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With our rapidly aging population, dementia and memory loss are increasingly
prominent burdens on our global healthcare systems. There is thus a pressing
need to quell the memory problems associated with this “silver tsunami” toward
healthy and independent living. Neuromodulation technologies are emerging
technologies that allow us to directly interact with the brain to possibly restore
lost function including memory. In this chapter, we provide an overview of
the field of neuromodulation for modulating memory, with a particular focus
on invasive, electrical stimulation technologies. Since any successful scientific
investigation must begin with an appropriate context, we start this chapter by
discussing various memory frameworks and the underlying anatomical structures
that are involved in physiological memory processing. Next, we provide a
comprehensive overview of continuous and conditional open-loop stimulation
techniques, followed by novel closed-loop stimulation technologies that dynamically respond to the underlying brain activity to improve memory function. We
conclude the chapter by highlighting the limitations of the current work and point
out the fundamental necessities of any real-world neuroprosthesis for memory.
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An Introduction to Memory
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1.1

Introduction

92

Memory is an elusive construct that has tantalized philosophers, psychologists, and
AU2
neuroscientists alike for several millennia. One of the earliest accounts of memory
can be traced back to a dialog written by Plato, Theaetetus, circa 369 BCE, where he
postulated that “there exists in the mind of man a block of wax, which is of different
sizes in different men . . . Let us say that this tablet is a gift of Memory . . . when
we wish to remember anything which we have seen, or heard or thought in our own
minds, we hold the wax to the perceptions and thoughts, and in that material receive
the impression of them . . . and that we remember and know what is imprinted as
long as the image lasts; but when the image is effaced, or cannot be taken, then
we forget and do not know [1].” He goes on to describe how false opinion ensues
from associating a new experience with the wrong image on this wax tablet. This
concept of treating memory as a block of wax, one that is pliant, moldable, and
even vulnerable, is a powerful one and hints at the concept of plasticity, beautifully
described by the famous American psychologist William James as “the possession
of a structure weak enough to yield to an influence but strong enough not to yield all
at once” [2]. In modern behavioral neuroscience, this plasticity refers to the ability
of a biological neural network to change and adapt to novel stimuli and experiences.
If we were to extend this wax tablet metaphor, we can envision a world where we can
develop a scalpel to better carve out new images on this tablet (i.e., improve memory
encoding) or a loupe to better interpret the fading images (i.e., improve memory
recollection) in order to help individuals with some form of memory loss. The recent
endeavors toward developing a neuroprosthesis for memory aim to provide us with
the primordia of the scalpels and loupes that we will need to understand human
memory and help those suffering from memory deficits.
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Memory Failure and Its Impact on Healthcare

Dementia is characterized by a decline in memory, language, problem-solving,
and other cognitive skills that can affect an individual’s ability to perform rou-
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tine activities [3]. The Diagnostic and Statistical Manual of Mental Disorders
classifies dementia as a major neurocognitive disorder, because it interferes with
both cognitive function and performing everyday activities [4]. With a rapidly
aging population, the number of individuals with dementia is expected to increase
exponentially in the coming years. It is estimated that, in the United States, 14
percent of people aged 71 and older have some form of dementia [5]. Approximately
47 million individuals around the world live with dementia today, a number that is
expected to triple in the next three decades [6]. As of 2018, the estimated annual
cost of dementia is expected to reach one trillion USD, and it is expected to increase
substantially as the population with dementia increases in the near future. Thus, the
societal and economic burden of dementia is immense, driving a demand for new
drugs and interventional therapies that can help manage the symptoms and slow, if
not completely halt, the progression of the disease [7].
Of the many symptoms associated with dementia, memory loss and memory
dysfunction is perhaps the most tangible. Memories, as Clark and Martin describe,
are “psychological accoutrements of a lifetime of experience” [8]. They form the
essence of the human experience, providing us with a sense of self, an ability to
store, recall, and learn from past experiences, and allow us to effectively place
ourselves in our societal fabric. As a result, memory loss can be truly crippling.
In fact, a cross-sectional epidemiological study with over 1600 elderly participants
demonstrated a significant correlation between self-reported memory complaints
and virtually every dimension of an individual’s quality of life (QoL) [9]. Thus,
there is an urgent and significant need for technologies and/or therapeutics that can
improve memory function.
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Taxonomy of Memory

In order to develop a neural prosthesis to effectively augment or maintain human
memory, it is important to understand the underlying anatomical organization of
memory systems and different memory models. In its most colloquial sense, a
memory is a conscious recollection of a fact (e.g., the capital of Egypt is Cairo)
or a past event (e.g., your trip to Cairo last summer). However, over the past several
decades, this understanding of what constitutes a “memory” has evolved drastically.
Tulving first proposed a categorization of episodic memory in 1972 which has
been further refined over the years to include self-experiences and subjective time
[10, 11]. Since then, a large impetus for the dissociation between various memory
systems and their anatomical correlates stemmed from seminal experiments with
an individual named Henry Molaison (H.M.). H.M. had intractable epilepsy and
underwent bilateral mesial temporal lobe (MTL) resections in order to control his
seizures. Following surgery, H.M. developed severe anterograde amnesia (being
unable to form new episodic memories) and mild retrograde amnesia (being unable
to access memories from the past). However, most of his intellectual and cognitive
capacities were unaffected, along with his ability to learn new procedural skills
[12]. This sparked significant interest into understanding and classifying the various
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Fig. 1 Example taxonomy of brain systems: This breakdown shows division of memory into
declarative and non-declarative forms as well as the respective anatomical locations believed to
be primarily associated with each type of memory. Specifically, medial temporal structures are
under the declarative memory category and are one of the main targets for neuromodulation for
memory. (Adapted with permission from Squire [148]; Copyright 2019; Elsevier)

138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162

types of memory systems and the essential role of the MTL in supporting them. AU3
Although there remains significant debate regarding the precise classification and
categorization of the various memory subsystems, the most robust and simplistic
categorization subdivides memory into declarative and non-declarative forms (see
Fig. 1).
One of the key findings from H.M. was the fact that his ability to learn procedural
skills was completely intact, suggesting that the type of memory associated with
such skills is not MTL dependent. Today, we use non-declarative memory as an
umbrella term used to categorize the several dispositional and nonrepresentational
types of memory. These are types of memory that cannot be consciously recalled and
are expressed through performance, rather than through recollection. In addition to
procedural skills (such as learning how to ride a bike), non-declarative memories
include perceptual learning (differentiating two musical tones), simple classical
conditioning (associating the lunch bell with food), and nonassociative learning (an
animal learning to ignore a repeating stimulus). As discussed below, the underlying
neural network involved in these non-declarative forms of memory is very different
from those involved in declarative forms of memory.
In contrast to non-declarative forms of memory, declarative memories constitute
our conversational understanding of a memory. These are the types of memories that
are thought to be dependent on the MTL and show marked deficits in individuals
such as H.M. who have experienced significant damage to their MTL structures.
Declarative memories are those that we can consciously recall. They allow us
to create internal representations of the world around us, giving us the ability
to effectively place ourselves in space and time. Declarative memories can be
further divided into semantic and episodic memories, with the former referring to
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facts about the world and the latter referring to the recollection of an event in its
original context. When we speak of memory loss, we typically refer to dysfunction
of the declarative memory systems. We associate memory loss as being unable
to remember names, or faces, or events, all forms of declarative memory. Since
declarative memories are the most compromised in common memory disorders,
this chapter will largely focus on the development of neuroprosthesis that improves
declarative memory function.
It is important to note that the taxonomy presented above is largely simplistic.
There are many new theories that suggest alternate categorizations of memory,
for example, memory division based on the underlying neuronal networks that
contributes to each memory type [13]. Regardless of the specific categorization
or memory model being utilized, the central importance of the MTL structures in
human memory function is undisputed.

176

1.4

163
164
165
166
167
168
169
170
171
172
173
174

177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

201
202
203

Anatomy of Memory

Most neuromodulation approaches, and in particular the invasive, intracranial
neuromodulation approaches that will be discussed in this chapter, typically target a
spatially specific region of the nervous system. For instance, deep brain stimulation
(DBS) for controlling symptoms of Parkinson’s disease, which has proven to be a
highly successful treatment modality for these patients, specifically delivers highfrequency electrical stimulation to the subthalamic nucleus (STN) or the globus
pallidus interna (GPi) [14]. Although the precise mechanism of action of DBS in
the context of Parkinson’s disease is still a topic of much debate, it is understood
that targeting these specific structures of the cortico-basal ganglia loop is of utmost
importance, as it alters the pathological network activity in these brain circuits
which in turn helps control the symptoms of the disease. Thus, understanding the
underlying anatomy of the system one wishes to probe and/or alter is the first step
toward developing an effective neuroprosthesis for augmenting or correcting such a
system.
While there is emerging evidence that suggests that memory is a widely
distributed network phenomena [15], the necessity of the MTL in encoding,
consolidating, and recalling declarative forms of memory is largely undisputed.
Furthermore, the MTL is also a common target of invasive intracranial electroencephalography in patients with medically refractory epilepsy [16], which has
provided psychologists and neuroscientists with unprecedented access to these
structures, in order to better understand their role in declarative memory function
and in order to develop neuroprostheses that alter or augment the function of these
structures. Thus, the following section will provide an insight into the anatomy of
the various MTL structures and their relevance in human memory function.

