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A  break  in  interaural  correlation  is  used  to study  primitive  auditory  memory  (PAM).
Anterior  temporal  lobectomy  (ATL)  in  humans  does  not  abolish  the PAM.
Unilateral  ATL  shortens  the  temporal  preservation  of  PAM  of contralateral  sounds.
The  temporal  pole  top-down  modulates  PAM  of sounds  entering  the  contralateral  ear.
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a  b  s  t  r  a  c  t

Primitive  auditory  memory  (PAM),  which  is  recognized  as the  early  point  in the chain  of the  transient  audi-
tory  memory  system,  faithfully  maintains  raw  acoustic  fine-structure  signals  for up to  20–30  milliseconds.
The  neural  mechanisms  underlying  PAM  have  not  been  reported  in  the  literature.  Previous  anatomical,
brain-imaging,  and  neurophysiological  studies  have  suggested  that  the  temporal  pole  (TP),  part  of  the
parahippocampal  region  in  the  transitional  area  between  perirhinal  cortex  and  superior/inferior  temporal
gyri,  is  involved  in auditory  memories.  This  study  investigated  whether  the  TP  plays  a  role  in mediat-
ing/modulating  PAM.  The  longest  interaural  interval  (the  interaural-delay  threshold)  for  detecting  a break
in  interaural  correlation  (BIC)  embedded  in interaurally  correlated  wideband  noises  was  used  to  indicate
the  temporal  preservation  of PAM  and  examined  in both  healthy  listeners  and  patients  receiving  uni-
lateral  anterior  temporal  lobectomy  (ATL,  centered  on  the  TP) for treating  their  temporal  lobe  epilepsy
(TLE).  The  results  showed  that  patients  with  ATL  were  still  able  to detect  the BIC  even  when  an  interaural
interval  was introduced,  regardless  of  which  ear  was the  leading  one.  However,  in  patient  participants,
ine-structure signal the  group-mean  interaural-delay  threshold  for detecting  the BIC  under  the  contralateral-ear-leading  (rel-
ative  to the  side  of  ATL)  condition  was  significantly  shorter  than  that  under  the  ipsilateral-ear-leading
condition.  The  results  suggest  that  although  the  TP  is  not  essential  for  integrating  binaural  signals  and
mediating  the  PAM,  it plays  a role  in  top-down  modulating  the  PAM  of raw  acoustic  fine-structure  signals
from  the  contralateral  ear.
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1. Introduction

1.1. Primitive auditory memory

In a reverberant environment, humans exhibit a remarkable
ability to perceptually integrate the (time-leading) direct sound

wave from a source with the time-delayed (and linearly filtered)
reflections of the source: attributes of the time-delayed reflec-
tions are perceptually captured by the direct wave [1], resulting
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n a single fused image of the source whose perceived location is
round the location of the source (the precedence effect) [2–4].
he perceptual integration between the leading direct wave and
he lagging reflections plays a role in suppressing the perception of
istinct echoes and facilitating the recognition and localization of
he source.

More interestingly, the perceptual integration can occur over a
ew tens of milliseconds of the lead-lag delay [5–7], suggesting that

 temporal storage of the leading direct-wave signals occurs in the
entral nervous system. Since auditory information is processed in a
emporally sequential pattern, both an auditory storage and a tem-
oral readout of sequential auditory information from the storage
re critical for organizing acoustic stimuli into auditory-image units
8]. Without such a faithful temporal storage of raw fine-structure
ignals of the leading wave, neither the central computation of the
imilarity (correlation) nor the perceptual integration between the
eading and lagging waves is possible. Thus, this faithful auditory
torage of raw fine-structure signals has been termed primitive
uditory memory (PAM) and recognized as the early point in the
hain of the transient auditory memory system [6,7].

