the model to make
group inferences. One example of inter-subject variability is
differences in cognitive strategy for the same task. Each strategy is
associated with specific cognitive processes and leads to distinct
activation pattern. However, group analyses assume that the task
is performed using the same strategy across individuals, and
inter-subject variability is ignored. Seghier and Price (74) argued
that such between-subject variance should be treated as data
rather than noise, particularly in the field of psychology [see
(Seghier and Price) for a guide on how to model inter-subject
variance]. Understanding normal inter-subject variance can help
understand differences in cognitive outcomes between patients
and optimize the full potential of neuroimaging applications.
Moreover, inter-subject variance may be related to behavioral
functions (75, 76) and could provide useful clinical information
with regards to predicting outcome in a patient population.
Whereas, group studies examine mean effects across subjects,
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inter-subject variance may provide critical information, and
should not be ignored.

With high variability in the pattern of brain activation, the
question arises as to how a subject’s memory activation can be
interpreted in single-level analysis. Multivariate Pattern Analysis
(MVPA) can be carried out on fMRI data to examine the
distributed pattern of activation across voxels at the individual-
subject level (77). MVPA exploits voxel-level variability within
subjects and neutralizes the effects of subject variability, and is
therefore more sensitive to neural differences at the individual
level than univariate analyses.

A translational application of memory fMRI is to be able to
use this to guide surgical planning in TLE. This is only possible if
fMRI activations are valid at the single-subject level, and should
be considered when examining validity of a novel fMRI tool.
Further research is required to assist single-subject fMRI for
clinical purposes.

Event vs. Block Analysis
Individual fMRI activations also vary depending on the choice
of analysis (i.e., block- or event-related analysis). Block analyses
allow examination of brain activity related to memory effort,
irrespective of performance, whereas event-related analyses
specifically examine successful memory formation. The latter
is particularly relevant for predicting memory outcome in
the clinical setting. In block analyses, memory and baseline
conditions are separated into blocks of extended time intervals.
Block analyses have a higher sensitivity (78), meaning that it
has good ability to differentiate between different conditions. In
event-related analyses, the Blood-Oxygenated Level Dependent
response is modeled to each trial within a block (79). It allows
the separation of trials based on the participant’s performance,
for example remembered vs. forgotten items. It provides a better
representation of the latency of brain response by providing
a better characterization of the shape and the onset of the
hemodynamic response function than block analyses (80).

The type of analysis (block vs. event) should be considered
prior to designing the fMRI paradigm as the design will depend
on the analysis of interest. Maus et al. suggested an optimum
block length of 15 s for block analysis (81), and a decrease in
percent signal change was shown with longer blocks (82). By
contrast, block length is less pertinent for event-related analyses.
Block lengths should also take into consideration task-related
cognitive demands. Too long or too “difficult” tasks could lead
to reduced attention and performance, significantly impacting on
the quality of data obtained.

Particularly in event-related analysis, the question of task
difficulty is critical. For reliable fMRI activations, it is absolutely
vital that participants are able to perform a task. In memory
fMRI, the contrasts investigate brain activation for remembered
vs. forgotten items, and as such enough trials are needed in
each condition. Consider a task that is too difficult, most items
will be forgotten, with very few “remembered” trials. In this
case, the contrast “remembered vs. forgotten” will not accurately
identify the successful memory network. The question of task
difficulty is pertinent in pediatric and patient studies where
ability levels vary considerably. The paradigm should be designed

to reach levels of around 50% correct performance to allow
inter-subject performance variability whilst avoiding floor/ceiling
effect. Patient factors such as degree of cognitive impairment
are therefore important considerations. A trade-off between
optimal hippocampal activations, length of scan and paradigm
complexity should be sought. With these considerations, the
choice of block- or event-related analyses should be made prior
to paradigm selection, as the design of the paradigm will depend
on the analyses.

Other Analyses
Connectivity techniques investigate functionally connected brain
regions involved in a task at a specific time [see (83) for a
review]. This allows for the assessment of memory processes at
the network level. Multivariate pattern analysis applied to fMRI
data [see (84) for a review on the technique] focuses on the
patterns of activity (rather than individual activations) across
voxels in specific brain regions that are associated with individual
memory traces (85–87). A detailed discussion of these techniques
is out of the scope of this manuscript (88).

RELIABILITY OF fMRI DATA

Test-retest reliability of fMRI findings is rarely investigated,
and studies that investigate it generally report poor reliability
of brain activations [see (89), for a review]. This significantly
impacts on the clinical utility of the paradigm. Despite advances
in hardware and fMRI techniques, the sensitivity and therefore
reliability of single-subject fMRI remains sub-optimal (90).
Brandt and colleagues investigated reliability of memory fMRI
activation using data from two sessions, 1 month apart. The
authors measured Intra-Class Correlation (ICC) for the degree
of activation at each voxel of the brain and reported that despite
reliability of memory activation at the group-level, activation was
not stable within individuals (91).

ICC is a measure generally used and represents the ratio of
between-subject variance and between-tests variance. ICC can
be easily computed using statistical analysis software such as
SPSS, by running “Reliability Analysis” (under “analyse,” then
“scale”) and checking “InterClass correlation coefficient.” The
value approaches 1 if the individual variability is low, and an ICC
of 0.5 is considered largely concordant in fMRI studies (89).