1.4.1 The Mesial Temporal Lobe (MTL)
The human MTL consists of various structures including the hippocampus, parahippocampal, entorhinal and perirhinal cortices, and the amygdala [17]. This section

Developing a Neuroprosthesis for Memory: The Past, Present, and Future
204
205

206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247

7

provides a brief anatomical overview of the major MTL structures that have been
targeted in various memory neuroprostheses.
Hippocampus
The hippocampus is thought to play a critical role in declarative memory [18],
with anatomic divisions including the CA fields (CA1 and CA3), the dentate gyrus
(DG), and the subiculum that play different roles in memory processing. These
subdivisions, much like the majority of the MTL circuitry, are conserved across
various mammalian species [19]. These hippocampal subdivisions are connected in
a serial, unidirectional manner as follows: The dentate gyrus projects to the CA3,
which projects to the CA1 which then projects to the subiculum [20]. Furthermore,
the hippocampus is known to receive convergent fibers from virtually all cortical
association areas (and numerous subcortical structures) [20], which allows it to process high-level perceptual information from diverse cortical regions. The principal
neurons within the CA3 subfield are also known to have broad recurrent connections
involving excitatory glutamatergic synapses which can spread out an input across all
elements of a previously activated network, enabling the putatively ascribed function of “pattern completion” [18, 21]. The unique architecture of the hippocampus
also facilitates rapid, N-methyl-D-aspartate (NMDA)-mediated synaptic plasticity
which has been strongly linked to memory [22]. This hippocampal circuitry is
thought to endow the hippocampus with a distinct set of characteristics that allow it
to mediate elemental cognitive processes such as associative representation, sequential organization, and relational networking [18]. Specifically, these hippocampal
substructures seem to be differentially involved during explicit memory testing
[18, 23, 24] and in association with spatial location [25–27]. One of the proposed
mechanisms of hippocampal function suggests that the hippocampus consolidates
information with neocortical representations through matched and mismatched
predicted events from sensory input [28]. During the memory encoding process,
it is believed information is stored using hippocampal networks that bind together
information between neocortical networks, and these networks can strengthen
over time [29, 30]. This idea is reinforced through the proposed involvement
of amygdala and hippocampus in sensory integration [31]. Specifically, when
sensory inputs diverge, the CA1 is thought to be activated in order to compare
past and present stimuli [28]. According to Hasselmo’s model of hippocampal
encoding and retrieval, CA1 is very active in encoding state [32]. The hippocampus,
and specifically CA1 and CA3, might also govern comparisons between internal
representations from the neocortex and the incoming stimuli [33, 34].
This hippocampal circuitry, in conjunction with the widespread neocortical sites
that are activated during memory encoding, underlies what we call a memory
engram. This engram is yet another elusive construct, which refers to a group of
distributed cells that are activated during the encoding of a memory and are then
reactivated during recollection of the same memories [35]. In addition to these
memory engram cells, other memory-relevant cells discovered in the hippocampus
include place cells which fire to a specific location in space [36] and time cells
which can fire at separate instances of time in a memory [37] and can be generalized
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to representations of a task as a whole [38]. The widespread connectivity of the
hippocampus to various brain structures, its role as an integrator of information, and
the presence of a diverse population of memory encoding cells in the hippocampus
make it an obvious and suitable target for developing a neuroprosthesis for memory.
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Parahippocampus and the Perforant Pathway
Although the hippocampus serves as a site of convergence of cortical and
subcortical inputs, a majority of these inputs do not directly project to the hippocampus. Instead, the regions adjacent to the hippocampus, including the entorhinal,
perirhinal, and postrhinal (or parahippocampal cortex in primates) cortices, serve
as the input tier to the hippocampus [19]. Most cortical inputs arrive at the
perirhinal and postrhinal/parahippocampal cortices (Fig. 2b) [19, 20]. Information from here is then projected to the entorhinal cortex where it is further
processed before being passed onto the hippocampal formation. Interestingly, the
parahippocampal region (consisting of the entorhinal cortex, perirhinal cortex,
and postrhinal/parahippocampal cortex) receives parallel streams of cortical inputs
[19]. One of these streams is largely concerned with spatial content of sensory
information and generally projects to the postrhinal/parahippocampal cortex. The
other stream is largely concerned with the nonspatial identity of the stimuli and
generally projects to the perirhinal cortex. The entorhinal cortex (further subdivided
into medial and lateral regions) integrates some of this information and serves as
an output tier of the parahippocampal region, projecting in parallel to all of the
hippocampal fields. This projection, from the entorhinal cortex to the hippocampal
formation, is termed the perforant pathway and is a major input pathway to the
hippocampus. Furthermore, similar to the hippocampus, the entorhinal cortex is also
!
Fig. 2 (a) A schematic of a coronal slice of human hippocampal formation (obtained with
permission from [39]; Copyright 2019; Elsevier). (b) A flowchart showing anatomical connectivity
in the mesial temporal lobe structures, including the parahippocampal-hippocampal circuitry and
informational flow as discovered through animal iterature (obtained with permission from [20];
Copyright 2019; Elsevier). Neocortical projections reach the parahippocampal region (PHR),
which acts as a main input to the hippocampal formation (HF). From PHR, the perirhinal cortex
(PER) projects to the lateral entorhinal cortex (LEC), and the postrhinal cortex (POR) projects
to the medial entorhinal cortex (MEC). The entorhinal cortex (EC) has connections from PER
and POR. Additionally, MEC receives input from the presubiculum (PrS) and the parasubiculum
(PaS). The perforant pathway originates from EC which projects to all HF subregions and provides
input to the hippocampus from the external world and can act as output back to the neocortex
from hippocampal formation. (c) Representation of the location of fornix, its divisions, and its
connections to hippocampus (obtained with permission from [40]; Copyright 2019; Elsevier).
Dashed arrows indicate solely efferent from the hippocampal formation, the narrow solid arrows
represent solely afferent to the hippocampal formation, and the wide solid arrows show reciprocal
connections within the fornix. (Abbreviations in the image are AC, anterior commissure; ATN,
anterior thalamic nuclei; HYPOTH, hypothalamus; LC, locus coeruleus; LD, thalamic nucleus
lateralis dorsalis; MB, mammillary bodies; MTT, mammillothalamic tract; RE, nucleus reuniens;
and SUM, supramammillary nucleus)
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involved in providing a representation of space in the form of grid cells. Unlike the
hippocampal place cells, these grid cells increase their firing rate when an organism
is sampling information near the nodes of a putative grid that can tile the physical
and/or visual world. Thus, since the parahippocampal region and the perforant
pathway serve as a major input tier to the hippocampus and since significant
evidence points to their significance in providing us with a robust representation
of space, these regions may also serve as putative targets for neuromodulation
approaches.
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Fornix and Other Input Pathways
Another major pathway through which information travels to and from the hippocampus is the fornix (Fig. 2c). The fornix is an anatomical structure that emerges
from the hippocampus to form an arch that lies just above the thalamus and just
below the corpus callosum. The fornix connects the hippocampus to a large array of
cortical and subcortical structures [40]. Some of these connections are unidirectional
(either afferents to or efferents from the hippocampus) and others are reciprocal
connections. Some of the major unidirectional connections facilitated by the fornix
include efferents from the hippocampus to the mammillary bodies, ventral striatum
and prefrontal cortex, and afferents from the supramammillary nucleus, raphe
nucleus, and the locus coeruleus to the hippocampus [41]. Another structure, called
the medial septum, is reciprocally connected to the hippocampus by the fornix.
This is critical for propagating the dominant theta rhythm to the hippocampus [40,
42]. This rhythm has been shown to be important for learning and memory, and it
has been proposed that oscillatory patterns in this frequency range enable synaptic
plasticity [36, 43]. There is also evidence that other major anatomical structures
connect to the hippocampus through a parallel nonfornical pathway [41, 44]. These
structures include the nucleus basalis of Meynert (NBM), amygdala, claustrum, and
thalamic nucleus centralis medialis.
Given the heterogeneity of the various types of memories and the various
anatomical structures that are known to play a major role in facilitating one of
more of these memory types, the problem of developing a neuroprosthesis for
modulating memory performance is an obviously complex one. The complexity of
the underlying anatomical structures coupled with our incomplete understanding
of the underlying mechanisms that support the various memory systems further
increases difficulty of this problem. We now review the various approaches that have
been taken toward developing an effective neuroprosthesis for modulating memory
function and their advantages and their pitfalls.
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An Electrical Neuroprosthesis for Memory

The word neuroprosthesis is an amalgamation of the word neuro, which refers to
nervous tissue, and the word prosthesis which refers to an artificial device that can
augment or replace the function of a body part. Thus, the word neuroprosthesis
refers to technologies that can interface directly with the nervous system in order
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to replace lost function. In the context of the current chapter, a neuroprosthesis for
memory refers to a technology that can directly interface with the nervous system
in order to improve memory function in those with memory deficits.
Neuromodulation is an umbrella term for technologies that can directly modulate
neural activity, through electrical, pharmacological, and, more recently, optical
stimulation. Over the past 50 years, there has been an explosion in the field
of neuromodulation and, in particular, in the field of electrical neuromodulation,
which refers to a subset of these neuromodulation technologies that use invasive
or noninvasive electrical (or magnetic) stimulation. This chapter will largely focus
on electrical neuromodulation technologies, since electrical neuromodulation is, by
far, the most common type of neuromodulation technology. There is a very rich
literature on noninvasive stimulation (transcranial alternating current stimulation,
transcranial direct current stimulation, and transcranial magnetic stimulation) for
modulating memory function and would warrant a chapter in its own right. For the
purposes of developing an implantable neural prosthesis that could work continuously in the real world, we have chosen to focus this chapter on invasive, electrical
neuromodulation technologies as the most parsimonious approach currently for a
memory neuroprosthetic.
Electrical neuromodulation takes advantage of the fact that primary currency
of communication in the mammalian nervous system is electricity. Neurons communicate with one another by firing action potentials, which can be thought of
as electrical impulses being carried down an insulated wire. By modulating the
intracellular and/or extracellular electrical and magnetic fields of this inherently
excitable nervous tissue, neuromodulation technologies provide us with the ability
to dynamically interact with the brain. These technologies allow us to not only
investigate the brain in a causal manner but also provide an avenue through which
brain activity can be modulated to mitigate pathological activity. Furthermore, due
to their extensive use in treating other neurological conditions such as Parkinson’s
disease, the safety and efficacy of electrical neuromodulation technologies are well
established and well accepted [45–47] (Fig. 3).
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A Continuous Open-Loop Approach

An open-loop (OL) controller refers to a device that does not receive any feedback
from the system it is trying to control. It functions in a static or blind dynamic
(i.e., changing, but independently of the underlying neuronal activity) manner, in
which it cannot respond to the ever-changing state of the brain. A continuous openloop (cOL) system is an open-loop system in which the stimulus is delivered in a
continuous, semicontinuous, or interspersed manner. Such systems are typically the
easiest to implement as they do not require a recording or processing element, which
would otherwise complicate the system. Furthermore, cOL systems are also highly
translatable to the real world, because they can be deployed and tested in the real
world, as the complexities of providing feedback to the system are eliminated. As
a result, these approaches are the most common when developing a neuroprosthesis
to modulate memory performance in humans.