The  PAM is different from the traditionally defined auditory sen-
ory memory as investigated by the mismatch negativity (MMN)
f event-related potentials [e.g.,9–11], because the MMN-probed
uditory memory can last up to 2–10 s and be of a long-term nature
n some circumstances [12]. Thus, the PAM of acoustic details occurs
t the early end of the chain of the transient auditory memory sys-
em [6]. However, the sensory memory probed by MMN  encodes
ensory memory updating, reflecting the representation of inter-
ound regularities based on feature- and temporally integrated
ensory stimulus information that correspond to the subjective
ontents of perception [12].

.2. How to measure the temporal preservation of PAM at the
erceptual  level?

Interaural  correlation (IAC), which is defined as the maximum
ross-correlation coefficient of these two sounds across the two
ars, describes the similarity of the sound waves entering the two
ars [13]. The auditory system is capable of processing the IAC and
xpressing the processing consequence perceptually. For example,
hen two identical (correlated) wideband noises are simultane-

usly presented at the left ear and the right ear, respectively,
isteners will perceive a fused compact noise image at the cen-
er of the head. However, if the IAC gradually decreases from 1
o 0, the centrally located single image dramatically changes into
wo (left-right) separated images [14,15]. More importantly, when
n interaural delay (i.e., interaural interval) is introduced without
hanging the IAC, the noise image becomes increasingly diffuse
ith the gradual increase of the interaural delay and eventually

ndistinguishable from the images of the binaurally presented inde-
endent (uncorrelated) noises [16,17].

Due to the sensitivity to changes in IAC, listeners with normal
earing can easily detect an interaurally uncorrelated noise frag-
ent embedded in the interaurally correlated noises [18], i.e., a

hange of IAC from 1 to 0, then back to 1, so called “break in interau-
al correlation”, BIC. More relevant to this study, in younger adults
ith normal hearing, the detection of the BIC well remains even
hen a short interaural interval (interaural delay) up to 20–30 ms

s introduced [6,7,19], indicating that the noise fine-structure sig-
als from the leading ear are sufficiently maintained in the PAM
ystem during the delay period. In other words, when an interaural

elay is introduced, the BIC is detectable only when the contrast

n IAC between the central representation of the BIC and that of
he BIC markers (the noise sections flanking the BIC) is sufficiently
arge, indicating that the fine-structure signals of the BIC markers
ers 619 (2016) 196–202 197

are  sufficiently maintained due to the PAM system during the delay
period Table 1.

Moreover,  according to the PAM theory [6,7,20], when the inter-
aural delay between the binaurally presented identical (correlated)
noises is progressively increased, the PAM trace of fine-structure
signals from the leading ear progressively decays (i.e., the central
representation of the fine-structure signals of the noise entering the
leading ear becomes more and more diminished with time), causing
a progressive reduction in both the IAC of the central representa-
tion of the noises from the two ears and the perceptual salience
of the BIC. Thus, the longest interaural delay at which the BIC is
just detectable can be used to indicate the temporal preservation
of the PAM of acoustic fine-structure signals from the leading ear.
Note that introducing a BIC does not alter the energy and spectrum
of the monaural noise signals, but modifies the auditory image,
i.e., the perceptual compactness/diffuseness, number, placement,
loudness, and the pitch of the noise object.

1.3. The temporal pole is part of the pathways modulating
auditory memories

As  mentioned above, PAM can be recognized as the early point in
the chain of the transient auditory memory system [6,7]. Although
it has been known that the maximum maintaining time (the
temporal preservation) of PAM traces can be up to 20–30 ms  in
some younger-adult individuals with normal hearing and the PAM
traces decay quickly over time [6,7,19,20–22], the neural mech-
anisms underlying the dynamic PAM are largely unknown. One
of the investigation strategies is to examine whether the central
pathways involved in auditory memories are also involved in medi-
ating/modulating the PAM.