Measures of reliability for the magnitude and extent of
activation and for the lateralization of activations have been
reported in several studies (61, 67, 91–94). Buck et al. measured
reliability of memory retrieval lateralization across two separate
sessions, 1.5 years apart, and demonstrated good inter-session
reliability, suggesting its promising use in single-subject level
analysis (61). In our current data, we looked at the ICC of
15 healthy controls scanned across three time-points. Although
there was overlap in MTL activations across the three sessions,
the spatial extent differed (Figure 2A). ICC for LIs across fMRI
sessions were more stable for verbal (0.65) compared to visual
(0.35) memory (Figure 2B). This is in keeping with previous
reported ICC studies. Given the test-retest variability of fMRI
activations, longitudinal studies in people with TLE should be
contrasted with those of healthy controls scanned across the
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FIGURE 2 | Reliability of fMRI data in healthy individuals. (A) Overlap of group

activation maps for three fMRI sessions, for verbal and visual memory

separately (p < 0.001), masked around the hippocampi. Yellow, session 1

(time 0); blue, session 2 (time 0 + 5 months); red, session 3 (session 2 + 10

months); orange, overlap between session. (B) Group-Level Lateralisation

Indices for verbal and visual memory across three fMRI sessions (95% CIs).

Scan 1, time 0; scan 2, time 0 + 5 months; scan 3, scan 2 + 10 months.

Despite overlap of brain activation between sessions, variation in functional

lateralization is observed. This shows the importance of acquiring control

scans at similar time points to patients in longitudinal studies.

same time-points. Performing a mixed ANOVA using a flexible
factorial design (97) can be used to model changes in activation at
the different time-points whilst controlling for between-subjects
and between-group variance in a single model (27).

Regions within the MTL are particularly susceptible to
poor reliability of brain activation (91), which has important
implications with regards to interpreting fMRI results. Several
factors can however improve reliability of fMRI results, including
increasing the size of the regions of interests (95), having
additional runs (96) and increasing the signal-to-noise ratio by
having additional scans (89). Keeping physiologic functions as
uniform as possible such as amount of sleep and time of day of
scanning are also important considerations.

DIFFICULTIES WITH MEMORY fMRI

fMRI involving MTL structures is subject to distortions due to
the inhomogeneous magnetic field. MTL susceptibility artifacts
lead to image distortion and signal loss (98), making it difficult
to obtain reliable signal thereby, hampering interpretation.

For these reasons, methodological considerations need to be
rigorously applied in fMRI studies that have a particular interest
in the MTL. For example, a slice tilt can be applied to align the
scans perpendicular to the long axis of the hippocampus and
optimize the Blood Oxygenated Level Dependent sensitivity in
medial temporal lobe regions (99).

Moreover, fMRI is susceptible to motion artifact as a result of
long acquisition time. fMRI detects signal changes in an image
over time (i.e., changes in neural activity), but headmotion can be
misinterpreted as relevant change. It has been shown that patients
(100) and children (101) have particular difficulty remaining
still inside the scanner, for whom motion artifacts are therefore
particularly apparent. fMRI brain mapping is therefore limited
by several factors which alter interpretation of fMRI findings.
However, careful considerations related to paradigm selection
(as described in the present guide), as well as data acquisition
and data processing can be implemented to reduce or counteract
these limitations [see (88) for a guide on pre-processing and
analysis of fMRI data].

CONCLUSIONS

There has been accruing evidence for the clinical utility of
memory fMRI in the pre-surgical assessment of people with
TLE. The ultimate aim is to acquire reliable and sensitive
data not just at the group level but also at the single-subject
level for translational clinical application. There is no single
“gold standard” memory fMRI protocol due to the variability
in parameters to consider, such as specific memory process of
interest and cognitive ability of patients. However, considering
the involvement of the hippocampus in TLE, we recommend
paradigms of associative memory (for the binding of information
which is dependent on the hippocampus) or paradigms that
involve encoding and recall (rather than recognition). We also
discussed the advantages of overt responses, despite motion-
related artifacts, for in-scanner monitoring of performance and
for the application of event-related analysis. We hope this
guide will be of assistance in identifying the specific paradigm
and parameters to those who wish to design a memory fMRI
paradigm for clinical or research purposes.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by National Hospital for Neurology and Neurosurgery
and the Institute of Neurology Joint Research Ethics Committee,
and London-Stanmore Research Ethics Committee. The
patients/participants provided their written informed consent to
participate in this study.

Frontiers in Neurology | www.frontiersin.org 6 January 2020 | Volume 10 | Article 1354

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Buck and Sidhu Designing a Memory fMRI Paradigm

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

MS and SB are supported by the National Institute for
Health Research University College London Hospitals

Biomedical Research Center. Any data presented was

funded by National Institute for Health Research University
College London Hospitals Biomedical Research Center
(grant number 229811).

ACKNOWLEDGMENTS

We are grateful to the Epilepsy Society for supporting the
Epilepsy Society MRI scanner.

REFERENCES

1. McIntyre DC, Racine RJ. Kindling mechanisms: current progress on

an experimental epilepsy model. Progress Neurobiol. (1986) 27:1–12.

doi: 10.1016/0301-0082(86)90010-9

2. Squire LR, Zola-Morgan S. The medial temporal lobe memory system.

Science. (1991) 253:1380–6. doi: 10.1126/science.1896849

3. Stretton J, Thompson P. Frontal lobe function in temporal lobe epilepsy. Epil

Res. (2012) 98:1–13. doi: 10.1016/j.eplepsyres.2011.10.009

4. de Tisi J, Bell G, Peacock J, McEvoy A, Harkness W, Sander J, et al.