AU4
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Fig. 3 Schematics showing different types of stimulation approaches used currently for memory
neuroprostheses. (a) A continuous open-loop approach in which high- or low-frequency stimulation is delivered in a continuous manner. (b) A conditional open-loop approach in which the
stimulation is delivered in an open-loop manner, but contingent on a particular memory task being
employed. For instance, this schematic shows stimulation being delivered at the onset of new
images in the encoding period of a recognition memory task. (c) A closed-loop approach in which
the stimulation being delivered is contingent on some underlying brain activity
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Since cOL systems do not respond to any real-time feedback, the main parameters that can be altered in these systems are (1) the anatomical location at which the
stimulus is being delivered (in order to target a specific underlying memory network)
and (2) the characteristics of the stimulus being delivered in order to affect the said
network. This section provides examples of various open-loop neuroprosthesis for
memory developed over the last two decades (Fig. 4).
Table 1 provides a summary of all the continuous open-loop stimulation studies
discussed in this chapter, including an overview of the methods implemented in each
study along with the relevant behavioral outcomes. California Verbal Learning Test
(CVLT), Rey Auditory-Verbal Learning Task (RAVLT), the Rey Visual Design Test
(RVDT), the Verbal and Visuospatial Supraspan, Alzheimer’s Disease Assessment
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Fig. 4 Common targets for developing a neuroprosthesis for memory (obtained with permission
from [48]; Copyright 2019; Elsevier). Many of these anatomical locations, as part of the Papez
circuit, are considered good targets for deep-brain stimulation for memory. The fornix is a major
pathway to hippocampus governing memory and cognition. Neocortical projections from cingulate
to components of the default mode network (parietal, temporal, and frontal) feed back to the
hippocampal formation. The portion of the fornix beyond the anterior commissure is known as
the postcommissural fornix and is shown in green. Just inferior to the anterior commissure is the
acetylcholine rich nucleus basalis which can cholinergically innervate the hippocampal formation.
The mammillothalamic tract shown in red identifies connections from mammillary bodies to the
anterior thalamic nucleus. These target locations are discussed in detail, specifically the fornix,
nucleus basalis, anterior thalamus, and medial temporal lobe structures as part of stimulation for
improving memory
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Scale, Cognitive Subscale (ADAS-Cog), Mini-Mental State Examination (MMSE),
Coetsier Story Recall Test (CSRT), nucleus basalis of Meynert (NBM), Wisconsin
Card Sorting Test (WCST), subthalamic nucleus (STN).

2.1.1 Fornix Stimulation
The fornix, as identified earlier in this chapter, is a major input pathway to the
hippocampus, and it lies in close proximity of the hypothalamus, a collection of
nuclei that serve to regulate a variety of metabolic and autonomic processes within
the body. In 2008, a group of researchers in Toronto attempted an experimental procedure to treat morbid obesity by delivering bilateral, hypothalamic stimulation in
an attempt to help control the individual’s appetite. Serendipitously, they observed

n
9

9

1

Year
1996

2007

2008

Improvement

Improvement

Memory-related
outcome
Impairment

CVLT, Spatial
Associative Learning
Task, Wechsler Memory
Behavioral Evaluation

Memory task/Memory
type
Recognition task (words
and block designs)
Rey verbal learning, digit
counting, logic memory,
and Wind Mill
visual-spatial Bezarez
Test

Table 1 Continuous Open-Loop Stimulation Studies
Stimulation
parameters
3 V, 2.5 ms pulse
width at 2 Hz
0.3 mA, 0.45 ms
pulse width at
130 Hz

Hypothalamus 2.8 V, 0.06 ms
pulse width at
130 Hz

Stimulation
location
MTL
structures
Hip
Additional notes/details
Stimulation applied starting 3 h
prior and during task
Stimulation was delivered for
1 min every 5 min. In half of the
subjects, stimulation started
immediately after implant and
others 1 month later. Testing
was done every 3 months for
18 months
Performance on CVLT
improved significantly after
3 weeks of continuous
stimulation
Effect of stimulation was further
characterized using tasks with
high sensitivity and specificity
for hippocampal function. These
tasks were completed in a
double-blind manner, with
on-stimulation and
off-stimulation periods
separated by 1 week or 1 h. In
both these tests, the recollection
index was significantly higher in
the on- vs. off-stimulation
period

[51]

[50]

Ref
[49]
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n
1

6

2

Year
2009

2010

2010

No change
(increases in
metabolic activity
structural volume
of MTL
structures)
No change

Memory-related
outcome
Improvement in
AVLT

Standardized Tests –
Objective Hopkins
Verbal Learning
Test-Revised, and the
Brief Visuospatial
Memory Test-Revised,
and Memory Assessment
Clinic Self-Rating Scale

ADAS-Cog

Memory task/Memory
type
Letter-Number-Span
Test, Digit Symbol Test,
Trail Making Test Part B,
Rey Auditory Verbal
Learning Test (AVLT)

3–3.5 V, 0.09 ms
pulse width at
130 Hz

Stimulation
parameters
4.2 V at 0.06 ms
pulse width at
130 Hz (STN)
1 V at 0.12 ms
pulse width at
20 Hz (NBM)

Hippocampus 0.5 V, 0.09 ms
pulse width at
185 Hz

Fornix

Stimulation
location
STN and
NBM

Three-month baseline period
after implantation with no
stimulation and then stimulator
on/off 3 months

Additional notes/details
Testing 1 week before
implantation of the electrodes,
after DBS in four double-blind
phases: STN stimulation,
combined STN and NBM
stimulation, STN stimulation,
and combined STN and NBM.
Taking away the NBM
stimulation in phase 3 resulted
in significant decline in
cognitive and memory
performance, which was rescued
by resuming NBM stimulation
in phase 4
Testing before and after
12 months of continuous
stimulation

(continued)

[55]

[53]
[54]

Ref
[52]
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n
5

10

9

6

2

Year
2011

2011

2012

2015

2015

Table 1 (continued)

Stable

Stable/impairment

Improvement
(complex figure)
Impairment
(verbal with left
stimulation)
Improvement
(in delayed verbal
memory)

ADAS-Cog

(IQ, MMSE),
information processing
(digit forward and
backward, trail A, and
digit symbol), or
executive function (trail
B and WCST)
Cognitive subscale of the
ADAS-Cog

Many standardized tests
including RAVLT, RVLT,
CSRT
Complex figure test

Memory-related
Memory task/Memory
outcome
type
Neutral/impairment Verbal and Visuospatial
Supraspan RAVLT
RVDT

NBM

NBM

Anterior
thalamic
nucleus

Hip and
amygdala

Stimulation
location
Hip and
amygdala

2–4.2 V at
0.09–0.15 ms
pulse width at
10–20 Hz
2–4.2 V at
0.09–0.15 ms
pulse width at
10–20 Hz

1.5–3.1 V,
0.09–0.15 ms
pulse width at
100–185 Hz

1–2.5 V, 0.45 ms
pulse width at
130 Hz
Voltage

Stimulation
parameters
<2 V, 0.45 ms
pulse width at
130 Hz

Four-week double-blind sham
stimulation period, followed by
a subsequent 11-month
stimulation period
Improvement in one, stable in
the other

Testing before and after
12 months of continuous
stimulation. Some participants
had minor changes in their
medications during this period

Additional notes/details
The patients were followed up
between 12 and 74 months after
continuous stimulation.
Reducing stimulation intensity
reduced impairments
Standardized tests delivered
after first 6 months of
continuous stimulation

[60]

[59]

[58]

[57]

Ref
[56]
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that delivering such stimulation resulted in sensations that the patient described as
“déja vu,” in which he had vivid recollections of memories from his early adulthood
[51]. Further testing with the same patient revealed that acute stimulation in this
region (likely through forniceal stimulation) improved his recollection memory (i.e.,
ability to recall details associated with a previously experienced event) on various
verbal memory tasks, the effect of which was correlated with activation of the
hippocampus and parahippocampal gyrus, regions that are known to play a crucial
role in declarative memory.
Following this seminal discovery, a phase I clinical trial of deep-brain stimulation
of the hypothalamus/fornix was initiated, in which six patients with Alzheimer’s
disease were implanted with DBS electrodes in the hypothalamus, in contact with
the anterior border of the vertical portion of the fornix [53]. Although the study was
unable to claim any clear benefits with regard to improving memory performance in
these patients, they demonstrated increased cerebral glucose metabolism relative
to baseline in brain regions that typically demonstrate reduced metabolism in
Alzheimer’s disease. Furthermore, the study also suggested a moderate but not
significant reduction in the overall rate of cognitive decline in the patients with
continuous fornix/hypothalamic DBS when compared to traditional rates of decline
reported in literature. Finally, the authors also demonstrated a robust activation
of the Papez circuit (a neural circuit proposed by James Papez in 1937 which is
thought to be responsible for declarative memory function, of which the fornix,
hypothalamus, hippocampus, and anterior thalamic nuclei are key elements [61])
during fornix/hypothalamus stimulation [53].
The stimulation parameters used in these studies (60–90 µs pulse width, 130 Hz
frequency) were similar to those currently used in deep-brain stimulation implants
for individuals with Parkinson’s disease [53]. Successive animal and human studies
investigated the role of the stimulation parameters on the corresponding memory performance [62, 63]. Hescham and colleagues showed that both high- and
low-frequency stimulation of the fornix can lead to improved spatial memory
performance in rats, with the effects being more dependent on amplitude of the
stimulation, than on the frequency [62]. Such effects have been translated to
humans where Koubeissi and colleagues showed that continuous, 4-h low-frequency
stimulation of the fornix led to improved performance on a clinical cognition test
(Mini-Mental State Examination or MMSE), driven primarily by improvement of
recollection memory [63].
Subsequently, post hoc analysis of the volumetric changes in the brains of the
patients implanted in the phase I clinical trial showed that, when compared to agematched controls, their mean hippocampal atrophy was slowed [54]. In fact, two
of the patients in the phase I cohort who had the best clinical response to the
DBS actually showed increase in hippocampal volume. This finding is consistent
with earlier reports that demonstrate significantly larger hippocampal volumes in
London taxi drivers who are, by the nature of their jobs, required to have very highperforming spatial memory [64, 65].
Having established the safety of this implant procedure [53], and along with
promise of improved glucose metabolism [53], positive volumetric changes [54],
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and a potential slowing of the cognitive decline supported by the DBS implants
[51, 53], a phase II trial of fornix DBS was completed [66]. In this study, 42
individuals suffering from Alzheimer’s disease were all implanted bilaterally with
DBS electrodes in the hypothalamus/fornix in a manner similar to that described
in the phase I trial. These individuals were randomly assigned to a control group
(who received no stimulation) and a test group (who received continuous stimulation
in a manner identical to that described earlier). The cognitive performance and
cerebral glucose metabolism for these individuals were analyzed at baseline,
6 months following implant, and 12 months following implant. The results of
this trial showed no significant differences in the primary cognitive outcomes
between the two test groups. The test group did show significant and widespread
increases in cerebral glucose metabolism at 6 months following implant, but these
changes were nonsignificant at 1 year post-implant. This may point toward some
potential adaptation mechanism in the brain that may alter the brain’s response to
the continuous deep-brain stimulation. Interestingly, the metabolic and cognitive
benefits of the stimulation were more pronounced in individuals aged >65, whereas
those aged <65 showed a trend toward decreased cognitive capabilities compared to
corresponding controls. Alzheimer’s is in fact a progressive disease, and continuous
open-loop stimulation may alleviate symptoms but does not seem to slow the
underlying pathological process. As a result, a future phase III clinical trial has
been scheduled and will only recruit individuals aged 65 and older [67].