It has been reported that auditory sensory memories are stored
in the auditory cortex including the superior temporal gyrus (STG)
[23], and predominantly in the auditory cortex contralateral to
the ear of sound presentation [24]. Also, the neural connections
between the auditory cortex and medial temporal cortex (which
comprises the hippocampal formation and the parahippocampal
region) are involved in both short-term episodic auditory memory
[25] and long-term auditory memory [26]. Particularly, it has been
reported that the temporal pole (TP), as part of the parahippocam-
pal region in both humans and nonhuman primates, is a transitional
area between memory-associated perirhinal cortex and the neocor-
tical areas of the adjacent superior and inferior temporal gyri [27],
and involved in both auditory perception and auditory memories
[28]. More specifically, the dorsal part of the TP receives inputs from
the auditory processing areas of the rostral part of the STG (which is
also part of the “what” pathway concerned with the identification
of specific features of sounds) [27,29–31], projects to both the rhinal
cortex and the entorhinal cortex (EC) of the medial temporal lobe
[27,31], and is involved in auditory memories in both humans and
monkeys [28,32,33]. The TP is also recognized as a cortical conver-
gence zone integrating signals between auditory, somatosensory,
visual, paralimbic, and default-semantic networks [34].

1.4.  Patients with temporal lobe epilepsy and unilateral anterior
temporal  lobectomy

Epilepsy  is one of the most common and serious neurologic
disorders. Many patients with temporal lobe epilepsy (TLE) are
refractory to drug medication [35]. Unilateral anterior tempo-
ral lobectomy (ATL, including the removal of the TP) has been
widely used as an effective treatment for TLE [36–39]. Surpris-

ingly, although delayed middle-latency auditory evoked potentials
and a few mildly impaired auditory cognitive functions exhibit
in patients with TLE [40,41], the ability in short-term memoriza-
tion of non-verbal sounds is reduced but not abolished by ATL
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Table 1
Clinical Information for individual patients.

Patients Age M/F  Lesion Regions (BA) Current Medication

Left Hemishpere
P01 29 M 38, 20 CBZ, LEV
P02  34 M 38, 20 OXC, LEV
P03  20 M 38, 36, 21, 20 LEV, OXC
P04  14 M 38, 36, 22, 21, 20 SV
P05  25 M 38, 20 OXC, LEV
P06  27 M 38 OXC
P07  20 F 38 OXC, LEV
P08  16 F 38, 20 SV
P09  30 M 54, 53, 38 OXC, LEV
P10  20 M 38 CBZ, SV, CZP
P11  31 M 38, 20 OXC, LEV
P12  22 M 54, 53, 38, 36, 22, 21, 20 OXC
P13  36 F 54, 53, 38, 20 OXC, LTG

Right  Hemishpere
P14  18 M 38, 20 LTG
P15  26 M 38, 20 OXC, PHY, SV, LEV
P16  35 F 54, 53, 38, 20 LTG
P17  23 M 38, 20 OXC
P18  23 M 54, 53, 38, 20 CBZ, PHB, LTG
P19  19 F 38, 20 OXC
P20  19 M 54, 53, 38, 20 OXC, LEV
P21  22 M 54, 53, 38, 20 CBZ
P22  23 M 38, 20 SV
P23  31 M 30, 20 OXC
P24  25 M 54, 53, 38, 20 none
P25  25 M 38, 20 OXC, LEV
P26  21 M 54, 53, 38, 20 OXC, PHB
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, patient; M/F, male/female; LTG, lamotrigine; LEV, levetiracetam; OXC, oxcarbaze
ZP,  Clonazepam; BA, Brodmann area.

42], suggesting that the TP is mainly involved in memory modu-
ations. This view is supported by a recent study showing that ATL
rovokes functional modifications of the auditory pathway as indi-
ated by altered auditory brain-stem responses and middle-latency
esponses [43].

.5.  The goal of this study

Since  hospitalized patients with both unilateral ATL and nor-
al hearing offer a rare and precious opportunity for investigating
hether the TP plays a role in mediating/modulating the PAM,

his study was to examine the difference in the longest interaural
nterval (interaural delay threshold) for detecting the BIC between
he ipsilateral-ear-leading stimulation condition (related to the
TL site) and the contralateral-ear-leading stimulation condition

n patients with unilateral ATL centered on the TP.