The long-term outcome of adult epilepsy surgery, patterns of seizure

remission, and relapse: a cohort study. Lancet. (2011) 378:1388–95.

doi: 10.1016/S0140-6736(11)60890-8

5. Helmstaedter C, Elger CE, Hufnagel A, Zentner J, Schramm J.

Different effects of left anterior temporal lobectomy, selective

amygdalohippocampectomy, and temporal cortical lesionectomy on

verbal learning, memory, and recognition. J Epilepsy. (1996) 9:39–45.

doi: 10.1016/0896-6974(95)00070-4

6. Baxendale S, Thompson P, Harkness W, Duncan J. Predicting memory

decline following epilepsy surgery: a multivariate approach. Epilepsia. (2006)

47:1887–94. doi: 10.1111/j.1528-1167.2006.00810.x

7. Manns J, Eichenbaum H. Evolution of declarative memory. Hippocampus.

(2006) 16:795–808. doi: 10.1002/hipo.20205

8. Bowles B, Crupi C, Pigott S, Parrent A, Wiebe S, Janzen L, et

al. Double dissociation of selective recollection and familiarity

impairments following two different surgical treatments for

temporal-lobe epilepsy. Neuropsychologia. (2010) 48:2640–7.

doi: 10.1016/j.neuropsychologia.2010.05.010

9. Mueller S, Laxer K, Scanlon C, Garcia P, McMullen W, Loring D. Different

structural correlates for verbal memory impairment in temporal lobe

epilepsy with and without mesial temporal lobe sclerosis. Hum Brain Mapp.

(2012) 33:489–499. doi: 10.1002/hbm.21226

10. Khalil A, Iwasaki M, Nishio Y, Jin K, Nakasato N, Tominaga T.

Verbal dominant memory impairment and low risk for post-operative

memory worsening in both left and right temporal lobe epilepsy

associated with hippocampal sclerosis. Neurol Med Chir. (2016) 56:716–23.

doi: 10.2176/nmc.oa.2016-0004

11. Willment K, Golby A. Hemispheric lateralization interrupted: material-

specific memory deficits in temporal lobe epilepsy. Front Hum Neurosci.

(2013) 7:546. doi: 10.3389/fnhum.2013.00546

12. Helmstaedter C, Elger CE. Functional plasticity after left anterior temporal

lobectomy: reconstitution and compensation of verbal memory functions.

Epilepsia. (1998) 39:399–406. doi: 10.1111/j.1528-1157.1998.tb01392.x

13. Gleissner U, Sassen R, Schramm J, Elger CE, Helmstaedter C. Greater

functional recovery after temporal lobe epilepsy surgery in children. Brain.

(2005) 2822–9. doi: 10.1093/brain/awh597

14. Sidhu MK, Stretton J, Winston GP, Symms M, Thompson PJ, Koepp

MJ, et al. Factors affecting reorganisation of memory encoding

networks in temporal lobe epilepsy. Epilepsy Res. (2015) 110:1–9.

doi: 10.1016/j.eplepsyres.2014.11.001

15. Chelune GJ. Hippocampal adequacy versus functional reserve: predicting

memory functions following temporal lobectomy. Arch Clin Neuropsychol.

(1995) 10:413–32. doi: 10.1093/arclin/10.5.413

16. Detre J, Maccotta L, King D, Alsop D, Glosser G, D’Esposito M, et

al. Functional MRI lateralization of memory in temporal lobe epilepsy.

Neurology. (1998) 50:926–32. doi: 10.1212/WNL.50.4.926

17. Rabin ML, Narayan VM, Kimberg DY, Casasanto DJ, Glosser G, Tracy JI,

et al. Functional MRI predcits post-surgical memory following temporal

lobectomy. Brain. (2004) 127:2286–98. doi: 10.1093/brain/awh281

18. Janszky J, Jokeit H, Kontopoulou K, Mertens M, Ebner A, Pohlmann-

Eden B, et al. Functional MRI predicts memory performance after

right mesiotemporal epilepsy surgery. Epilepsia. (2005) 46:244–50.

doi: 10.1111/j.0013-9580.2005.10804.x

19. Lindquist MA. The statistial analysis of fMRI data. Stat Sci. (2008) 23:439–64.

doi: 10.1214/09-STS282

20. Bonelli SB, Powell RH, Yogarajah M, Samson RS, Symms MR, Thompson

PJ, et al. Imaging memory in temporal lobe epilepsy: predicting the

effects of temporal lobe resection. Brain. (2010) 133(Pt 4):1186–99.

doi: 10.1093/brain/awq006

21. Alessio A, Pereira F, Sercheli M, Rondina J, Ozelo H, Bilevicius E, et al. Brain

plasticity for verbal and visual memories in patients with mesial temporal

lobe epilepsy and hippocampal sclerosis: an fMRI study. Hum Brain Mapp.

