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1 | INTRODUCTION

Katharina Henke

Abstract

The investigation of the physical traces of memories (engrams) has made significant pro-
gress in the last decade due to optogenetics and fluorescent cell tagging applied in
rodents. Engram cells were identified. The ablation of engram cells led to the loss of the
associated memory, silent memories were reactivated, and artificial memories were
implanted in the brain. Human engram research lags behind engram research in rodents
due to methodological and ethical constraints. However, advances in multivariate analy-
sis techniques of functional magnetic resonance imaging (fMRI) data and machine learn-
ing algorithms allowed the identification of stable engram patterns in humans. In
addition, MRI scanners with an ultrahigh field strength of 7 Tesla (T) have left their pro-
totype state and became more common around the world to assist human engram
research. Although most engram research in humans is still being performed with a field
strength of 3T, fMRI at 7T will push engram research. Here, we summarize the current
state and findings of human engram research and discuss the advantages and disadvan-

tages of applying 7 versus 3T fMRI to image human memory traces.
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human engram research occurred in the field of magnetic resonance
imaging (MRI) that pushed field strength from 3 to 7T for investiga-

There have been tremendous advances in engram research in the last
decade. Groundbreaking results were achieved in rodents using
optogenetics. With sophisticated cell tagging techniques, researchers
were able to identify cells that are part of an engram. Researchers
deleted memories by deactivating engram cells and created artificial
memories by recruiting cells to an engram (Josselyn &
Tonegawa, 2020). Chased by such extraordinary results in rodents,
where does human engram research stand and what methods are
available in humans to keep up with engram research in rodents?
Important developments for human engram research were made
when advancing multivariate analyses techniques and machine learn-
ing techniques because these techniques allow tracking engrams on a

larger scale than single cells. Another important development for

tions in humans. Since the mid-2010s, 7T MRI scanners are no longer
prototypes but have become commercially available and distributed
around the globe (see Figure 1). Although this availability refers
mostly to clinical and diagnostic use, the doors are also open for basic
memory research. Memory research can profit considerably from 7T
MRI, particularly when analyzed using multivariate analysis methods.
The analysis of functional magnetic resonance imaging (fMRI)
data can be divided into mass univariate and multivariate approaches.
Multivariate approaches have become more popular in the last two
decades and were first used by Haxby et al. (2001). Multivariate
approaches can offer a different kind of insight into voxel activation
patterns by taking the whole pattern into consideration, while mass

univariate approaches provide an average activation pattern
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FIGURE 1

associated with an experimental condition. If two activations differ in
their patterns, but not in their overall activation level within a region,
then only multivariate analyses can pick up on the subtle differences
between their patterns. This is of interest for engram research
because every engram is instantiated by a distinct neural assembly.
For instance, two episodic memories might evoke a distinct pattern of
activated voxels within the hippocampus, but they may not differ
regarding their local hippocampal activation level. It is possible to
decode individual episodic memories based on their distinct patterns
of activated voxels (Rissman et al., 2010). Tracking the reactivation
(replay) of voxel patterns underlying individual memories during a
resting period, which followed learning, predicted the subsequent
retrieval performance (Staresina et al., 2013).

An important caveat to this analysis approach is that a distinct
voxel activation pattern may not translate directly to specific repre-
sentation. For example, when the decoding of a spatial position from
hippocampal voxel patterns was intended, critics argued that fMRI
does not provide the spatial resolution necessary to image place and
grid cells. Accordingly, distinct voxel patterns might not originate from
activated place or grid cells but from neurons that decode visual land-
marks within the virtual environment that participants were navigating
through (Nolan et al, 2018). Indeed, after the removal of the
landmark-triggered activation, the decoding of spatial position from
hippocampal voxel patterns was no longer possible.

The discussion is ongoing whether large-scale activity patterns
within and between brain areas, as measured with fMRI, would offer a
direct look at engrams or only an indirect look because engrams are
instantiated at the cellular level. The spatial resolution of functional
imaging with 7T field strength reaches the mesoscale, that is, the level
of functional units of computations (De Martino et al., 2018). This res-
olution allows differentiating activity in individual cortical layers and
hippocampal subfields. Hence, 7T fMRI can provide insights into the

neural correlates of individual memories irrespective of whether the

UHF MRI scanners around the world. Data from layerfMRI blog (Huber, 2021)

imaged signal is termed engram, as defined 100 years ago by Richard
Semon, or otherwise (Schacter, 2001).