.  Material and methods

.1.  Participants

Twenty-six TLE patients with the unilateral neurological dam-
ge to the TP area, recruited in the Affiliated Bayi Brain Hospital,
articipated in this study. Thirteen patients (aged between 14–36
ears) received the ATL in the left hemisphere and the other 13
atients (aged between 18–31 years) received the ATL in the right
emisphere. Thirteen healthy controls (aged between 19 and 39
ears), who were recruited from the communities surrounding the
ospital, participated in this study for establishing the normal base-

ine performance in the testing environments. Confirmed by tuning
ork tests, all the participants had normal pure-tone hearing thresh-

lds at each ear between 0.125 and 4 kHz.

Each  of the patient participants underwent a standard lobec-
omy with the removal of the anterior temporal lobe in one
emisphere. In a few patients, the lobectomy also removed the
BZ, carbamazepine; SV, Sodium Valproate; PHB, Phenobarbitone; PHY, Phenytoin;

amygdala,  anterior half of the hippocampus, and/or the anterior one
third of the parahippocampal gyrus (see Section 3). These patients
participated in perceptual testing at least three months after the
lobectomy when they fully recovered from surgery.

All the participants provided informed consent for their partic-
ipation. The experimental procedures were approved by the Ethics
Committee of the Military General Hospital of Beijing PLA.

2.2.  Apparatus and stimuli

Gaussian  wideband-noise stimuli were synthesized using the
MATLAB function at the sampling rate of 48 kHz with 16-bit ampli-
tude quantization and low- pass filtered at 10 kHz. The stimulus
duration was 2000 ms  including the 10-ms rise/fall time. All the
stimuli were transferred using Creative Sound Blaster (Creative SB
X-Fi Surround 5.1 Pro, Creative Technology Ltd., Singapore) and
presented to participants with insert earphones (ER-3, Etymotic
Research, Elk Grove Village, IL) at the sound pressure level (SPL) of
65 dB. Calibration of the sound level was  carried out with the Larson
Davis Audiometer Calibration and Electroacoustic Testing System
(AUDit and System 824, Larson Davis, Depew, NY).

2.3.  Design and procedures

The  participant was  seated in a quiet room in the hospital during
the behavior tests. The experiment was  programmed in MATLAB
environment with Psychtoolbox (http://www.psychtoolbox.org).
The  design and procedures followed our previous studies [6,7,21].
Each trial included two  binaural presentations of 2000-ms noises:
In one presentation, the left-earphone noise was an exact copy
of the right-earphone noise; in the other presentation, the left-

earphone noise was  also identical to the right-earphone noise
except that its temporal middle section (900–1100 ms  from the
onset) was substituted with an interaurally uncorrelated fragment
(i.e., the BIC) with a fixed duration of 200 ms.  The offset-to-onset

http://www.psychtoolbox.org
http://www.psychtoolbox.org
http://www.psychtoolbox.org
http://www.psychtoolbox.org
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Fig. 1. Reconstruction of the extent of unilateral anterior temporal lobectomy (ATL)
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urrounding the temporal pole (TP, centered in Brodmann Area 38) in individual
atients  P04 and P12, whose perceptual testing results were not included data
nalyses.

nterval between the two presentations was 1000 ms.  Frozen noises
ere used for each trial.

The interaural delay, with either the leaf-ear leading (50%
hance) or the right-ear leading (50% chance), was system-
tically increased from 0 ms  using an adaptive two-interval,
wo-alternative, forced-choice (2AFC) procedure [19]. The partic-
pant’s task was to identify which of the two noise presentations
ontained the BIC by pressing either the left or the right button of

 computer mouse. The delay threshold for detecting the BIC was
racked using a three-up-one-down paradigm [44].

