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contextual processing, and episodic memory, suggesting that this area may be critical in
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connecting visual processing, context, knowledge and experience. However, evidence for
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the link between associative processing, episodic memory, and visual recognition in VTC is
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currently lacking. Using electrocorticography (ECoG) in a single human patient, medial
regions of the left VTC were found to be sensitive to the contextual associations of objects.

Keywords:

Electrical brain stimulation (EBS) of this part of the left VTC of the patient, functionally

Associative processing

defined as sensitive to associative processing, caused memory related, associative expe-

Electrocorticography

riential visual phenomena. This provides evidence of a relationship between visual

Fusiform

recognition, associative processing, and episodic memory. These results suggest a poten-
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1.

Introduction

Recognizing an object not only involves the perception of
sensory input, but also relating the percept to an existing
knowledgebase and past experiences to provide conceptual
meaning and context (Biederman, Mezzanotte, & Rabinowitz,
1982; Martin, 2007; Oliva & Torralba, 2007). For example,

recognizing an oven involves perceiving its form, identifying
its cooking utility, and knowing that a refrigerator is likely
nearby. Studies suggest that activation of this associated
knowledge is automatic and obligatory, and these visual and
memory processes may support and facilitate one another
(Aminoff, Schacter, & Bar, 2008; Bar & Aminoff, 2003;
Biederman et al., 1982; Wheatley, Weisberg, Beauchamp, &
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Martin, 2005). Based on its reported link to visual recognition
(Grill-Spector et al., 1999), associative and contextual processing (Aminoff & Tarr, 2015; Bar & Aminoff, 2003; Miyashita,
1993), and episodic memory (Garoff, Slotnick, & Schacter,
2005), the ventromedial temporal cortex (VTC) is likely to
play a key role in associating high-level visual representations
with one's existing knowledgebase and past experiences. This
theory was tested using both intracranial electrocorticography (ECoG) recording e to measure associative
processing e and electrical brain stimulation (EBS) data e to
examine what happens when this region is abnormal e was
obtained from a neurosurgical patient with intracranial electrodes (see Fig. 1). Data revealed that the function of the VTC
underlies how humans seamlessly perceive sensory information from the environment and relate it to past experiences
and knowledgebase. These results provide evidence of a link
between visual recognition, associative processing, and
episodic memory within this region.

2.1.

The Institutional Review Board of the University of Pittsburgh
approved the experimental protocols. Written informed consent was obtained from the patient and separate video consent was also obtained.
The patient was a 19-year-old male college student, with a
history of medically intractable epilepsy since the age of 13.
Preoperative neuropsychological testing demonstrated his
performance IQ to be in the average range. Furthermore, all
cognitive skills were in the average range, including verbal
and visual memory. Ictal ECoG revealed that the patient's
seizure onset zone comprised a portion of the lateral left
supramarginal gyrus. After ECoG grid removal and all experimental studies reported here, the area subsequently was
resected, and the patient has remained seizure free for 14
months (see Fig. 2).

2.2.

2.

Materials and methods

A brief overview of the Materials and methods are presented
here. Please refer to the Supplemental material for more
detailed information.

Patient medical history

Experimental design

The data of this study was collected in two phases. The first
phase was recording from the electrodes to determine
whether any of the VTC electrodes were sensitive to the
associative properties of the objects (contextual associative
localizer). In a session after the ECoG recording session, for

Fig. 1 e Anatomical locations of the strip of electrodes on the VTC, going from most medial (electrode 1) to the most lateral
(electrode 6). Note images are radiological convention e right hemisphere is presented on the left, and left hemisphere is
presented on the right. The main electrode of interest is electrode 3 marked in red, residing over the medial fusiform. During
EBS, current was passed between electrode 3 and electrode 4 (marked in pink). Bottom e Left hemisphere ventral view of the
pial surface. See Fig. 2 for complete coverage of electrodes beyond the VTC.
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Fig. 2 e Lateral pial surface of the left hemisphere.
Resection is marked in red, and the electrode grid coverage
is shaded in yellow. The lateral electrode grid coverage
consisted of a dorsal 4 £ 4 grid and a more ventral 8 £ 8
grid. Locations based on anatomical landmarks.

clinical purposes, EBS was administered to the patient while
they performed a word naming and picture naming task.
Resection of the supramarginal gyrus occurred after both
these phases were completed.
Details of both phases, including stimuli, procedure, and
data analysis can be found in the Supplemental material.