In this review, we present the first successful attempts at imaging
engrams in the human at 7T field strength and summarize the merits
and difficulties of 7T memory fMRI. We highlight the memory
research that can profit most from 7 versus 3T fMRI and that may jus-
tify the associated financial costs. We begin by briefly describing the
general potential of 7T MRI (for an extensive review see
Ugurbil, 2018), and proceed to giving an overview of engram research
performed at 3 and 7T field strength. We focus on three areas of
engram research that might be well suited for 7T imaging given the
properties and the physiological advantages of 7T imaging. The three
areas are (1) high-resolution imaging of hippocampal engrams,
(2) high-resolution imaging of layer-specific cortical engrams, and
(3) high-resolution imaging of small subcortical structures that modu-
late engram formation. We present scenarios, in which the application
of 7T fMRI would be most worthwhile and scenarios, where the
advantages may not outweigh the costs. We finally mention theoreti-
cal debates in memory research that might be resolved using human
7T imaging.

1.1 | Advantages and disadvantages of 7T fMRI

The more than two-fold increase in magnetic field strength from
3 to 7T is the origin of most advantages but also disadvantages of
7T scanners. On the one hand, the increase in magnetic field
strength causes an increase in the magnetization of any matter in
the scanner bore, which leads to a stronger signal once the matter is
excited by a radio frequency pulse. On the other hand, magnetic
susceptibility artifacts and distortions are also enhanced. This
section summarizes the advantages and disadvantages most rele-

vant for engram research.
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1.1.1 | Advantages

The main advantages of 7T scanners are the increases in spatial reso-
lution, spatial specificity, and statistical power. Each topic is discussed
in the following.

Blood-oxygen-level-dependent (BOLD) imaging is based on mea-
suring magnetic field inhomogeneities (Logothetis et al., 2001; Ogawa
et al., 1993). Those inhomogeneities are influenced by the ratio of
oxyhemoglobin and deoxyhemoglobin within small blood vessels. The
strength of magnetic field inhomogeneities rises with the strength of
the main magnetic field. Thus, the BOLD signal obtained is generally
stronger and the signal-to-noise ratio higher on 7T scanners compared
to 3T scanners. It is possible to capitalize on this increase in signal
strength, for example by increasing the spatial resolution, that is,
decrease voxel size. Decreasing the voxel size penalizes the signal-to-
noise ratio. The increased signal strength of 7T scanners makes it pos-
sible to decrease the voxel size below 1 mm isotropic, while
maintaining a reasonably high signal-to-noise ratio. This makes it pos-
sible to functionally resolve hippocampal subfields (Carr et al., 2010).
Additionally, instead of increasing the resolution, it is also possible to
scan at lower resolutions, but faster. This is favorable when scanning
patients or participants who cannot be bothered with a long
scanning time.

Increasing the temporal and/or spatial resolution bears trade-offs,
especially concerning regions such as the medial prefrontal area and
the medial temporal lobe (MTL), which are prone to suffer from signal
loss due to field inhomogeneities. Increasing the temporal and/or spa-
tial resolution penalizes the signal-to-noise ratio. If the signal loss due
to inhomogeneities is strong, then a high temporal and/or spatial reso-
lution may negate the signal gains introduced by the high field
strength at 7T (Yoo et al., 2018). Increasing the temporal and/or spa-
tial resolution should therefore be handled with care.

Additionally, some studies report that spatial smoothing can
sometimes, albeit counterintuitively, benefit multivariate analyses
such as multi-voxel pattern decoding because it increases the SNR
(Op de Beeck, 2010). Increasing the spatial resolution is still valuable,
especially if one can increase it to the level of functional organization
in the investigated brain region, because this offers the highest gains
in signal/information, even if later smoothing is applied.

Spatial specificity is increased as well on 7T (Yacoub et al., 2001).
This is due to the fact that smaller blood vessels contribute more to
the BOLD signal than with lower field strengths, and large blood ves-
sels contribute less (Olman et al., 2009). In addition to the increased
spatial resolution, this makes 7T scanners very useful for the imaging
of smaller brain structures such as individual amygdalar nuclei or hip-
pocampal subfields.