For  both healthy participants and patient participants, com-
arisons in the delay threshold for detecting the BIC were
onducted between the left-ear-leading condition and the right-
ar-leading condition. For patient participants, comparisons in the
elay threshold were also conducted between the ipsilateral-ear-

eading (related to the hemisphere with ATL) condition and the
ontralateral-ear-leading condition. Moreover, for patient partici-
ants, comparisons in the delay threshold were conducted between
atients with ATL in the left hemisphere and those with ATL in the
ight hemisphere.

.4.  Data analyses

The  recordings of patient’s lesion location and extent, obtained
rom both MRIs and CT films, were transcribed onto an averaged
emplate in MNI  space using MRIcron.

Mixed two-way ANOVA, t-tests, Pearson correlation, and Bon-
erroni post-hoc tests were used with IBM SPSS Statistics 20 (SPSS
nc., Chicago, Illinois 60606). The null-hypothesis rejection level

as set at 0.05.

.  Results

Anatomical analyses showed that the ATL completely removed

he unilateral TP (BA38) (Table 1, Supplementary material) Fig. 1.
n 2 patients (P04 and P12), the surgically removed structures
lso included the amygdala, anterior half of the hippocampus, and
nterior one third of the parahippocampal gyrus (Fig. 1, Supple-
ers 619 (2016) 196–202 199

mentary  material)). Thus, the behavioral results of P04 and P12
were not included in data analyses. Fig. 2 shows the reconstruction
of the extent of ATL surrounding the temporal pole in 24 individ-
ual patient participants (also see Supplementary material), whose
perceptual testing results were included data analyses.

In  this study, the delay threshold for detecting the BIC was
measured under both the left-ear-leading stimulation condition
and the right-ear-leading stimulation condition. Fig. 2 shows indi-
vidual participants’ thresholds in the healthy-control group (left
panel) and the patient group (right panel). In each panel, individual-
participants’ threshold values under the left-ear-leading condition
distribute along the abscissa, and individual-participants’ thresh-
old values under the right-ear-leading condition distribute along
the ordinate. The diagonal line represents the positions of value
points in the panel when threshold values under the two leading
conditions were identical.

Pearson  correlation tests showed that for both healthy-control
participants and patient participants, the delay threshold under the
left-ear-leading condition was significantly correlated to that under
the right-ear-leading condition across participants (Fig. 3), suggest-
ing that the PAM of left-ear signals and the PAM of right-ear signals
shared a common underlying mechanism.

To examine both the laterality effect of left-right ear leading and
the group effect on the interaural delay threshold, a 2 (leading ear:
left, right) by 3 (participant group: healthy control, left-ATL patient,
right-ATL patient) mixed two-way ANOVA showed that neither the
two main effects nor the interaction of the two  factors were signif-
icant (all p > 0.10). Thus, the left-right leading-ear laterality effect
was not significant for the three participant groups.

Also, for both patients with the left ATL and patients with
right ATL, after averaging individuals’ delay thresholds under
the left-ear-leading condition and the right-ear-leading condition,
the difference in group-mean delay threshold between left-ATL
patients and right-ATL patients was not significant (t22 = 1.317,
p = 0.201).

Finally, in patient participants, to examine the effects of
ipsilateral-contralateral (relative to the site of ATL) leading-ear lat-
erality on the delay threshold, the behavioral results of left-ATL
patients and right-ATL patients were combined and their delay
thresholds for detecting the BIC under the condition of ipsilateral-
ear leading (relative to the side of ATL) were compared with those
under the condition of contralateral-ear leading.

The left panel of Fig. 4 shows individual patient participants’
delay thresholds for detecting the BIC under the ipsilateral-ear-
leading condition (values along the abscissa) and those under the
right-ear-leading condition (values along the ordinate). Appar-
ently, for the majority of patient participants, their data points
distribute beneath the diagonal line, indicating that the longest
interaural intervals for detecting the BIC under the ipsilateral-
ear-leading condition were generally larger than those under the
contralateral-ear-leading condition.