3.

Results

3.1.

Intracranial electrocorticography recording

To examine the relationship between object recognition,
episodic memory, and associative processing, EBS and intracranial ECoG recording was performed on one neurosurgical
patient with epilepsy whose electrode coverage included a
contact over left hemisphere VTC centered over the medial
fusiform (Fig. 1). Sensitivity of the VTC covered by the electrodes to the associative properties of objects during recognition was evaluated. Previously, sensitivity to associative
properties in this part of the brain has been shown in functional MRI and magnetoencephalography by differential responses elicited to single isolated objects that are strongly
associated with a single context (e.g., bathtub e bathroom)
compared to objects that are weakly associated with many
contexts (e.g., pen e many contexts) (Bar & Aminoff, 2003;
Kveraga et al., 2011). These same stimuli were presented
while using ECoG, and the medial fusiform (underneath
electrode 3, marked in red in Fig. 1) was found to be sensitive
to the associative properties of objects being viewed (Fig. 3; see
Fig. S1 for the time courses recorded from the other electrodes). Specifically, the broadband gamma activity
(40e100 Hz), which previous studies have linked to the underlying population firing rates and fMRI blood-oxygen-level
dependent (BOLD) response (Hermes et al., 2012; Manning,
Jacobs, Fried, & Kahana, 2009; Ray, Crone, Niebur,
Franaszczuk, & Hsiao, 2008), showed significantly different
area-under-curve (AUC) for objects with strong compared
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Fig. 3 e Broadband gamma activation (y-axis) recorded
from electrode 3, within the left medial fusiform. Stimulus
onset is 0 msec. Activity in response to weak associative
objects are in blue, and activity in response to strong
associative objects are in yellow. Width of shaded region
represents standard error. Stimuli are displayed with a
white background for figure display; in the experiment
they were presented against a gray background. See
Supplemental Fig. S1 for results of the neighboring
electrodes.

with weak associations (Fig. 3; mean AUC for weak associations .98 ± .08 (s.t.e.), mean AUC for strong associations
.74 ± .06 (s.t.e.), t(165) ¼ 2.33, p < .02, 150 msece1500 msec).
Critically the neural activity that differentiated between
strongly associative objects and weakly associative objects
was found during a size judgment task e a task unrelated to
associative processing. Thus, these functional results support
that this electrode was located over a portion of the VTC that
previous studies have shown to be involved in both object
recognition and associative processing.
It is somewhat surprising that the broadband activity of the
weakly associative objects were found to be greater than the
strongly associative objects in the ECoG results, which is in the
opposite direction as reported in the previous fMRI results.
However, the nature of the relationship between the BOLD
signal and local field potentials and electrophysiology is
complex and somewhat heterogeneous in time and space
with both positive and negative correlations found (Conner,
Ellmore, Pieters, DiSano, & Tandon, 2011; Winterer, Carver,
Musso, & Mattay, 2007). The directionality of the effect does
not mitigate confirmation of the prediction that this region is
sensitive to object associations. Future studies should be done
to better clarify the relationship between electrophysiology
and the BOLD signal, particularly at this cortical location.

3.2.