(2013) 40:186–99. doi: 10.1002/hbm.21432

22. Sidhu MK, Stretton J, Winston GP, Bonelli S, Centeno M, Vollmar C, et

al. A functional magnetic resonance imaging study mapping the episodic

memory encoding network in temporal lobe epilepsy. Brain. (2013) 136(Pt

6):1868–88. doi: 10.1093/brain/awt099

23. Binder JR, Swanson SJ, Sabsevitz DS, Hammeke TA, Raghavan M,

Mueller WM. A comparison of two fMRI methods for predicting verbal

memory decline after left temporal lobectomy: language lateralization

versus hippocampal activation asymmetry. Epilepsia. (2010) 51:618–26.

doi: 10.1111/j.1528-1167.2009.02340.x

24. Sidhu MK, Stretton J, Winston GP, Symms M, Thompson PJ,

Koepp MJ, et al. Memory fMRI predicts verbal memory decline

after anterior temporal lobe resection. Neurology. (2015) 84:1512–9.

doi: 10.1212/WNL.0000000000001461

25. Cheung M, Chan A, Lam J, Chan Y. Pre- and postoperative fMRI and

clinical memory performance in temporal lobe epilepsy. J Neurol Neurosurg

Psychiatr. (2009) 80:1099–106. doi: 10.1136/jnnp.2009.173161

26. Bonelli SB, Thompson PJ, Yogarajah M, Powell RH, Samson RS, McEvoy

AW, et al. Memory reorganization following anterior temporal lobe

resection: a longitudinal functional MRI study. Brain. (2013) 136(Pt 6):1889–

900. doi: 10.1093/brain/awt105

27. Sidhu MK, Stretton J, Winston GP, McEvoy AW, Symms M, Thompson

PJ, et al. Memory network plasticity after temporal lobe resection: a

longitudinal functional imaging study. Brain. (2016) 139(Pt 2):415–30.

doi: 10.1093/brain/awv365

28. Limotai C, McLachlan R, Hayman-Abello S, Hayman-Abello B, Brown

S, Bihari F, et al. Memory loss and memory reorganization patterns

in temporal lobe epilepsy patients undergoing anterior temporal lobe

resection, as demonstrated by pre-versus post-operative functional

MRI. J Clin Neurosci. (2018) 55:38–44. doi: 10.1016/j.jocn.2018.

06.020

29. Parrish T, Gitelman D, LaBar K, Mesulam M. Impact of signal-

to-noise on functional MRI. Mag Reson Med. (2000) 44:925–32.

doi: 10.1002/1522-2594(200012)44:6<925::AID-MRM14>3.0.CO;2-M

Frontiers in Neurology | www.frontiersin.org 7 January 2020 | Volume 10 | Article 1354

https://doi.org/10.1016/0301-0082(86)90010-9
https://doi.org/10.1126/science.1896849
https://doi.org/10.1016/j.eplepsyres.2011.10.009
https://doi.org/10.1016/S0140-6736(11)60890-8
https://doi.org/10.1016/0896-6974(95)00070-4
https://doi.org/10.1111/j.1528-1167.2006.00810.x
https://doi.org/10.1002/hipo.20205
https://doi.org/10.1016/j.neuropsychologia.2010.05.010
https://doi.org/10.1002/hbm.21226
https://doi.org/10.2176/nmc.oa.2016-0004
https://doi.org/10.3389/fnhum.2013.00546
https://doi.org/10.1111/j.1528-1157.1998.tb01392.x
https://doi.org/10.1093/brain/awh597
https://doi.org/10.1016/j.eplepsyres.2014.11.001
https://doi.org/10.1093/arclin/10.5.413
https://doi.org/10.1212/WNL.50.4.926
https://doi.org/10.1093/brain/awh281
https://doi.org/10.1111/j.0013-9580.2005.10804.x
https://doi.org/10.1214/09-STS282
https://doi.org/10.1093/brain/awq006
https://doi.org/10.1002/hbm.21432
https://doi.org/10.1093/brain/awt099
https://doi.org/10.1111/j.1528-1167.2009.02340.x
https://doi.org/10.1212/WNL.0000000000001461
https://doi.org/10.1136/jnnp.2009.173161
https://doi.org/10.1093/brain/awt105
https://doi.org/10.1093/brain/awv365
https://doi.org/10.1016/j.jocn.2018.06.020
https://doi.org/10.1002/1522-2594(200012)44:6<925::AID-MRM14>3.0.CO;2-M
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Buck and Sidhu Designing a Memory fMRI Paradigm

30. Radhakrishnan K, So EL, Silbert PL, Jack CR, Cascino GD, Sharbrough FW,

et al. Predictors of outcome of anterior temporal lobectomy for intractable

epilepsy. Neurology. (1998) 51:465–71. doi: 10.1212/WNL.51.2.465

31. Clusmann H. Predictors, procedures, and perspective for temporal

lobe epilepsy surgery. Sem Ultrasound CT MRI. (2008) 29:60–70.

doi: 10.1053/j.sult.2007.11.004

32. Eichenbaum H, Otto T, Cohen NJ. Two functional components of

the hippocampal memory system. Behav Brain Sci. (1994) 17:449–72.

doi: 10.1017/S0140525X00035391

33. Brown MW, Aggleton JP. Recognition memory: what are the roles of the

perirhinal cortex and hippocampus? Nat Rev Neurosci. (2001) 2:51–61.

doi: 10.1038/35049064

34. Davachi L. Item, context and relational episodic encoding in humans. Curr

Opin Neurobiol. (2006) 16:693–700. doi: 10.1016/j.conb.2006.10.012

35. Hannula DE, Federmeier KD, Cohen NJ. Event-related potential

signatures of relational memory. J Cogn Neurosci. (2006) 18:1863–76.

doi: 10.1162/jocn.2006.18.11.1863

36. Diana RA, Yonelinas AP, Ranganath C. Imaging recollection and familiarity

in the medial temporal lobe: a three-component model. Trends Cogn Sci.