2.1.2 Nucleus Basalis of Meynert (NBM)
Atrophy of the nucleus basalis of Meynert (NBM), a group of cholinergic neurons
located in the basal forebrain, is one of the characteristic pathological features
of Alzheimer’s disease [68]. As a result, the NBM may be a suitable candidate
for neuromodulation/deep-brain stimulation, in an attempt to reverse the neuronal
atrophy and/or improve glucose metabolism in this region.
In fact, one of the earliest reports of deep-brain stimulation for Alzheimer’s
disease can be traced back to a case study conducted in 1985, where stimulation of
the left NBM was able to rescue decreases in metabolic activity in the ipsilateral
temporal and parietal lobe, in much the same way as the hypothalamic/fornix
stimulation [69]. However, this study reported that no clinical benefit was observed
following 9 months of continuous stimulation. A more recent case study used lowfrequency stimulation (20 Hz) in a patient with Parkinson’s disease dementia [70].
In this patient, bilateral stimulation of the subthalamic nucleus (the most common
site for stimulation for controlling Parkinsonian motor symptoms) and the NBM
for a period of 13 weeks significantly improved the participant’s performance on an
auditory verbal learning and memory task (AVLT). Interestingly, ceasing stimulation
of the NBM, even for a short period of time (24 h), led to dramatic worsening of
the participant’s memory performance (to levels even worse than his performance at
baseline). Although this may be an anomaly, it may also hint at a chronic or subacute
change in the underlying neuronal circuitry, in a manner that makes it somewhat
dependent on exogenous stimulation.
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In 2015, Kuhn and colleagues performed a phase I clinical trial with NBM
stimulation in six patients suffering from moderate Alzheimer’s disease [59].
Following 12 months of continuous, low-frequency (10–20 Hz) stimulation, they
reported that four of the six patients that they tested responded to the treatment,
on the basis of stable or improved primary outcome parameters such as overall
score on the ADAS-Cog Scale and on the MMSE. Interestingly, they reported
that, on the whole, participants actually improved on the memory component of
the ADAS-Cog Scale following 12 months of stimulation. Although there was an
overall deterioration of cognition on the ADAS-Cog Scale for the whole group
[71], this deterioration was shown to be smaller than the deterioration observed
in a much larger group of patients who were only treated with anticholinergic
medications. Although no conclusive mechanism of action was reported in this
study, the authors attributed the findings to one of three hypotheses: (1) an excitatory
effect of the low-frequency stimulation on the NBM cholinergic neurons which may
cause acetylcholine (ACH) release in the cortex resulting in higher levels of ACH,
leading to improved cognitive performance, (2) potential changes in oscillatory
activity in mesial temporal lobe circuits as a result of the low-frequency stimulation,
and (3) putative neurogenesis and/or plasticity effects of the NBM stimulation (since
NBM neurons are known to express nerve growth factor (NGF), the production
of which is generally increased by increased neural activity). The neurogenesis
hypothesis is intriguing, because an earlier study investigating NGF-based gene
therapy also showed similar improvements in the rate of cognitive decline in patients
suffering from mild Alzheimer’s disease [72]. In that study, autologous fibroblasts,
genetically modified to express the human NGF gene, were implanted in the basal
forebrain, in an attempt to stimulate cholinergic function by promoting sprouting of
cholinergic axons.
Although these preliminary clinical trials all implemented continuous stimulation
of the NBM, later work in nonhuman primates has suggested that intermittent
stimulation of the NBM actually improves performance on a working memory
task when compared to continuous stimulation [73]. This improvement was also
correlated with ACH release in these animals. In a similar manner, stimulation of
the medial septum, another afferent pathway to the hippocampus, has also been
shown to increase ACH release while promoting hippocampal neurogenesis, which
may share a common underlying mechanism of action as the NBM stimulation [74].
It should be noted, however, that despite the promise of NBM stimulation for
modulating memory performance and cognition, a recent, randomized, doubleblind, crossover clinical trial investigating stimulation of the NBM in six patients
with Parkinson’s disease dementia showed no improvements in primary outcome
measures (verbal learning, verbal fluency, etc.) [75]. Akin to fornix/hypothalamus
stimulation, outcomes of NBM stimulation are quite heterogeneous, with relatively
little consistency in the primary outcome measures, stimulation parameters, study
design, and even patient population. The mechanism of action, although more substantial than that of fornix stimulation, remains nonspecific and vaguely described
in the literature. However, the relative promise does warrant further investigation in
this field.
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2.1.3 Thalamic Nucleus
The anterior thalamic nucleus (ATN) is also a component of the previously
described Papez circuit which plays a role in modulating declarative memory
performance [61]. Short (1 h), high-frequency, and not low-frequency, stimulation
of this region in rodents has been shown to promote hippocampal neurogenesis
[76, 77] and can also rescue corticosterone-induced memory deficits in these rats
[77]. Interestingly, similar stimulation of the ATN has been shown to have an
anticonvulsant effect in several seizure models [78] and in clinical practice [79–
82]. Medically refractory epilepsy patients undergoing ATN-DBS therapy not only
showed a significant decrease in their seizure frequencies at 1 year post-implant but
also showed improvements in verbal recall and oral information processing [58]. A
larger clinical trial showed no cognitive or mood differences with subjective changes
[80].
Although the positive effects of ATN stimulation on memory can be partly
attributed to hippocampal neurogenesis, animal work has also shown that ATN
stimulation induces metabolic activation of the hippocampus and the thalamus in
a manner akin to stimulation of the hypothalamus/fornix [83], which may drive
increased metabolic activity of the Papez circuit, leading to improved memory
function.
2.1.4 MTL Structures
At the heart of the Papez circuit and the declarative memory network in humans
lies the medial temporal lobe, specifically the hippocampal and parahippocampal
regions. Since these regions are thought to play a critical role in declarative
memory performance, they have often been neuromodulation targets. Interestingly,
however, although cOL stimulation of the mesial temporal lobe structures has
been investigated as a means of controlling seizures in individuals with medically
refractory epilepsy [50], it hasn’t been extensively investigated in patients with
dementia. In patients with medically refractory epilepsy, high-frequency cOL
stimulation of the hippocampus has been shown to significantly reduce seizure
frequencies but has also shown a slight, but not significant, trend toward improved
memory performance [50]. McLachlan and colleagues performed a double-blind,
randomized, controlled, cross-over trial with two patients and again demonstrated
no consistent change in any objective or subjective changes in memory [55]. With
a larger patient population, Miatton and colleagues also reported no consistent
changes in memory or cognitive performance following chronic, cOL stimulation
of the amygdalohippocampal formation [57]. At the same time, however, such
stimulation at an amplitude sufficient to trigger afterdischarges has been shown to
significantly retard late-recall performance in a verbal memory task [84]. Similarly,
a more recent study has shown that high-amplitude stimulation of the hippocampus
can indeed lead to impairment of visual and verbal memory, which can be rescued
simply by reducing the amplitude of stimulation [56]. This may be attributed to
the fact that direct stimulation of the hippocampus at an amplitude high enough to
evoke afterdischarges may interrupt normal hippocampal function and its crucial
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role in encoding and retrieving memories. Alternatively, one might suggest that
based on animal evidence, high-frequency stimulation may be beneficial. Such
high-frequency stimulation of the entorhinal cortex (which serves as a major input
structure to the hippocampus) in rodents has been shown to drive hippocampal
neurogenesis [85, 86] and has been shown to rescue memory performance in animal
models of Alzheimer’s disease [86, 87].
It should be noted however that investigation of cOL stimulation in MTL structures has primarily been performed in patients with medically refractory epilepsy,
and not those suffering from Alzheimer’s- or Parkinson’s-related dementia. Since
the underlying pathologies in these diseases are drastically different, it may be
inappropriate to compare the efficacy of cOL stimulation on various anatomical
locations given the underlying bias of the patient populations used for each
stimulation site.
Currently it can be concluded that direct electrical stimulation of the hippocampus, in a continuous, open-loop manner, has not been shown to improve memory
performance.
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A Conditional Open-Loop Approach