Torrisi et al. (2018) compared a “go/no-go” (response inhibition
task) fMRI paradigm between 3 and 7T to assess the statistical power
between the two systems. Their results showed large gains for 7T in
the statistical power to detect small effects and effects on the group-
level. This is a result of the increased signal strength on 7T scanners.
With increased signal strength the temporal signal-to-noise ratio (SNR

of the time series) is increased as well, and thus the statistical power.

The temporal SNR is an important measure and it depends on multiple
factors such as physiological noise and participant movement. The
increase in statistical power on the group level may be a help for
research in participant groups that are inherently harder to recruit,
such as amnesic patients, who are of interest for memory/engram
research. The increase in statistical power makes it possible to pro-
duce meaningful results in a smaller group of participants or patients.
The general gains in signal strength hold also true for the hippocam-
pus (see Figure 2 and Theysohn et al., 2013). Here the percent signal
change is often only about 0.5% above base level, and thus lower than
the average signal strength in the cortex. Hence, with increased signal
strength, 7T imaging has the potential to make so far unfeasible
designs in the MTL feasible (Nau, 2019). If one is interested in the
engram pathway, that is, in the connectivity between engram compo-
nents, 7T MRI is an apt choice because its faster temporal resolution
yields optimal BOLD sensitivity for functional network imaging (Yoo
etal, 2018).

1.1.2 | Disadvantages

The main disadvantages of 7T scanners are increased influences of

physiological movements and increased susceptibility artifacts. In

7 versus 3T
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FIGURE 2 Reprinted with permission from: N. Theysohn

et al.,, 2013. (a) Field strength comparison: A two-sample t-test
(contrast 7 vs. 3T) shows a plus in BOLD sensitivity in bilateral
hippocampus at 7T for functional activation related to associative
memory encoding. Significantly higher activation in the hippocampus
bilaterally. (b) Box plot comparison of 3T (right) and 7T (left) datasets.
Extracted beta values of parameter estimation show significant higher
intensity of the hippocampal activation at 7T (0.7 £ 0.06 at 7T

vs. 0.33 £ 0.04 at 3T)
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addition, tissue heating as well as other side effects can be more
severe on 7T scanners. These main disadvantages are discussed in the
following.

Due to the shorter wavelength of the radiofrequency fields in 7T
scanners, it is more likely that local foci emerge, which can heat up
the tissue (Fiedler et al., 2018). The specific absorption rate (SAR)
measures how much of the radio frequency is absorbed by the tissue.
It is usually averaged over the body weight. In 7T scanners, the
allowed SAR is limited to prevent tissue damage. In order not to
exceed those limits, the fMRI sequence may need to be restricted. For
example, the number of slices may be limited, which can be a chal-
lenge in sequence design (Ladd et al., 2018).

One drawback of the higher resolution is that physiological noise
becomes more dominant with decreasing voxel size. The physiological
noise encompasses heart rate and breathing, which one should record
during the fMRI session. A toolbox that allows including the recorded
physiological data into the fMRI analysis is available (Kasper et al., 2017).
Motion artifacts can also be recorded and incorporated into the data
analysis, for instance as covariates in the first-level general linear model.
Foremost, participant compliance is important because it can reduce
motion artifacts considerably. Low compliance may be expected when
working with amnesic or demented patients. Also, from an engram
research point of view, a memory paradigm that includes vocal responses
such as a free recall are not feasible due to muscular activity and exces-
sive head movements during the answer. Relatedly, studies involving
shocking or scary images for emotional memory formation or recognition
may induce a physical reaction in the participants, which necessitates a
careful piloting, good instructions, and additional head fixation to avoid
excessive movement artifacts. To control for motion artifacts, several
solutions have been proposed, for example optical systems for motion
tracking. One can place a camera inside the scanner bore for offline
image reconstruction (Schulz et al., 2012). It was mentioned above that
the BOLD signal is based on field inhomogeneities which increase at
higher field strength. Thus, the BOLD signal is also stronger on higher
field strengths. Ironically, the same forces that increase the signal
strength also induce certain problems. Stronger effects of field inhomo-
geneity lead to severe image distortions and signal losses, especially at
tissue boundaries (Jezzard & Clare, 1999). These so-called susceptibility
artifacts are not specific to the MTL but are particularly strong at and
around the MTL, due to air cavities such as the sphenoid sinus in close
proximity, which produce significant magnetic field inhomogeneities
(Olman et al., 2009). This is also an issue at lower field strengths. There-
fore, imaging techniques evolved that reduce the susceptibility artifacts
as well as possible, although often at the cost of a good signal-to-noise
ratio (Nau, 2019).