(2007) 11:379–86. doi: 10.1016/j.tics.2007.08.001

37. Henke K, Weber B, Kneifel S, Wieser HG, Buck A. Human hippocampus

associates information in memory. Proc Natl Acad Sci USA. (1999) 96:5884.

doi: 10.1073/pnas.96.10.5884

38. Scoville WB, Milner B. Loss of recent memory after bilateral hippocampal

lesions. J Neurol Neurosurg Psychiatr. (1957) 20:11. doi: 10.1136/jnnp.20.1.11

39. Reas ET, Gimbel SI, Hales JB, Brewer JB. Search-related suppression of

hippocampus and default network activity during associative memory

retrieval. Front Hum Neurosci. (2011) 5:112. doi: 10.3389/fnhum.2011.00112

40. Sperling R, Chua E, Cocchiarella A, Rand-Giovannetti E, Poldrack R,

Schacter DL, et al. Putting names to faces: successful encoding of associative

memories activates the anterior hipopcampal formation.Neuroimage. (2003)

20:1400–10. doi: 10.1016/S1053-8119(03)00391-4

41. Kirwan CB, Stark CE. Medial temporal lobe activation during encoding

and retrieval of novel face-name pairs. Hippocampus. (2004) 14:919–30.

doi: 10.1002/hipo.20014

42. Klamer S, Milian M, Erb M, Rona S, Lerche H, Ethofer T. Face-

name association task reveals memory networks in patients with left

and right hippocampal sclerosis. Neuroimage Clin. (2017) 14:174–82.

doi: 10.1016/j.nicl.2017.01.021

43. Nadel L, Hardt O. Update on memory systems and processes.

Neuropsychopharmacology. (2011) 36:251–73. doi: 10.1038/npp.2010.169

44. Squire L. Memory and the hippocampus: a synthesis from findings

in rats, monkeys and humans. Psychol Rev. (1992) 99:195–231.

doi: 10.1037/0033-295X.99.2.195

45. Tulving E. Episodic and semantic memory. In: Donaldson W, editors.

Organization of Memory. New York, NY: Academic (1972). p. 381–403.

46. Aggleton JP, Brown MW. Episodic memory, amnesia, and the

hippocampal–anterior thalamic axis. Behav Brain Sci. (1999) 22:425–44.

doi: 10.1017/S0140525X99002034

47. Yonelinas AP. The nature of recollection and familiarity: a review of 30 years

of research. J Mem Lang. (2002) 46:441–517. doi: 10.1006/jmla.2002.2864

48. Eichenbaum H, Yonelinas A, Ranganath C. The medial temporal

lobe and recognition memory. Annu Rev Neurosci. (2007) 30:123–52.

doi: 10.1146/annurev.neuro.30.051606.094328

49. Henson RN, Shallice T, Dolan RJ. Right prefrontal cortex and episodic

memory retrieval: a functional MRI test of the monitoring hypothesis. Brain.

(1999) 1367–81. doi: 10.1093/brain/122.7.1367

50. Wais PE, Mickes L,Wixted JT. Remember/know judgments probe degrees of

recollection. J Cogn Neurosci. (2008) 20:400–5. doi: 10.1162/jocn.2008.20041

51. Smith CN, Wixted JT, Squire LR. The hippocampus supports both

recollection and familiarity when memories are strong. J Neurosci. (2011)

31:15693–702. doi: 10.1523/JNEUROSCI.3438-11.2011

52. Tulving E. Memory and consciousness. Can Psychol. (1985) 26:1–12.

doi: 10.1037/h0080017

53. Golby AJ, Poldrack RA, Illes J, Chen D, Desmond JE, Gabrieli JDE. Memory

lateralization in medial temporal lobe epilepsy assessed by functional MRI.

Epilepsia. (2002) 43:855–63. doi: 10.1046/j.1528-1157.2002.20501.x

54. Powell HW, RichardsonMP, SymmsMR, Boulby PA, Thompson PJ, Duncan

JS, et al. Reorganization of verbal and nonverbal memory in temporal lobe

epilepsy due to unilateral hippocampal sclerosis. Epilepsia. (2007) 48:1512–

25. doi: 10.1111/j.1528-1167.2007.01053.x

55. Kennepohl S, Sziklas V, Garver K, Wagner D, Jones-Gotman M. Memory

and the medial temporal lobe: hemispheric specialization reconsidered.

Neuroimage. (2007) 36:969–78. doi: 10.1016/j.neuroimage.2007.03.049

56. Patai EZ, GadianDG, Cooper JM, Dzieciol AM,MishkinM, Vargha-Khadem

F. Extent of hippocampal atrophy predicts degree of deficit in recall. Proc

Natl Acad Sci USA. (2015) 112:12830–3. doi: 10.1073/pnas.1511904112

57. Rolls ET. Pattern completion and pattern separation mechanisms in the

hippocampus. In: Jackson A, editors. The Neurobiological Basis of Memory.

Switzerland: Springer (2016). doi: 10.1007/978-3-319-15759-7_4

58. Meltzer JA, Constable RT. Activation of human hippocampal formation

reflects success in both encoding and cued recall of paired associates.