The right panel of Fig. 4 compares the group-mean delay thresh-
old of patients under the ipsilateral-ear-leading condition and
that under the contralateral-ear-leading condition. Obviously, the
threshold under the ipsilateral leading condition, which was also
close to the group-mean threshold for healthy controls (repre-
sented by the horizontal broken line), was  larger than that under
the contralateral leading condition. A paired t-test confirmed that
the difference in delay threshold between these two  listening con-
ditions for patients was significant (t23 = 2.731, p = 0.012). Thus, for
patients with unilateral ATL, the PAM of noise fine-structure sig-
nals entering the ipsilateral ear lasted longer than that entering the

contralateral ear.

Also  across patient participants, the delay threshold under the
ipsilateral leading condition was  significantly correlated to that
under the contralateral leading condition (Fig. 4, left panel), sug-
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ig. 2. Reconstruction of the extent of unilateral ATL surrounding the TP in 24 indiv

esting that the PAM of ipsilateral-ear signals and the PAM of
ontralateral-ear signals shared a common underlying mechanism.

. Disscussion

The results of this study showed that both healthy controls and
atients with unilateral ATL centered on the TP (due to their uni-

ateral TLE) were able to detect a transient BIC when an interaural

elay is introduced. Also, in both healthy controls and patients,
lthough there were no significant differences in the delay thresh-
ld for detecting the BIC between the left-ear-leading condition and
he right-ear-leading condition, the delay threshold under the left-
patient participants, whose perceptual testing results were included data analyses.

ear-leading condition was  significantly correlated to that under the
right-ear-leading condition. Thus, the hemispheric laterality of the
temporal preservation of PAM is not evident.

Both previous brain-imaging studies and previous neurophysi-
ological recording studies have shown that activities of the dorsal
part of the TP are associated with auditory memories in both
humans and monkeys [28,32,33]. However, people with ATL can
still retain the ability in short-term memorization of non-verbal

sounds [42]. Also, the ATL appears to produce no or only minor
auditory-processing deficits when it improves the seizure control
in patients with TLE that is refractory to drug medication [41,43].
Clearly, there is a need to integrate the findings from studies based
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Fig. 3. Individual participants’ longest interaural delays (the delay thresholds) for detecting a 200-ms break in correlation (BIC) in the healthy-control group (left panel) and
in  the patient group (right panel) under either the left-ear-leading condition (values along the abscissa) or the right-ear-leading condition (values along the ordinate). In each
of  the 2 participant groups, the delay threshold under the left-ear-leading condition was  significantly correlated with that under the right-ear-leading condition (the solid
line,  both r and p values are presented). The broken diagonal line represents the data positions at which delay thresholds under the left-ear-leading condition were identical
to  those under the right-ear-leading condition.

Fig. 4. Comparisons of the delay threshold for detecting the BIC in patients with unilateral ATL between the ipsilateral-ear-leading condition and the contralateral-ear-leading
condition (relative to the side with ATL) for patient individuals (left panel) and patient-group means (right panel). The delay threshold under the ipsilateral-ear-leading
condition  was  significantly correlated with that under the contralateral-ear-leading condition (the solid line, both r and p values are presented). The broken diagonal line
r ading
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epresents the data positions at which delay thresholds under the ipsilateral-ear-le
 < 0.05.

n brain ablation and the findings from studies using brain-imaging
nd neurophysiological recordings.