Human memory function can typically be grossly divided into three stages:
stimulus encoding, maintenance, and retrieval. The encoding stage involves the
presentation of a stimulus and formation of a representation that persists longer
than original presentation. Maintenance is the time period involved in transforming
this representation and preserving/storing it over time. Retrieval is the stage where
a previously encoded memory is retrieved. The hippocampus and other mesial
temporal lobe structures are thought to use specific mnemonic processes during
each of these stages, and direct electrical stimulation of the hippocampus may
affect these processes in a differential manner. Although continuous open-loop DBS
approaches for modulating memory have shown some promise, they exacerbate the
fundamental problem of open-loop technologies by stimulating the brain regardless
of the current brain state. Thus altering the underlying neuronal activity in the same
manner during both of these distinct processes may not be conducive to improving
overall memory function. For instance, an early study by Halgren and colleagues
showed that delivering electrical stimulation to the hippocampus during the different
stages of the memory task, encoding, retrieval, or both, had distinct effects on
memory performance [88]. Thus, conditional open-loop approaches where openloop stimulation is delivered but only during specific memory stages may be
more effective. Although these conditional open-loop approaches are difficult to
implement and test in the real world, where the memory encoding and retrieval
processes occur in a continuous, dynamic manner, they have been the mainstay of
much neuromodulation memory research.
The clinical scenario that has undergird so much of the conditional openloop research is epilepsy, where patients undergo intracranial electrode implants
to localize their seizure foci [89]. While these individuals are in the hospital,
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they often graciously consent to participate in a variety of memory tasks, which
provide researchers with the ability to test conditional open-loop (and closed-loop)
neuroprostheses for memory. These individuals are an ideal cohort for investigating
memory processes and the effect of novel memory neuroprostheses on underlying
memory function because (1) a large fraction of individuals with chronic epilepsy
already suffer from memory and cognitive deficits [90] and (2) since a majority of
individuals with medically refractory epilepsy tend to have temporal lobe epilepsy
[16], the anatomical locations where their electrodes are implanted often overlap
with mesial temporal lobe structures that are also known to play a critical role in
declarative memory processes.
This section will discuss such conditional open-loop approaches that have been
developed and tested in recent history. We will identify the different types of
stimulation that has been used and the varying anatomical locations that have been
targeted (Table 2).
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Acute, High-Frequency Stimulation of the Hippocampus
Degrades Memory
Over the past two decades, researchers around the world have attempted to
understand the effect of acute, conditional open-loop stimulation on hippocampaldependent memory. One of the most cited, conditional open-loop stimulation
studies for modulating memory performance in the past decade was published in
2012 by Suthana and colleagues [93]. In this study, the authors delivered highfrequency stimulation to the hippocampal or entorhinal region in an intermittent
fashion (5 s on, 5 s off) but only during the encoding phase of a spatial navigation
task. The authors claimed that such stimulation of the entorhinal cortex during
the encoding phase was effective at improving spatial memory, whereas direct
hippocampal stimulation was not effective at modulating (improving or worsening)
memory performance. However, a later study by Jacobs and colleagues refuted
these claims with a much larger cohort of patients and demonstrated that in fact,
both hippocampal and parahippocampal stimulation during the encoding phase of a
spatial navigation task and of a verbal memory task significantly degraded memory
performance [97]. Most of the other studies that have investigated contingent, openloop stimulation of the hippocampal and adjacent cortices have demonstrated a
significant degradation in memory function, over a broad spectrum of memory types
[91, 92, 96]. Although there is a lot of heterogeneity between these studies, the
greatest common denominator is that direct stimulation of the hippocampus appears
to degrade memory performance. This isn’t entirely surprising since high-frequency
stimulation (which is the type that is used in most of these studies) is thought
to introduce a spatially specific, reversible lesion [106]. Despite these reported
negative effects of hippocampal stimulation on memory function, the heterogeneity
of these studies do provide us with a clearer picture of the dynamic nature of the
underlying hippocampal memory network.

N
3

4

5

Year
1985

1985

2004

HF

Single
Pulse

Stim
type
HF

Impairment

Impairment

Memoryrelated
outcome
Impairment
Stimulation
location
MTL
structures

Recognition Hip
(faces,
words, and
objects)

Recognition MTL
(complex
structures
scenes)

Memory
type
Recognition
(paired
associate
words)

1.9–5 mA with
1 ms pulse
width at 50 Hz

<1.5 mA,
0.1 ms pulse
width (during
image
presentation)

Stimulation
parameters
<2 mA, 0.1 ms
pulse width at
51 and 30 Hz

Encoding

Encoding,
retrieval,
encoding
+ retrieval

Stimulation
period
Encoding

Electrical
stimulation was
alternated based
on block and
delivered
throughout
visual stimulus
presentation
(1.2 s)

Stimulation
protocol
Stimulation,
delivered during
list of paired
item
presentation.
Stimulation was
delivered for
each individual
stimulus
presentation.

[91]

[88]

Ref.
[84]

(continued)

Stimulation-induced
impairment was rescued
with a delay, suggesting
stimulation impairs the
memory trace
consolidation
HF stimulation perhaps
acts as a functional
lesion. Laterality of
stimulation is evident,
with left stimulation
impairing words, right
impairing faces

Putative mechanism of
Action
Impairment of memory
due to the spread of
afterdischarges from
stimulation

Table 2 Conditional open-loop stimulation studies. This table provides a summary of all the conditional open-loop studies discussed in this chapter, providing
an overview of the methods implemented in each study, along with insights into putative mechanisms of action (as suggested by the authors of the respective
studies). Theta burst stimulation (TBS), high-frequency stimulation (HF), low-frequency stimulation (LF), mesial temporal lobe (MTL), hippocampus (Hip),
entorhinal cortex (EC), Rey Auditory-Verbal Learning Task (RAVLT), parahippocampal gyrus (PHG), dorsolateral prefrontal cortex (DL-PFC), temporal cortex
(TC), intertrial interval (ITI)
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N
12

7

Year
2010

2012

HF

Stim
type
Pulse

Table 2 (continued)

Improvement

Memoryrelated
outcome
Impairment

Visuospatial Hip and
EC

Memory
Stimulation
type
location
Recognition Hip
(faces,
words,
objects,
geometric
shapes)

1–2 mA, pulse
width 0.3 ms
at 50 Hz for
5 s on and 5 s
off during
trials

Stimulation
parameters
4–6 mA,
monophasic
pulse width
1 ms

During all
phases

Stimulation
period
Encoding,
retrieval,
encoding
+ retrieval

Stimulation was
delivered during
a spatial
navigation task
in half the trials.
The shorter the
subsequent path
to the previously
navigated
locations, the
better the spatial
memory.

Stimulation
protocol
Stimulation
locked to
variable delays
with stimulus
presentation and
varying targets.

Putative mechanism of
Action
Unilateral stimulation of
hippocampus failed to
impair memory, whereas
bilateral impaired
memory. Thus
hippocampi can be
though to act
independently, and
memory
formation/retrieval can
only be disrupted with
bilateral stimulation
EC stimulation
improved spatial
memory performance
perhaps due to enhanced
theta phase resetting
leading to ideal
conditions for LTP

[93]

Ref.
[92]
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N
11

4

Year
2013

2015

TBS

Stim
type
HF

Improvement

Memoryrelated
outcome
In-phase
stim:
improvement;
out-of-phase
stim:
impairment
Stimulation
location
Hip/rhinal

Visuospatial Fornix

Memory
type
Word
recall

7 mA, pulse
width 0.1 ms
with 5 bursts a
second on for
100 ms at
200 Hz

Stimulation
parameters
0.01 mA sine
wave at 40 Hz

Continuous
across
entire
testing
period

Stimulation
period
Nonstop
during
encoding,
distraction/
delay and
recall
phases

Three tasks with
50% stimulation
in each task:
Verbal memory
(RAVLT), visual
spatial(Georgia
Complex Figure
Test) and visual
confrontational
naming (Boston
Naming Task)

Stimulation
protocol
Stimulation was
delivered to both
the
hippocampus
and the rhinal
cortex
simultaneously,
either in-phase
or out-of-phase,
or not delivered
at all.
[95]

Ref.
[94].

(continued)

Putative mechanism of
Action
Stimulation may entrain
synchronization of
gamma activity between
rhinal cortex and
hippocampus which has
been correlated with
memory formation
through either
promotion of neuronal
communication or
facilitation of synaptic
plasticity
Theta burst replicates
naturally occurring
firing patterns in
hippocampus
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N
5

49

Year
2016

2016

HF

Stim
type
HF

Table 2 (continued)

Impairment

Memoryrelated
outcome
Impairment

Word
recall and
visual
spatial

Memory
type
Word
recall

Hip and
EC

Stimulation
location
Hip and
EC

0.5–1.5 mA,
pulse width
0.3 ms at
50 Hz for 5 s
of presentation

Stimulation
parameters
<6 mA, pulse
width 0.3 ms
at 50 Hz for
5 s on and 5 s
off during
trials

Encoding

Stimulation
period
Encoding,
distractor,
or recall

Stimulation
protocol
Stimulation was
delivered at
onset of
stimulus
presentation for
the respective
period of the
trial
Stimulation was
delivered either
during 5 s of
encoding period
of placement of
object in virtual
arena (Morris
water maze) or
lists of words

Putative mechanism of
Action
Impairment across all,
but significant in
distractor period.
Stimulation may alter
circuitry through
membrane potential
alterations and mimic a
forgetting cue
Impairment in both
verbal and spatial tasks
was elicited regardless
of hemisphere and only
trended in improvement
in parahippocampal
stimulation. Suggests
MTL structure
involvement in
encoding.

[97]

Ref.
[96]
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Year
2017

N
102
(r)
36
(s)

Stim
type
HF

Memoryrelated
outcome
Improvement
based on
encoding
state

Memory
type
Word
recall

Stimulation
location
Hip, EC
PHG,
Perirhinal
DL-PFC

Stimulation
parameters
0.5–1.5 mA,
pulse width
0.3 ms at
50 Hz for 5 s
of presentation

Stimulation
period
Encoding

Stimulation
protocol
iEEG data from
102 patients was
used to develop
a model capable
of
differentiating
good vs. bad
encoding states.
32 patients were
then tested with
stimulation,
which was
delivered
randomly
200 ms prior
and lasting for
4.6 s extending
until after
second word of
the pair
disappeared.

Ref.
[98]

(continued)

Putative mechanism of
Action
In general, stimulation
impaired memory.
However, post hoc
analysis showed that
stimulation during the
trials that were
subsequently marked as
being “bad encoding
states” actually
improved memory
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N
13

7

Year
2017

2018

HF

Stim
type
TBS

Table 2 (continued)

No change

Memoryrelated
outcome
Improvement

Associative
object and
word

Memory
type
Recognition
(people)

EC

Stimulation
location
Hip and
EC

0.1 mA, pulse
width 0.3 ms
at 50 Hz for
15 s on 15 s
off

Stimulation
parameters
0.05 mA, 5
bursts a
second, 4
pulses per
burst at 0.2 ms
pulse width,
delivered at
100 Hz
frequency

Encoding

Stimulation
period
1s
2.2–2.7 s
prior to
picture
onset in
encoding

Stimulation was
delivered during
5-minute
encoding period
in a 15-s, on-off
cycle. During
this period,
participants
learned
noun-color
associations that
were later tested

Stimulation
protocol
Stimulation was
delivered on
50% of the
images, and the
memory of these
images was
compared with
those that were
not stimulated

Putative mechanism of
Action
Improvement only with
right entorhinal cortex
angular bundle
suggesting laterality.
Theta burst stimulation
may be eliciting
LTP-like protocols
suggesting temporal and
spatial specificity.
Specifically, white
matter stimulation may
excite downstream
regions
While EC stimulation
led to more positive
deflections of ERPs in
the anterior
hippocampus, no
behavioral effects of the
stimulation were seen,
perhaps due to the low
stimulation intensities

[100]

Ref.
[99]
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Year
2018

N
22

Stim
type
HF

Memoryrelated
outcome
Improvement
with lateral
TC
stimulation

Memory
type
Word
recall

Stimulation
location
Hip, PHC,
neocortex,
PFC, and
lateral TC

Stimulation
parameters
0.5–1.5 mA,
pulse width
0.3 ms at
50 Hz for 5 s
of stimulation