Neuroimage. (2005) 24:384–97. doi: 10.1016/j.neuroimage.2004.09.001

59. Habib R, Nyberg L. Neural correlates of availability and accessibility in

memory. Cereb Cortex. (2008) 18:1720–6. doi: 10.1093/cercor/bhm201

60. de Zubicaray G, McMahon K, Eastburn M, Pringle AJ, Lorenz L,

Humphreys MS. Support for an auto-associative model of spoken

cued rcall: evidence from fMRI. Neuropsychologia. (2007) 45:824–35.

doi: 10.1016/j.neuropsychologia.2006.08.013

61. Buck S, Bastos F, Baldweg T, Vargha-khadem F. A functional MRI paradigm

suitable for language and memory mapping in paediatric temporal lobe

epilepsy. Front Neurol. (2019). [Epub ahead of print].

62. Spaniol J, Davidson P, Kim A, Han H, Moscovitch M, Grady C. Event-

related fMRI studies of episodic encoding and retrieval: meta-analyses

using activation likelihood estimation.Neuropsychologia. (2009) 47:1765–79.

doi: 10.1016/j.neuropsychologia.2009.02.028

63. Saddiki N, Hennion S, Viard R, Ramdane N, Lopes R, Baroncini M, et

al. Encoding and immediate retrieval tasks in patients with epilepsy: a

functional MRI study of verbal and visual memory. J Neuroradiol. (2018)

45:157–63. doi: 10.1016/j.neurad.2018.02.003

64. Dupont S, Samson Y, Van de Moortele P, Samson S, Poline J, Adam C, et al.

Delayed verbal memory retrieval: a functionalMRI study in epileptic patients

with structural lesions of the left medial temporal lobe. Neuroimage. (2001)

14:995–1003. doi: 10.1006/nimg.2001.0908

65. Powell H, Richardson M, Symms M, Boulby P, Thompson P, Duncan

J. Preoperative fMRI predicts memory decline following anterior

temporal lobe resection. J Neurol Neurosurg Psychiatr. (2008) 79:686–93.

doi: 10.1136/jnnp.2007.115139

66. Limotai C, Mirsattari S. Role of functional MRI in presurgical evaluation

of memory function in temporal lobe epilepsy. Epilepsy Res Treat. (2012)

2012:687219. doi: 10.1155/2012/687219

67. Towgood K, Barker GJ, Caceres A, CrumWR, Elwes RDC, Costafreda SG, et

al. Bringing memory fMRI to the clinic: comparison of seven memory fMRI

protocols in temporal lobe epilepsy. Hum Brain Mapp. (2015) 36:1595–608.

doi: 10.1002/hbm.22726

68. Barch D, Sabb F, Carter C, Braver T, Noll D, Cohen J. Overt verbal responding

during fMRI scanning: empirical investigations of problems and potential

solutions. NeuroImage. (1999) 10:642–57. doi: 10.1006/nimg.1999.0500

69. Birn R, Cox R, Bandettini P. Experimental designs and processing strategies

for fMRI studies involving overt verbal responses. Neuroimage. (2004)

23:1046–58. doi: 10.1016/j.neuroimage.2004.07.039

70. Hayama H, Vilberg K, Rugg M. Overlap between the neural correlates of

cued recall and source memory: evidence for a generic recollection network?

J Cogn Neurosci. (2012) 24:1127–37. doi: 10.1162/jocn_a_00202

71. Okada K, Vilberg K, RuggM. Comparison of the neural correlates of retrieval

success in tests of cued recall and recognition memory. Hum Brain Mapp.

(2012) 33:523–33. doi: 10.1002/hbm.21229

72. Binder JR, Sabsevitz DS, Swanson SJ, Hammeke TA, Raghavan M, Mueller

WM. Use of preoperative functional MRI to predict verbal memory

decline after temporal lobe epilepsy surgery. Epilepsia. (2008) 49:1377–94.

doi: 10.1111/j.1528-1167.2008.01625.x

73. Stark C, Squire L. When zero is not zero: the problem of ambiguous

baseline conditions in fMRI. PNAS USA. (2001) 98:12760–6.

doi: 10.1073/pnas.221462998

Frontiers in Neurology | www.frontiersin.org 8 January 2020 | Volume 10 | Article 1354