Unfortunately, the effect of susceptibility artifacts scales linearly
with magnetic field strength and is thus even stronger on 7T scanners.
Besides adjustments to the sequence itself (Brunheim et al., 2017;
Marques & Norris, 2018), susceptibility artifacts can also be fought
with dielectric pads, which are placed around the head of the partici-
pant in order to increase the magnetic field homogeneity, especially
around the air cavities close to the MTL and medial/inferior prefrontal

cortex (Yang et al., 2006). The pads should be as close as possible to

the region of interest because their effect drops off at short distance
(Teeuwisse et al., 2012). Software tools to design such dielectric pads
for one's own use case are freely available (van Gemert et al., 2019).

Higher safety standards regarding metal in 7T (tattoos for instance)
may obstruct recruiting. In addition, higher field strength makes side
effects of being exposed to the magnetic field more severe. Phosphenes
(perception of light flashes due to an inductive effect on the visual cor-
tex), and vertigo (inductive effect on the vestibular system) are more pro-
nounced. Because of stricter exclusion criteria, recruitment is generally
harder with imaging at 7T scanners. Nevertheless, thanks to active
shielding technology on newer 7T scanners, drop-outs due to side-
effects are no longer common. In a study from 2008, only 5 out of
102 healthy participants ended a 7T MRI examination prematurely due
to side-effects (Theysohn et al., 2008). In a newer study using an actively
shielded scanner and a large cohort of 801 subjects, less than 10% of
subjects would object to another examination in the future (Hansson
et al,, 2020). In our own experience when using a 7T Terra Magnetom
Scanner with active shielding technology, only one of 26 participants
experienced discomfort (nausea); no participant terminated the MRI ses-
sion prematurely.

There is no fundamental difference in the advantages and disad-
vantages between anatomical MRI and functional MRI at 7T. Yet,
movement artifacts may have a greater impact on functional than ana-
tomical MRI because of the prolonged acquisition times associated
with fMRI. Benefits of anatomical MRI at 7T are important for the
clinical use of MRI. The increased spatial resolution of anatomical MRI
at 7T improves the assessment of the severity, extent, and boundaries
of brain damage. In the case of dementia and amnesia, this enhanced
anatomical precision may assist memory researchers. For example,
with the increased specificity and resolution at 7T, it became possible
to image the atrophy of the CA1 apical neuropil in the hippocampus
of Alzheimer's disease patients (Kerchner et al., 2010).

This section summarized the advantages and disadvantages of 7T
fMRI. While it ended on the negative points, we would like to emphasize
that the increased signal-to-noise ratio and the resulting statistical power
outweigh the pitfalls that come with higher field strength. This holds true
even for regions like the hippocampal formation. While accounting for
the disadvantages and problems that arise with higher field strength is
possible, it does mean more work. Because new 7T MRI scanners are
currently being introduced worldwide, and certain scanning sequences
may not yet be available, it should be discussed whether the planned
study would actually profit from 7T or is better off with an established
infrastructure at 3T. The following section of this manuscript aims to pre-
sent scenarios where the former was the case.