Electrical brain stimulation

During an extra-operative functional mapping session (first
single word reading, then picture naming), bipolar EBS was
applied between the VTC electrode identified above and its
neighboring lateral electrode (Fig. 1). This stimulation caused
the participant to be interrupted and distracted by additional
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mental processes. The participant seemed to perceive
memory-like visual hallucinations that were linked to the
current stimulus he was viewing (see Movie 1). On both of the
two separate occasions when 5 mA EBS was delivered between this electrode pair during the word naming task the
patient stopped and seemed distracted. When asked what
happened, the patient responded: “It reminded me of something from my past, like I went through a bunch of pictures in
my mind.” During picture naming approximately 5 min later,
a similar effect was seen, again only once stimulation reached
5 mA between the same pair of electrodes noted above. In this
case, the patient was visibly distracted and when describing
what happened, he said: “It was more like… I was connected
to Facebook; I saw a bunch of pictures from Facebook. I don't
know e like old pictures.” We use the term hallucinations
loosely because it is undetermined whether this involuntary
visual episode was contained only within this mind, as in
forced imagery, as indicated in the first stimulation event by
“pictures in my mind,” or projected externally to his mind as
well, more akin to hallucinations, as indicated in the second
stimulation event by seeing “a bunch of pictures.” Also, note
that whether the content of these hallucinations was accurately recalled from memory was not confirmed; therefore
they are termed “memory-like.” When asked whether the
object (a lion) looked funny and if he could see it, the patient
replied, “It was…trying to connect to a different picture that
was like it. I knew what it was, but I really couldn't, like contact it, match it together.” This comment e connecting to a
different picture that was like it e is indicative that the patient
was processing associations of the picture as a result of the
stimulation. It suggests that the stimulation resulted in
associative processing superseding the act of recognition
alone: the stimulation resulted in the patient activating the
associations of the stimulus over the identity of the stimulus.
Supplemental video of these associative experiential visual
phenomena related to the content in the results can be found
at http://dx.doi.org/10.1016/j.cortex.2016.07.012.
Additionally, the participant affirmed that this was similar
to what happened during stimulation with word reading and
that it was not like his seizure-related aura. Importantly, the
stimulation location was well outside of the seizure onset
zone in left supramarginal gyrus, see Methods e as well as
Fig. 1 and Fig. 2, and no seizure-related afterdischarges were
associated with the stimulation. When stimulating more
lateral sites, no disruption occurred e therefore this type of
hallucination of associated content was induced 3 out of 3
times when only a selective region, within the mid-to-medial
portions of the fusiform, were stimulated at 5 mA, and not at
lower amplitudes (0/28 trials) or other regions (0/774 trials).
The effect of associating the presented object with information beyond what was perceived in the immediate environment was selectively a result of stimulating the same region of
the brain that significantly differentiated between strong and
weak associative objects.
The only other EBS effects seen during the session were
involuntary arm movements during stimulation of the arm
area in motor cortex and epileptic afterdischarges during
stimulation near the patient's seizure network near the border
of lateral temporal and parietal cortices in supramarginal

gyrus (Fig. 2). In addition, EBS to electrodes medial to electrode
3 (i.e., between electrodes 1 & 2) were not possible as it caused
discomfort, which occasionally occurs when one of the electrode pairs being stimulated makes contact with the membranes surrounding the brain. Indeed, the post-operative CT
indicated that the most medial electrode on the strip was not
well placed on the cortex and therefore, the medial extent of
the effect could not be mapped. Finally, when asked at a later
time, the patient did not consider the events during stimulation as aversive or affective.

4.