https://doi.org/10.1212/WNL.51.2.465
https://doi.org/10.1053/j.sult.2007.11.004
https://doi.org/10.1017/S0140525X00035391
https://doi.org/10.1038/35049064
https://doi.org/10.1016/j.conb.2006.10.012
https://doi.org/10.1162/jocn.2006.18.11.1863
https://doi.org/10.1016/j.tics.2007.08.001
https://doi.org/10.1073/pnas.96.10.5884
https://doi.org/10.1136/jnnp.20.1.11
https://doi.org/10.3389/fnhum.2011.00112
https://doi.org/10.1016/S1053-8119(03)00391-4
https://doi.org/10.1002/hipo.20014
https://doi.org/10.1016/j.nicl.2017.01.021
https://doi.org/10.1038/npp.2010.169
https://doi.org/10.1037/0033-295X.99.2.195
https://doi.org/10.1017/S0140525X99002034
https://doi.org/10.1006/jmla.2002.2864
https://doi.org/10.1146/annurev.neuro.30.051606.094328
https://doi.org/10.1093/brain/122.7.1367
https://doi.org/10.1162/jocn.2008.20041
https://doi.org/10.1523/JNEUROSCI.3438-11.2011
https://doi.org/10.1037/h0080017
https://doi.org/10.1046/j.1528-1157.2002.20501.x
https://doi.org/10.1111/j.1528-1167.2007.01053.x
https://doi.org/10.1016/j.neuroimage.2007.03.049
https://doi.org/10.1073/pnas.1511904112
https://doi.org/10.1007/978-3-319-15759-7_4
https://doi.org/10.1016/j.neuroimage.2004.09.001
https://doi.org/10.1093/cercor/bhm201
https://doi.org/10.1016/j.neuropsychologia.2006.08.013
https://doi.org/10.1016/j.neuropsychologia.2009.02.028
https://doi.org/10.1016/j.neurad.2018.02.003
https://doi.org/10.1006/nimg.2001.0908
https://doi.org/10.1136/jnnp.2007.115139
https://doi.org/10.1155/2012/687219
https://doi.org/10.1002/hbm.22726
https://doi.org/10.1006/nimg.1999.0500
https://doi.org/10.1016/j.neuroimage.2004.07.039
https://doi.org/10.1162/jocn_a_00202
https://doi.org/10.1002/hbm.21229
https://doi.org/10.1111/j.1528-1167.2008.01625.x
https://doi.org/10.1073/pnas.221462998
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Buck and Sidhu Designing a Memory fMRI Paradigm

74. Seghier ML, Price CJ. Interpreting and utilising intersubject

variability in brain function. Trends Cogn Sci. (2018) 22:517–30.

doi: 10.1016/j.tics.2018.03.003

75. Lebreton M, Palminteri S. Assessing inter-individual variability in

brain-behavior relationship with functional neuroimaging. bioRxiv

[Preprint]. (2016). doi: 10.1101/036772

76. Li R, Yin S, Zhu X, Ren W, Yu J, Wang P, et al. Linking inter-

individual variability in functional brain connectivity to cognitive

ability in elderly individuals. Front Aging Neurosci. (2017) 9:385.

doi: 10.3389/fnagi.2017.00385

77. Haynes JD. A primer on pattern-based approaches to fMRI:

principles, pitfalls, and perspectives. Neuron. (2015) 87:257–70.

doi: 10.1016/j.neuron.2015.05.025

78. Henson R. What can functional neuroimaging tell the. Q J Exp Psychol.

(2005) 58:193–233. doi: 10.1080/02724980443000502

79. Henson RNA, Price CJ, Rugg MD, Friston KJ. Detecting latency differences

in event-related BOLD responses: application to words versus nonwords

and initial versus repeated face presentations. Neuroimage. (2002) 15:83–97.

doi: 10.1006/nimg.2001.0940

80. Mechelli A, Henson RNA, Price CJ, Friston KJ. Comparing event-related

and epoch analysis in blocked design fMRI. Neuroimage. (2003) 18:806–10.

doi: 10.1016/S1053-8119(02)00027-7

81. Maus B, Van Breukelen GJ, Goebel R, Berger MP. Optimization of

blocked designed in fMRI studies. Psychometrika. (2010) 75:373–90.

doi: 10.1007/s11336-010-9159-3

82. Visscher K, Miezin F, Kelly J, Buckner R, Donaldson D, McAvoy

M, et al. Mixed blocked/event-related designs separate transient

and sustained activity in fMRI. NeuroImage. (2003) 19:1694–708.

doi: 10.1016/S1053-8119(03)00178-2

83. Friston KJ. Functional and effective connectivity: a review. Brain Connect.

(2011) 1:13–36. doi: 10.1089/brain.2011.0008

84. Mahmoudi A, Takerkart S, Regragui F, Boussaoud D, Brovelli A. Multivoxel

pattern analysis for fMRI data: a review. Comput Math Methods Med. (2012)

2012:961257. doi: 10.1155/2012/961257

85. Rogers B, Morgan V, Newton A, Gore J. Assessing functional connectivity

in the human brain by FMRI. Magn Reson Imaging. (2007) 25:1347–57.

doi: 10.1016/j.mri.2007.03.007

86. Bonnici H, Chadwick MJ, Kumaran D, Hassabis D, Weiskopf N, Maguire E.

Multi-voxel pattern analysis in human hippocampal subfields. Front Hum

Neurosci. (2012) 6:290. doi: 10.3389/fnhum.2012.00290

87. Bonnici H, Sidhu M, Chadwick M, Duncan J, Maguire E. Assessing

hippocampal functional reserve in temporal lobe epilepsy: a multi-

voxel pattern analysis of fMRI data. Epilepsy Res. (2013) 105:140–9.

doi: 10.1016/j.eplepsyres.2013.01.004

88. Soares JM, Magalhães R, Moreira PS, Sousa A, Ganz E, Sampaio A, et al. A

hitchhiker’s guide to functional magnetic resonance imaging. Front Neurosci.