Stimulation
period
Encoding

Stimulation
protocol
Stimulation
applied to 50%
of words 200 ms
prior to word
onset and lasted
for 4.6 s
extending until
after second
word of the pair
disappeared

Ref.
[101,
102]

(continued)

Putative mechanism of
Action
Only lateral temporal
cortex stimulation
improved behavioral
performance in the task,
and also increased high
gamma power as a
correlate of memory.
Full mechanism needs to
be explored further.
There may also be an
underlying modulation
of attention or
perception
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Year
2018

N
4

Stim
type
TBS

Table 2 (continued)

Memoryrelated
outcome
Impairment

Memory
Stimulation
type
location
SpatiotemporalCustomized
per subject
based on
network
activity

Stimulation
parameters
4–6 mA, 4
bursts a
second, 3
pulses per
burst at 0.2 ms
pulse width,
delivered at
50 Hz
frequency

Stimulation
period
2 s prior to
retrieval
(delay/
ITI)

Stimulation
protocol
Two target
stimulation
nodes that
exhibited strong
coupling for
spatial vs.
temporal
memory were
identified using
iEEG data from
a spatiotemporal
memory. TBS
stimulation was
delivered in a
subsequent
session to these
target nodes
with a fixed
phase-lag (0◦ or
180◦ ), in a
similar
spatiotemporal
memory task

Putative mechanism of
Action
Only spatial memory
was impaired. This
impairment was
accompanied with theta
decoupling of the spatial
retrieval network

Ref.
[103]
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N
14

6

Year
2018

2019

HF

Stim
type
TBS

Improvement

Memoryrelated
outcome
Improvement

Associative
word recall

Hip

Memory
Stimulation
type
location
Recognition Amygdala

0.5–1.5 mA,
pulse width
0.3 ms at
50 Hz for 5 s
of stimulation

Stimulation
parameters
0.5 mA, 8
trains of 4
pulses per
burst at 0.2 ms
pulse width,
delivered at
50 Hz
frequency

Encoding
+ ITI (not
distractor)

Stimulation
period
1 s at offset
of image
(delay/ITI)

Stimulation
protocol
Theta burst
stimulation at
the end of the
encoding period
(image offset).
Memory was
tested
immediately
after and
following a
1-day delay
Stimulation was
applied during
5 s of encoding
and was
randomly
assigned to
blocks of
stimulation

Putative mechanism of
Action
Increased memory
performance a day later
and increased theta
gamma interactions.
Perhaps through
glutamatergic release
from amygdala and
slower robust molecular
changes and plasticity
that can only be seen
with a long delay
Improvement in memory
was dependent on task.
Theta power increased
in lateral middle
temporal cortex in
stimulation trials that
were later remembered.
Synchronous membrane
fluctuations and
enhanced long-range
communication
facilitated by stimulation
may enhance
recollection and theta
power across network

[105]

Ref.
[104]
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Effects of Stimulation Depends on the Stages of a Memory Task
Since continuous open-loop stimulation would be unable to elicit such stagedependent effects of stimulation, conditional open-loop stimulation has been used to
address this problem. The earliest example of such stage-dependent stimulation can
be traced back to Lacruz and colleagues in 2010, where they delivered unilateral
or bilateral single pulse stimulation to the hippocampi during the encoding and
retrieval phase of a recognition memory task [92]. They showed that bilateral
stimulation must be delivered during the encoding phase of the task in order to
degrade memory performance, as no degradation was observed when the stimulus
was only delivered during the retrieval phase. This study suggested that even a
single pulse is capable of disrupting processes that underlie memory encoding
in the hippocampus, but this stimulus is not effective at degrading memory
performance when delivered during the memory retrieval or recognition phase.
A more recent study implemented a similar protocol (albeit with high-frequency
unilateral stimulation) and introduced a maintenance phase between the encoding
and retrieval phases in which the subjects were presented with a distractor (such
as an arithmetic problem) [96]. This study showed that stimulation during the
maintenance stage, and not during the recall or encoding phase, was most effective
at degrading memory performance. The authors suggest that stimulation during the
maintenance phase degrades memory by causing one to forget previously encoded
memories. The authors suggest that MTL electrical stimulation may alter the neural
circuitry representing internal context [96]. Hence it may work by increasing the rate
at which the brain changes its internal representation from one context to another,
which obscures contextual representation of the recently encoded memory engram
and thus causes one to forget.
Effect of Stimulation Lateralization
Unilateral hippocampal stimulation studies have provided us with some insight on
the lateralization effects of stimulation. For instance, a study performed by Coleshill
and colleagues in 2004 showed that delivering high-frequency stimulation (50 Hz)
during the encoding phase of a recognition memory task showed material-specific
memory deficits [91]. They observed that when the left hippocampus was stimulated
during the encoding phase, recognition memory was degraded for previously
presented words, and when the right hippocampus was stimulated, recognition
memory was degraded for faces. This may be an important factor since earlier
studies have shown the left hippocampus to be involved in word-memory [107]
and the right hippocampus to be involved in face-memory [108]. Other studies have
shown that when using single pulse stimulation, stimulation of both hippocampi
is necessary in order to produce episodic memory deficits (although this study
did not investigate differences in different types of memories) [92], whereas when
using high-frequency stimulation, stimulation of either hippocampi is sufficient for
inducing verbal and spatial memory deficits [97].

Developing a Neuroprosthesis for Memory: The Past, Present, and Future

33

Fig. 5 Example of theta burst stimulation protocol identifying the parameters that can change
across studies including the pulse width, number of pulses per burst, frequency of stimulation
pulses, and how many bursts per second (i.e., targeted theta frequency). (a) We see one cycle of
stimulation. (b) Zoomed in version of the five pulses delivered in one burst. As evident here, theta
burst stimulation entails delivering a high-frequency burst (depicted here as a 500 Hz burst) in a
theta envelope (depicted here as 4 Hz). Typical theta burst protocols can have anywhere between
3 and 8 bursts per second, 200 and 500 Hz bursts, and 3 and 8 pulses per burst and a pulse width
between 0.1 and 0.3 ms. It
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2.2.2

Theta Burst Stimulation of Hippocampal Inputs Can Improve
Memory
Since non-customized, high-frequency single pulse stimulation of the hippocampus
has been consistently shown to degrade memory performance, an alternative
stimulation paradigm, named theta burst stimulation, a delivery of stimulation of
multiple pulses/short bursts at high frequency being applied multiple times a second,
has been recently investigated (see Fig. 5).
Rationale Behind Theta Burst Stimulation
In their contingent open-loop stimulation study using high-frequency stimulation,
Suthana and colleagues proposed that the improvement in spatial memory observed
following high-frequency entorhinal stimulation was associated with an increase in
theta band (typically 3–8 Hz) power in the hippocampus [93]. The role of theta band
activity in memory function is certainly not a recent one. Long-term potentiation (a
long-lasting strengthening of synapses following certain activity patterns and a form
of plasticity) is believed to play a major role in effectively storing and retrieving
memories [22]. It is believed that theta burst stimulation mimics in vivo firing in
the hippocampus and is the most effective way of inducing LTP [109]. This can
in turn be related to calcium regulation that actually specifically enhances spatial
learning [110] and is most optimal around the lower bound of the theta frequency
band [111]. Work in animal models has shown that stimulating the hippocampus
with intermittent high-frequency bursts aligned with the peaks and troughs of the
endogenous theta oscillations can produce LTP and LTD, respectively [112–115].
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Thus, theta burst stimulation can be a powerful tool to modulate hippocampal
plasticity and thus modulate memory. As a result, theta burst stimulation has been
used in various human and animal studies to modulate memory performance.
Entorhinal Theta Burst Stimulation
Perhaps the most comprehensive investigation of theta burst stimulation for modulating memory performance in humans has been conducted by Titiz and colleagues,
where they delivered theta burst microstimulation (i.e., stimulating using microelectrodes at current levels that are more similar to physiological levels rather than those
used in macrostimulation) unilaterally to the entorhinal areas during the encoding
phase of a face-based memory task. Interestingly, the theta burst stimulation during
the stimulation trials was delivered roughly 2 s prior to image presentation. The
authors reported a substantial and significant increase in memory accuracy and
specificity, only when stimulating the right and not the left entorhinal region. This
is a captivating finding because a study that was discussed earlier, employing
simple high-frequency macrostimulation of the right hippocampus during the
encoding phase, showed a face-specific memory deficit [91]. This suggests that
while high-frequency stimulation is thought to introduce a functional lesion of
the hippocampus, theta burst stimulation of the adjacent entorhinal region (which
serves as a major input structure to the hippocampus) prior to image presentation
(i.e., prior to the start of the encoding phase) can facilitate better encoding of the
subsequently presented image. The spatial specificity of this stimulation is also of
importance. Titiz and colleagues demonstrated that such theta burst stimulation
delivered to the right angular bundle of the entorhinal region, which is where
axons of the perforant pathway are most dense [116], is much more effective
at improving memory accuracy and specificity [99]. Contrary to this, theta burst
stimulation of the entorhinal gray matter may interfere with underlying neuronal
computations which seems to introduce a response bias in the face-based memory
task [99]. The differences observed in this study, compared to the previously
reported contingent open-loop stimulation literature, may also be attributed to use of
microstimulation. Microelectrodes provide significantly greater spatial specificity,
allowing the prosthesis to interact with the underlying neuronal networks at a spatial
scale that better resembles the underlying neuronal architecture. Furthermore, due
to the high impedance of such electrodes, the current delivered during stimulation is
much closer to physiological levels when compared to the large currents delivered
during macrostimulation. Thus, utilizing microstimulation may have provided Titiz
and colleagues with the spatial specificity necessary to interact with the intricate
anatomy of the hippocampus and the surrounding structures. However, why such
focal stimulation can modulate the vast circuity required to encode a spatially and
temporally distributed engram remains largely enigmatic and wanting for future
research.
Amygdala Theta Burst Stimulation
The amygdala is a medial temporal lobe structure which is thought to play a key role
in processing emotional memories (see [117] for a review). In addition to the role
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that the amygdala plays in emotional processing, it is also thought to play a role in
emotional arousal [118]. Thus, it may be possible, by modulating amygdala activity,
to enhance memory encoding by associating an emotional valence to a particular
stimulus. Recently, Inman and colleagues investigated this exact hypothesis by
delivering low amplitude, theta burst stimulation to the amygdala, immediately
following the completion of the encoding phase (i.e., immediately following a
3-s image presentation) [104]. Their results demonstrated that amygdala theta
burst stimulation was able to significantly improve long-term (i.e., 1 day following image presentation session), but not short-term (i.e., immediately following
image presentation session), memory of emotionally neutral images. In fact their
stimulation elicited no subjective or objective emotional response, suggesting that
amygdala stimulation can enhance memory separate from emotional experience.
This is consistent with the presumed role of the amygdala in modulating the
consolidation of long-term memory processes [119]. Interestingly, the authors
also showed that during the recognition of images that were initially followed
by amygdala stimulation, a significantly increased gamma frequency power was
observed in the perirhinal cortex, along with significantly increased hippocampalperirhinal theta band coherence, hinting at the physiological underpinnings of
how amygdala stimulation influences the physiology of MTL structures involved
in declarative memory. Furthermore, the authors also showed significantly higher
theta-gamma phase amplitude coupling between the amygdala (theta phase) and
the perirhinal cortex (gamma amplitude) during the recognition phase of images
that were followed with amygdala stimulation when compared to images that were
not. This finding is fascinating because the theta burst stimulation in and of itself
encompasses a high-frequency stimulation burst in a theta envelope. Thus, the
reappearance of this theta-modulated gamma activity in the perirhinal cortex during
the recognition phase suggests a potential reactivation of an amygdala-induced
network state during which the memory was initially encoded.
Fornix Theta Burst Stimulation
While continuous, high-frequency open-loop stimulation of the fornix has shown to
be ineffective at improving memory function, forniceal theta burst stimulation may
hold some promise. In fact, in a rat model of traumatic brain injury (TBI), forniceal
theta burst stimulation delivered during the memory encoding phase was able to
rescue spatial memory deficits, whereas high-frequency (130 Hz) and low-frequency
(5 Hz) stimulation were not able to induce the same effect [120]. The same
group also attempted to stimulate the fornix during the encoding phase in epilepsy
patients while they performed various memory tasks [95]. They demonstrated that
forniceal theta burst stimulation was able to significantly improve short-term and
long-term visuospatial memory; however, improvement was not observed on verbal
memory tasks. Although the authors did not report extensive electrophysiological
data from the hippocampal memory network, theta burst stimulation of the fornix
likely induced robust activation of the hippocampus in a manner that was more
physiological and unlike that achieved by high-frequency stimulation of the fornix.
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2.2.3 Limitations of Conditional Open-Loop Approaches
As discussed previously, conditional open-loop stimulation for memory has only
been tested in patients with medically refractory epilepsy who have been implanted
with electrodes for the presurgical evaluation of their epilepsy. As a result, the
translatability of the (often promising) results reported in this section to other
diseases and to a healthy brain remains a pressing question. Specifically, such
results may not translate as effectively since recorded brain activity can fluctuate and
have increased variability weeks after implantation [121]. Furthermore, conditional
open-loop studies have to be, by definition, conducted in a controlled experimental
environment using one of many available memory tasks. However, there is a
significant amount of heterogeneity in this field with regard to the specific type
of task used and the underlying mnemonic processes in the brain that this task
depends on. As a result, it is extremely difficult to generalize the results of the
various studies to real-word application. In fact, despite all evidence regarding
direct, high-frequency stimulation of the hippocampus leading to worsened memory
function, a very recent study showed that this deterioration of memory may actually
be task dependent [105]. In this study, the authors implemented an associative
memory task instead of the commonly used recognition memory task (participants
were required to remember the association between two words instead of trying
to remember the words themselves). They found that delivering high-frequency
stimulation directly to the hippocampus in an open-loop manner during the encoding
phase can actually improve associative memory, contrary to the existing body of
evidence. This suggests that the choice of the memory task for testing a particular
stimulation paradigm may be a critical variable, along with the parameters of the
stimulation paradigm themselves.
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Closed-Loop Stimulation