This study for the first time reveals that although the unilat-
ral ATL (with the resection of either the left or right TP) does not
bolish the auditory ability to detect the BIC when an interaural
elay is introduced, it significantly reduces the longest interaural

nterval for detecting the BIC under the listening condition with
ontralateral ear leading (related to the side of ATL). Moreover, the
esults of this study showed that the group-mean delay threshold
n patients with unilateral ATL under the ipsilateral leading condi-
ion was more or less equal to that in healthy controls, and the delay
hreshold under the ipsilateral-ear-leading condition was also cor-
elated to that under the contralateral-ear-leading condition across
atient individuals. Thus, the TP plays a role in modulating the PAM
f acoustic fine-structure signals from the contralateral ear but not
n mediating the PAM.
 condition were identical to those under the contralateral-ear-leading condition. *,

5. Conclusions

This study for the first time provides evidence that in patients
with unilateral ATL, the PAM of noise fine-structure signals from
the ipsilateral ear lasted longer than that from the contralateral ear,
indicating that the TP plays a role in top-down modulating the PAM
of temporal fine-structure acoustic signals from the contralateral
ear. In addition to the ascending pathways from the auditory cor-
tex to the TP, the TP has descending functional connectivity to the
brain structures mediating the PAM. The PAM-mediating regions
and their connections with the TP will be important issues for future
studies.

Moreover, the unilateral ATL-induced asymmetrical changes in
transient storage of fine-structure sound information (i.e, the PAM)
are useful for monitoring and estimating the effects of ATL on audi-
tory perception.
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31] M.  Muñoz-López, R. Insausti, A. Mohedano-Moriano, M.  Mishkin, R.C.
Saunders, Anatomical pathways for auditory memory II: information from
rostral superior temporal gyrus to dorsolateral temporal pole and medial
temporal cortex, Front. Neurosci. 9 (2015) 1–21.

32] I.R. Olson, Y. Ezzyat, A. Plotzker, The enigmatic temporal pole: a review of
findings on social and emotional processing, Brain 30 (2007) 1718–1731.

33] J. Bigelow, B. Rossi, A. Poremba, Neural correlates of short-term memory in
primate auditory cortex, Front. Neurosci. 8 (2014) 1–15.

34] B. Pascual, J.C. Masdeu, M.  Hollenbeck, N. Makris, R. Insausti, S.-L. Ding, et al.,
Large-scale brain networks of the human left temporal pole: a functional
connectivity MRI  study, Cereb. Cortex (2013), bht260.

35] F. Semah, P. Ryvlin, Can we predict refractory epilepsy at the time of
diagnosis, Epileptic Disord. (Suppl. 1) (2005) S10–13.

36] S. Wiebe, W.T. Blume, J.P. Girvin, M.  Eliasziw, A randomized, controlled trial of
surgery for temporal-lobe epilepsy, N. Engl. J. Med. 345 (2001) 311–318.

37] J.H. Cross, M.  Duchowny, Transition in lesional focal epilepsy, and following
epilepsy surgery, Epilepsia 3 (2014) 34–36.

38]  L.E. Jehi, A. Palmini, U. Aryal, R. Coras, E. Paglioli, Cerebral cavernous
malformations  in the setting of focal epilepsies: pathological findings, clinical
characteristics, and surgical treatment principles, Acta Neuropathol. 128
(2014) 55–65.

39] B.C. Jobst, G.D. Cascino, Resective epilepsy surgery for drug-resistant focal
epilepsy: a review, JAMA 313 (2015) 285–293.

40]  R. Bougeard, C. Fischer, The role of the temporal pole in auditory processing,
Epileptic Disord. 4 (2002) 29–32.

41] Y.Y. Lin, F.J. Hsiao, Y.H. Shih, C.H. Yiu, D.J. Yen, S.Y. Kwan, L.T. Ho, Plastic
phase-locking and magnetic mismatch response to auditory deviants in
temporal lobe epilepsy, Cereb. Cortex 17 (2007) 2516–2525.

42] A. Bidet-Caulet, X.L. Ye, P. Bouchet, M.  Guénot, C. Fischer, O. Bertrand,
Non-verbal  auditory cognition in patients with temporal epilepsy before and
after anterior temporal lobectomy, Front. Hum. Neurosci. 3 (2009) 1–9.

43] M.M.  Baı́ez-Martiı́n,  L.M. Morales-Chacón, I. García-Maeso, B. Estupiñán-Díaz,
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