(2016) 10:515. doi: 10.3389/fnins.2016.00515

89. Bennett C, Miller M. How reliable are the results from functional

magnetic resonance imaging? Ann N Y Acad Sci. (2010) 1191:133–55.

doi: 10.1111/j.1749-6632.2010.05446.x

90. Fadiga L. Functional magnetic resonance imaging: measuring versus.

Neuroimage. (2007) 37:1042–4. doi: 10.1016/j.neuroimage.2007.02.038

91. Brandt D, Sommer J, Krach S, Bedenbender J, Kircher T, Paulus F, et al.

Test-retest reliability of fMRI brain activity during memory encoding. Front

Psychiatr. (2013) 4:163. doi: 10.3389/fpsyt.2013.00163

92. Fernandez G, Specht K, Weis S, Tendolkar I, Reuber M, Fell

J, et al. Intrasubject reproducibility of presurgical language

lateralization and mapping using fMRI. Neurology. (2003) 60:969–75.

doi: 10.1212/01.WNL.0000049934.34209.2E

93. Clement F, Belleville S. Test-retest reliability of fMRI verbal episodic memory

paradigms in healthy older adults and in persons with mild cognitive

impairment. Hum Brain Mapp. (2009) 30:4033–47. doi: 10.1002/hbm.20827

94. Bennett C, Miller M. fMRI reliability: influences of task and

experimental design. Cogn Affect Behav Neurosci. (2013) 13:690–702.

doi: 10.3758/s13415-013-0195-1

95. Friedman L, Stern H, Brown G, Mathalon D, Turner J, Glover G, et al. Test–

retest and between-site reliability in a multicenter fMRI study. Hum Brain

Mapp. (2008) 29:958–972. doi: 10.1002/hbm.20440

96. Friedman L, Glover G. Report on a multicenter fMRI quality assurance

protocol. J Magn Res Imaging. (2006) 23:827–39. doi: 10.1002/jmri.20583

97. Glascher J, Gitelman D. Contrasts Weights in Flexible Factorial Design

With Multiple Groups of Subjects. Brain Research Imaging Centre

Edinburgh (2008). Available online at: http://www.sbirc.ed.ac.uk/cyril/

download/Contrast_Weighting_Glascher_Gitelman_2008.pdf.

98. Olman C, Davachi L, Inati S. Distortion and signal loss in medial temporal

lobe. PLoS ONE. (2009) 4:e8160. doi: 10.1371/journal.pone.0008160

99. Weiskopf N, Hutton C, Josephs O, Deichmann R. Optimal EPI parameters

for reduction of susceptibility-induced BOLD sensitivity losses: a

whole-brain analysis at 3 T and 1.5 T. Neuroimage. (2006) 33:493–504.

doi: 10.1016/j.neuroimage.2006.07.029

100. Seto E, Sela G, McIlroy W, Black S, Staines W, Bronskill M. Quantifying

head motion associated with motor tasks used in fMRI. Neuroimage. (2001)

14:284–97. doi: 10.1006/nimg.2001.0829

101. Afacan O, Erem B, ROby D, Roth N, Roth A, Prabhu S. Evaluation of motion

and its effects on brain magnetic resonance image quality in children. Pediatr

Radiol. (2016) 46:1728–35. doi: 10.1007/s00247-016-3677-9

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

The handling Editor declared a shared affiliation, though no other collaboration,

with one of the authors SB.

Copyright © 2020 Buck and Sidhu. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 9 January 2020 | Volume 10 | Article 1354

https://doi.org/10.1016/j.tics.2018.03.003
https://doi.org/10.1101/036772
https://doi.org/10.3389/fnagi.2017.00385
https://doi.org/10.1016/j.neuron.2015.05.025
https://doi.org/10.1080/02724980443000502
https://doi.org/10.1006/nimg.2001.0940
https://doi.org/10.1016/S1053-8119(02)00027-7
https://doi.org/10.1007/s11336-010-9159-3
https://doi.org/10.1016/S1053-8119(03)00178-2
https://doi.org/10.1089/brain.2011.0008
https://doi.org/10.1155/2012/961257
https://doi.org/10.1016/j.mri.2007.03.007
https://doi.org/10.3389/fnhum.2012.00290
https://doi.org/10.1016/j.eplepsyres.2013.01.004
https://doi.org/10.3389/fnins.2016.00515
https://doi.org/10.1111/j.1749-6632.2010.05446.x
https://doi.org/10.1016/j.neuroimage.2007.02.038
https://doi.org/10.3389/fpsyt.2013.00163
https://doi.org/10.1212/01.WNL.0000049934.34209.2E
https://doi.org/10.1002/hbm.20827
https://doi.org/10.3758/s13415-013-0195-1
https://doi.org/10.1002/hbm.20440
https://doi.org/10.1002/jmri.20583
http://www.sbirc.ed.ac.uk/cyril/download/Contrast_Weighting_Glascher_Gitelman_2008.pdf
http://www.sbirc.ed.ac.uk/cyril/download/Contrast_Weighting_Glascher_Gitelman_2008.pdf
https://doi.org/10.1371/journal.pone.0008160
https://doi.org/10.1016/j.neuroimage.2006.07.029
https://doi.org/10.1006/nimg.2001.0829
https://doi.org/10.1007/s00247-016-3677-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	A Guide to Designing a Memory fMRI Paradigm for Pre-surgical Evaluation in Temporal Lobe Epilepsy
	Introduction
	Paradigm Selection
	Neuropsychology
	Associative Memory and the Hippocampus
	Memory Formation
	Memory encoding
	Memory retrieval
	Recognition
	Recall
	Combined encoding and retrieval paradigm


	Aim of the Protocol
	Overt Responses
	Baseline Task

	Analyses
	Single-Subject Level vs. Group-Level Analyses
	Event vs. Block Analysis
	Other Analyses

	Reliability of fMRI Data
	Difficulties With Memory fMRI
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