Although conditional open-loop approaches address some of the concerns of
continuous open-loop stimulation, they still are unable to respond to the dynamically
changing underlying brain activity. Furthermore, conditional open-loop stimulation
approaches require testing in a controlled experimental environment, which significantly deters the translatability of such neuroprostheses. To develop an intelligent,
dynamic neuroprosthesis that can eventually be translated into the real world,
closed-loop systems will need to be developed that can respond to the brain as it
navigates through a changing environment. Here, we discuss in detail two specific
examples of closed-loop neuroprostheses that have led to improvement in memory
formation based on systematic detection and delivery of an optimal stimulation.

2.3.1 Encoding State-Specific Stimulation
See Fig. 6.
It has been shown that the ongoing frequency of brain activity can be predictive
of memory formation. Specifically, it has been shown that a decrease in theta power
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Fig. 6 This figure shows decreased low-frequency (i.e., theta band) activity and increased highfrequency (i.e., gamma band) activity in the mesial temporal lobe structures are predictive of
improved memory performance. (a) The area under the curve for a classifier that can determine
whether a brain state is conducive to accurate memory encoding or not. (b) A plot depicting
the activation (or deactivation) of various brain regions commonly involved in memory encoding,
during successful memory encoding. Note that activity in the lower-frequency band decreases in
the mesial temporal lobe structures and increases in the higher-frequency band in the frontal gyrus.
This type of online classifier can be used to classify current memory states and deliver stimulation
to perturb bad memory states into good ones. (Reproduced from [122] under Creative Commons
Attribution 4.0 International License; https://creativecommons.org/licenses/by/4.0/legalcode)
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and a simultaneous increase in gamma power prior to stimulus onset represent a
better “brain state” for encoding [123–128]. Increases in broadband gamma activity,
with concomitant decrease in low-frequency power as observed in these studies,
reflect an increase in asynchronous neuronal spiking and are thus reflective of
increased cortical excitability [129–131].
With this in mind, Ezzyat and colleagues first collected iEEG data from 102
participants who performed a free word recall task and developed a classifier
from spectrally decomposed iEEG signals in order to predict whether a particular
word would be later remembered [98]. They demonstrated that the classifier could
predict memory performance at an above chance level (mean area under the
curve = 0.63 ± 0.07). It is also interesting to note that, in line with the previously
reported literature, this classifier primarily relied on widespread decreases in lowfrequency power along with increases in high-frequency power across the frontal,
temporal, and occipital cortex, as well as in the hippocampus. In a subset of
these participants, the authors also delivered high-frequency stimulation to MTL
structures in an open-loop manner during the encoding phase. While such openloop stimulation consistently degraded memory performance (in line with current
evidence [97, 132]), post hoc analysis showed that stimulation, when delivered on
trials where their classifier predicted successful memory encoding (high encoding
state), degraded memory but stimulation delivered on trials where their classifier
predicted unsuccessful memory encoding improved memory. These data provide
clear evidence that the memory effect of stimulation is brain state dependent. A
subsequent study by the same group attempted to optimize the anatomical location
of the stimulation [101]. They found that stimulation of the lateral temporal cortex,
and not of the prefrontal, parahippocampal, or hippocampal region, increased
gamma activity in poor encoding trials and improved performance on a verbal
memory task.
Having established when and where to deliver stimulation, they developed an
online version of their classifier, in order to determine the appropriate encoding
states to stimulate in real time. The study reporting this closed-loop implementation
was published in 2018, where Ezzyat and colleagues demonstrated the efficacy of
such a closed loop, brain state-dependent neuroprosthesis for improving memory
in 25 patients (see Fig. 7) [122]. They showed that stimulation of the lateral
temporal cortex in their closed-loop fashion significantly increased the chances
of remembering an item by about 15%, whereas stimulation elsewhere decreased
chances of remembering an item, albeit nonsignificantly [122].
The process through which this closed-loop system was developed demonstrates
the true power and importance that research can lend to developing a neuroprosthesis for memory. By starting with a working hypothesis, and using open-loop
stimulation to customize timing of stimulation delivery, Ezzyat and colleagues were
able to create an optimal classifier [98].
The optimized stimulation location reported in this work, i.e., the lateral temporal
cortex, is significant because it is a brain region that has not previously been
targeted for memory function. Furthermore, the lateral temporal cortex can actually
be stimulated using noninvasive techniques (transcranial magnetic stimulation,
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Fig. 7 Multi-input, multi-output (MIMO) nonlinear. Model in (a) spatiotemporal recording is
calculated to (b) predict CA1 (red) firing (c) from CA3 (blue) recordings (d) and generate
patterned stimulation (e) for feedback stimulation of the same CA1 areas. The anatomical diagrams
show placement of CA3 and CA1 multicell recording tetrodes in their respective areas along
the longitudinal axis of hippocampus. On stimulation trials, trains of electrical pulses mimicking
the predicted strong code (when an item is correctly remembered) CA1 output were delivered
to the same hippocampal electrode locations where the CA1 patterns were previously recorded.
MIMO model stimulation patterns applied to the respective CA1 recording locations consisted of
multichannel biphasic pulses of 10–50 µA, 1.0 ms duration with a minimum 50 ms between pulses,
at ≤20 stimulation pulses per second per channel (obtained with permission from [136]; Copyright
2019; IOP Publishing)
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transcranial direct/alternating current stimulation), which may actually improve the
feasibility of developing such a neuroprosthesis while minimizing potential surgical
risks and complications [133, 134]. Thus lateral cortex stimulation may provide
us with an alternate avenue to probe underlying memory networks in an attempt to
develop an ideal memory neuroprosthesis which is consistent with other noninvasive
approaches [135].
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Multi-input Multi-output (MIMO) Model and Subject-Specific
Patterns
The flow of information within model the various subfields of the hippocampus
AU5
has been extensively studied. One of the fundamental operating principles of the
brain is that information is represented in the spatiotemporal firing of neurons. As
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the information propagates from one structure to the next, it undergoes nonlinear
transformations as a result of neuronal computations, generating a new spatiotemporal firing pattern. Thus, a potential neuroprosthesis for restoring hippocampal
function may function to restore the physiological and efficient flow of information within various substructures of the hippocampus, by effectively predicting
and stimulating output activity based on input activity. As discussed earlier, the
hippocampus contains the distinct subfields of CA1 and CA3. Neuronal activity in
CA1 is primarily driven by activity in CA3. Thus, it may be possible to predict
the spatiotemporal activation patterns of CA1 neurons from the corresponding
spatiotemporal activation patterns of CA3 neurons. This was first demonstrated by
Song and colleagues, where they created a multi-input multi-output (MIMO) model
of the CA3->CA1 transformation using a series of multi-input single-output (MISO)
Laguerre-Volterra kernels [137, 138]. These models incorporated physiological
variables such as the synaptic potential caused by the spatiotemporal firing patterns
of CA3 neurons (calculated using a Laguerre-Volterra kernel expansion), the spiketriggered afterpotential within the CA1 (calculated using a feedback kernel), and the
stochastic noise that models the intrinsic noise of the output neurons and the noise
of the unobserved inputs. The efficacy of this MIMO model at predicting output
firing patterns in CA1 using input firing patterns from CA3 was established in rats
performing a spatial memory task almost a decade ago [137, 138].
Following this, Berger and colleagues developed a closed-loop implementation
of this system, in which they were able to extract “weak codes” and “strong codes”
from the MIMO model which corresponded the animal either forgetting a spatial
memory or remembering it, respectively [139]. In trials where the model predicted
a weak code from the MIMO model, a corresponding strong code stimulation
was delivered in an attempt to facilitate efficient information transfer between
the CA1 and CA3. The authors showed that this type of stimulation significantly
improved spatial memory performance even in healthy animals. Furthermore,
they demonstrated that delivering pseudorandom stimulation (by scrambling the
coefficients of the Laguerre-Volterra kernels) was ineffective at improving memory
function. Furthermore, they also demonstrated that this MIMO-based strong code
stimulation was able to rescue memory performance in animals chronically treated
with a glutamatergic antagonist (MK801) that impairs LTP.
These findings were later replicated in nonhuman primates (NHPs) using a
spatial and recognition memory tasks [140] and most recently in humans [141].
Human testing was conducted on patients with medically refractory epilepsy who
were implanted with macro- and microelectrodes for the presurgical evaluation of
their epilepsy. A patient-specific MIMO model was developed for each individual
patient, and MIMO-based stimulation was delivered on a short-term (delayed-match
to sample) and long-term (delayed recognition) memory task. Memory performance
was significantly higher in both of these memory tasks for the MIMO stimulation
conditions, when compared to random stimulation and no stimulation. Thus, the
authors demonstrated that facilitating the flow of information between the CA3
and CA1 subregions of the hippocampus using nonlinear estimation techniques
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can indeed improve memory performance, not only in animal models but also in
humans.
Although these findings are impressive, one major limitation persists – the
stimulation is only delivered during the encoding phase, which means that the
neuroprosthesis is dependent on the underlying experimental paradigm. This makes
it difficult to translate such a neuroprosthesis into the real world, unless stimulation
can be delivered in a continuous or pseudo-continuous fashion or time locked to
some biomarker and still achieve memory improvements in real-world environments.
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Conclusion and Future Directions
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In this chapter, we’ve attempted to provide a comprehensive albeit not exhaustive
overview of the current, state-of-art electrical neuromodulation technologies ranging from continuous and contingent open-loop systems to the recently developed
closed-loop systems. We’ve identified the benefits and limitations of the currently
available technologies and have provided detailed commentary on the various pieces
of converging and diverging evidence in this field. It is important to note that relative
to the overall field of neuromodulation, the field of neuromodulation for memory
is still in its nascent stages. As such, there is a significant amount of variability
and heterogeneity in the currently published literature, which makes it difficult to
generalize the results and provide a universal consensus. This heterogeneity can be
primarily broken down into the three categories below.
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Stimulation Patterns and Parameters
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A majority of the studies discussed here have attempted to use high-frequency
stimulation to modulate the memory network, similar to what is currently used
in Parkinson’s disease as part of trials for AD [53, 66]. Others have attempted to
use theta burst stimulation [95, 103, 104], and others have even attempted single
pulse stimulation [88, 92]. Recent work with microstimulation instead of the more
generally used macrostimulation has provided emerging evidence that the scale of
stimulation may also play an important role in providing stimulation specificity
and precision [99, 141]. The mechanisms through which these different types of
stimulation affect the underlying nervous tissue can be dramatically different, and
as a result, the outcomes from these varying stimulation protocols cannot be grouped
together for a meta-level analysis.
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Anatomical Locations