Discussion

 ja
 vu, and “experiential” and
Complex visual hallucinations, de
“interpretive” perceptual phenomena in response to EBS have
been reported since the pioneering EBS studies of Penfield in
the early 20th century (Penfield, 1963; Selimbeyoglu & Parvizi,
2010). These reports of complex visual phenomena in the
literature have almost exclusively occurred in response to EBS
to limbic structures and paralimbic cortex (Bancaud, BrunetBourgin, Chauvel, & Halgren, 1994; Gloor, Olivier, Luis, Andermann, & Horowitz, 1982; Selimbeyoglu & Parvizi, 2010; Vignal,
Maillard, McGonigal, & Chauvel, 2007), and have thus generally
been thought to relate to the episodic memory and familiarity
processing functions of those areas [though see (Blanke,
Landis, & Seeck, 2000; Jacobs, Lega, & Anderson, 2012;
gevand et al., 2014)]. In addition, previous reports of comMe
plex visual hallucinations have generally occurred in or near
the seizure network and sometimes are related to the patients'
aura and/or accompanied by epilepsy-related afterdischarges
(Bancaud et al., 1994; Gloor et al., 1982; Jacobs et al., 2012;
Selimbeyoglu & Parvizi, 2010; Vignal et al., 2007). In contrast,
in the current report EBS was delivered to high-level visual
association cortex functionally localized from ECoG testing, far
from the patient's seizure network, and caused complex visual
phenomena unlike his somatosensory-based seizure-related
auras. Specifically, this EBS caused him to contextualize the
presented stimulus within a hallucination comprised of
memory-like images from the past and aspects of his stored
knowledge. The hallucinations were associating the stimulus
(words and pictures) within a broader context (e.g., viewing
Facebook pages). Recent theories on object processing have
emphasized the importance of reciprocal interactions between
visual decoding and associated knowledge (Aminoff & Tarr,
2015; Kveraga et al., 2011; Martin, 2007). The combination of
EBS and ECoG results reported here provide evidence that the
VTC underpins the intrinsic processes that connect visual object information to associated information stored in memory.
The results of this study suggest that associated content of
our environment is automatically linked to an object upon
recognition through mechanisms mediated by the VTC. If so,
we can speculate what may happen when this process is
abnormal: If VTC is responsible for connecting visual processing to long-term associated information, as implicated
with the current results, then when this function is abnormal,
associative processing may become disruptive. The current
results may suggest a potential mechanism that contributes
to pathological forced imagery or hallucinations. Although it
is unclear the extent that the visual episode resulting from
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stimulation was experienced internally in the mind of the
patient, or in external space, it is conceivable that abnormal
associative processing may lead to both kinds of experiences.
Individuals with temporal lobe epilepsy, particularly those
with seizures that involve VTC, often report with their seizures and seizure-related aura complex visual hallucinations
of a type similar to those seen by the current patient (Manford
& Andermann, 1998). A recent case study reported an individual who began having complex visual hallucinations
following a stroke that selectively damaged left hemisphere
medial VTC (Tombini et al., 2012). Furthermore, structural and
functional studies in individuals with Parkinson's disease
with visual hallucinations show that the VTC, including
medial fusiform, is abnormal (Goldman et al., 2014; Lenka,
Jhunjhunwala, Saini, & Pal, 2015; Watanabe et al., 2013). It is
notable that in these examples, as well as the results of the
current report, the individuals are usually aware that their
visual hallucinations are not real. However, this is typically
not the case in psychotic conditions. In terms of psychosis, a
recent fMRI study showed that the medial parts of VTC are
more active in adolescents with a “brief psychotic disorder”
during visual hallucinations compared to auditory hallucinations (Jardri, Thomas, Delmaire, Delion, & Pins, 2013). Thus,
aberrant processing in the VTC may represent a partially
unifying pathology for cross-diagnostic visual hallucinations.
Disruptive associative processing due to VTC abnormalities
could be interpreted as unwanted hallucinations and may
further contribute to psychosis if a person also has deficits in
processes related to cognitive or executive control or attention. Indeed, a “loosening” of associations has often been
described in psychosis (Meadow, Greenblatt, & Solomon, 1953;
Modestin, Huber, Satirli, Malti, & Hell, 2003). In fact, in
schizophrenia correlations across positive symptoms have
linked overactive spreading of semantic associations (Kerns,
Berenbaum, Barch, Banich, & Stolar, 1999) to hallucinations
and to fusiform activity (Sass et al., 2014). Future studies are
necessary to clarify the extent to which the episode resulting
from the stimulation was forced imagery, or occurred in the
external environment, as well as how these two experiences
may or may not be linked to the same underlying mechanism.
The combined EBS and ECoG results from the study provide
support for a link between visual object recognition and
associative processing and episodic memory in VTC. However,
there are a few limitations to highlight when interpreting the
results. These results should ideally be replicated in other
patients who have the same electrode placement within the
VTC and could be extended by examining how stimulation of
VTC impacts objective performance (reaction time, accuracy,
etc.) on visual associative memory tasks. Furthermore, the
extent of neurons affected by the stimulation may lie beyond
the site of the electrode itself. And therefore, the resulting
imagery experienced by the patient may be a result of the
stimulation reaching neighboring regions or pathways, such
as the inferior longitudinal fasciculus. However, the result
found in the a priori motivated ECoG investigation of associative processing in this region provides corroborative evidence that the source of the imagery is likely from stimulation
to the VTC. Lastly, to make a direct link to episodic memory,
the details of the experiential visual phenomena should be
verified and quantified.
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In conclusion, EBS delivered to a region in left VTC caused
complex, memory-like experiential visual phenomena that
the patient associated with the image he was viewing at the
time. This particular region of the VTC was sensitive to the
associative content of an image, as determined through ECoG
testing. This provides evidence of a link between visual object
recognition and associative processing and episodic memory
in VTC. These results reveal how interpreting our visual world
may employ an interaction between perception of the stimulus in our environment and contextualizing the stimulus
with our past experiences and knowledgebase.
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