Although the hippocampus is thought to be the hub of the declarative memory
network, the variety of anatomical structures that have been stimulated in the various
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studies discussed here has been immense. Some studies have attempted to directly
stimulate the hippocampus and the neighboring entorhinal and parahippocampal
regions, whereas others have attempted to modulate hippocampal activity by
stimulating upstream structures that in turn project to the hippocampus. Since we
know that electrical stimulation can affect cell bodies, myelinated and unmyelinated
axons, in different ways, these results can also not be simply grouped together for
meta-level analyses.
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Experimental Environment and Memory Tasks

993

Perhaps the largest source of heterogeneity in this field arises from the wide
array of memory tasks that have been used to investigate the effects of different
neuroprostheses on specific types of memory. From our earlier discussion regarding
the taxonomy of memory, there is a rich body of literature that supports anatomically
and functionally distinct memory networks in the human brain, which means
that different memory tasks will target specific mnemonic processes that may not
actually be targeted by the particular stimulation paradigm implemented in that
study. For instance, several studies have reported detrimental effects of hippocampal
high-frequency stimulation on recognition memory; however, a recent study showed
that similar hippocampal stimulation can actually have a beneficial effect on
associative memory [105].
Despite this heterogeneity, however, a common underlying theme throughout this
chapter has been the realization that the memory system is much more complicated
than the almost mechanistic cortico-basal ganglia system that is pathological
in Parkinson’s disease. As a result, using blind, open-loop stimulation of brain
structures involved in memory function does not seem to yield the same beneficial
results that have been observed with other diseases. There is a pressing need to
develop neuroprostheses for memory that account for and specifically target the
dynamic nature of the brain and take a focused, hypothesis-driven approach to
iterating on these technologies. Attempting to replicate the success of a particular
stimulation paradigm from an entirely different disease model in order to modulate
memory structures is akin to using a chainsaw to carve out an image on our wax
memory tablet. Instead, it is necessary to understand the underlying pathology and
develop targeted neuroprostheses that target the underlying mechanisms.

994

3.4

970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992

995
996
997
998
999
1000

Moving Toward Real-World Implementations

Apart from the continuous open-loop stimulation neuroprostheses (most of which
have failed to show robust improvements in memory function), none of the more
advanced memory neuroprostheses discussed here have been tested outside of a
well-controlled experimental environment. In fact, none of these more advanced
approaches have even been tested outside the walls of a hospital room. Furthermore,
all acute stimulation studies have utilized patients with medically refractory epilepsy
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with intracranial electrode implants to develop and test the varying neuroprosthetic
designs. These factors make it difficult to generalize the results and predict whether
such neuroprostheses will actually be feasible in real-world situations. In fact,
there is emerging evidence that activity in the mesial temporal lobe structures may
actually be substantially different in this patient population when the patients are
allowed to walk instead of participating in tasks while sitting in their hospital beds
[142].
Even the currently developed closed-loop technologies tend to rely on specific
experimental paradigms in order to stimulate the brain. To make these technologies
more translatable, it may be beneficial to use only the ongoing physiological or
pathological brain activity as a contingency for delivering stimulation. For example,
recently it has been shown that hippocampal ripples can be contingently stimulated
with fornix stimulation [143]. Such sharp waves and ripples are believed to be
involved in memory, planning, and influencing decisions and even can be a marker
for pathological impact of disease [144]. Perhaps if we can find more naturally
occurring biomarkers of memory, we can investigate stimulation on naturally
occurring events.
A potential avenue for developing memory neuroprostheses that are more
suitable for the real world is virtual reality. Using virtual reality, it may be
possible to simulate realistic environments, making it possible to not only test the
existing systems in a more naturalistic environment but also potentially identify
biomarkers and physiological or pathological brain activity that may be used for
contingent stimulation. In fact, virtual reality navigation has been shown to elicit
theta oscillations in the human hippocampus analogous to those observed in moving
rodents, which are not present in otherwise stationary humans [145]. However, it
is important to point out that virtual reality may not be a substitute for physical
movement as recent evidence suggests that virtual reality-induced hippocampal
theta oscillations may not translate to real-world walking [142]. Thus, it may be
necessary to create more immersive testing environments which facilitate movement
while providing sufficient immersion to simulate the real world (Fig. 8).
There may also be other technological limitations that need to be addressed
in order to facilitate real-world implementation of these neuroprostheses. For
instance, in Berger’s work with humans, they were limited by the number of
neurons that they could record and the number of sites they could stimulate due
to the limitations of the current neural interfaces [141]. It may be necessary to
develop novel neural probes capable of high density recording and stimulation. To
perform chronic single-unit recordings (which would be necessary for real-world
implementations of the current closed-loop memory neuroprostheses), it may be
necessary to control local tissue responses which may deteriorate the signal to
noise ratio over time (see [146] for a review). Another major technical challenge to
implementing chronic implants is battery life. Closed-loop stimulation approaches
allow for battery conservation by only delivering stimulation when necessary;
however, they also require the development of low-power chipsets that are capable
of performing complex computations while drawing minimal power. The field
of neuromodulation for seizure suppression provides some useful examples of
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Fig. 8 Considerations for development of an ideal closed-loop neuroprosthesis for memory
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such chipsets that are capable of recording and stimulating neural activity at a
high density while performing complex operations with minimal power draw. An
example of such a chip is the neural interface processor or NURIP, which is an
application-specific integrated circuit capable of calculating many spectral features
of a signal (phase locking value, cross frequency coupling, band energy, etc.)
and passing these features to powerful nonlinear classifiers, all while maintaining
minimal power consumption [147]. Adapting this existing technology for memory
neuroprostheses or developing custom chipsets for the varying needs of memory
neuromodulation may be necessary to facilitate translatability in this field.
Various chapters within this textbook illustrate novel neurotechnologies that
facilitate high density recording and stimulation of the brain, others that demonstrate
biocompatible composites that facilitate chronic neural implants, and yet others
that describe small, low power electronics and communication technologies that
allow for processing and transmission of high bandwidth neural activity. Together,
these advances in neurotechnologies will certainly accelerate the development of
future neuroprostheses for memory. However, it is certainly important to note that
sufficiently advanced neurotechnologies are simply one of the many requirements
for developing a real-world neuroprosthesis for memory.
With all this in mind, the requirements of the memory neuroprosthesis of the
future are as follows:
1. Appropriate anatomical location: an in depth understanding of the memory target
or anatomical location.
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2. Appropriate stimulation parameters: an optimal selection of stimulation parameters to modulate memory networks in a spatiotemporally precise manner.
3. Appropriate stimulation contingency: Closed-loop stimulation should be based
on biomarkers that can be robustly extracted in a real-world environment and
should not be dependent on a particular experimental paradigm.
4. Appropriate neural interface technology: high density recording and stimulation
capabilities, coupled with low power integrated circuits suitable for chronic
implants.
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