2 | 7T fMRI ENGRAM RESEARCH

The following section presents existing work that successfully applied
7T fMRI to engram research (see Table 1). Here, it will become clearer
when 7T fMRI is a good choice for engram research and when not.
We will present work from three areas of engram research that profit

most from 7T fMRI: the hippocampal engram component, cortical
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TABLE 1  Overview over 7T fMRI memory studies, paradigm and scanning parameters
TR TE

Authors N (ms) (ms) Voxel size (mm) Slices FOV (mm) Paradigm ROI

Koster et al. (2018) 26 2500 22 0.8 x 0.8 x 0.8 28 205 x 205 Inference task (memory MTL
integration)

Maass et al. (2015) 22 2000 22 0.8 x 0.8 x 0.8 28 205 x 205 Visual associative memory MTL

Navarro Schréder 22 2756 20 0.9 x 0.9 x 0.92 96 210 x 210 Spatial navigation task MTL (EC)

et al. (2015)

Shah et al. (2018) 13 1000 24 2x2x2 64 192 x 192 Resting state, functional MTL
connectivity

Sladky et al. (2018) 38 1400 23 15x15x1 78 / Emotional face viewing Amygdala,

BNST
Suthana, Donix, 14 3000 19 1x1x2 21 200 x 200 Visual associative memory HC
et al. (2015)

Theysohn et al. (2013) 28 2050 25 25x25x%x2 50 230 x 230 Visual associative memory MTL

Barron et al. (2020) 22 1512 20 15 x15x%x 15 50 192 x 192 Inference task (memory MTL
integration)

Hodgetts et al. (2017) 25 2000 25 12x12x1.2 30 192 x 192 Perceptual oddity task, HC and
discrimination subiculum

Berron et al. (2017) 20 2000 22 0.8 x 0.8 x 0.8 28 205 x 205 Scene discrimination Hippocampus

Finn et al. (2019) 15 2500 27 0.75 x 0.75 x 099 / 130 x 130 Working memory, delayed DLPFC
response task

Lawrence et al. (2018) 21 3408 28 0.8 x 0.8 x 0.8 / 192 x 192 Visual working memory task Vi

Margalit et al. (2020) 7 2200 224 0.8 x 0.8 x 0.8 84 160 x 129.6  Oddball detection task, visual VTC
stimuli

Murphy et al. (2020) 30 3000 28 0.85 x 0.85 x 1.5 37 / Emotional face matching task Amygdala

Jacobs et al. (2020) 27 2000 19 1.25x1.25%x 125 50 / Emotional face matching task LC, amygdala,

HC

Note: While all studies were memory related, not all of them specifically looked for engrams.
Abbreviations: Amy: amygdala; BNST, bed nucleus of the Stria terminalis; DLPFC, dorsolateral prefrontal cortex; EC, entorhinal cortex; FOV, field of view;
HC, hippocampus; LC, locus coeruleus; MTL, medial temporal lobe; N, number of participants; ROI: region of interest, that is, investigated brain area; Sub,

subiculum; V1, primary visual cortex; TE, echo time; TR, repetition time.

engram components as well as subcortical modulators of engram
strength.

21 | The engram

To make the argument that these three fields are best suited to be
investigated with 7T MR, it is important to describe how and where
engrams are thought to be stored in the brain. Engrams are distributed
around the whole brain and not limited to a specific anatomical location.
Therefore, Tonegawa et al. (2015) introduced the term engram compo-
nents. An engram component is defined as the “content of an engram
stored in an individual engram cell population.” Those individual compo-
nents are connected via an “Engram cell pathway” and together build
the “Engram complex,” which composes the whole engram. For example,
an episodic memory such as meeting a good friend consists of a
sequence of multiple sensory inputs, most of which are processed and
represented at least partly by cortical areas. Each of those neuronal
ensembles comprises one engram component and they are connected to

the hippocampus. According to the Hippocampal Memory Indexing

theory, the hippocampus itself houses another, different engram compo-
nent, and is both anatomically and functionally designed as a conver-
gence zone, where neocortical input is being associated (Teyler &
DiScenna, 1986). The hippocampus is necessary for the encoding of epi-
sodic memories. During the recall of a memory, the hippocampus is able
to reactivate cortical engram components. Taking the given example,
seeing the face of the good friend is activating a single cortical engram
component in the fusiform face area. Then this memory cue activates
the hippocampal engram component, which makes it possible to relive
an episode by the reinstantiation of the whole engram complex
(Hebscher et al., 2021; Teyler & Rudy, 2007). For engram components in
the visual cortex, the strength of the cortical reinstatement at retrieval is
signaled by the degree of antecedent hippocampal activation (Bosch
et al., 2014).

The hippocampus is not only connected to the neocortex, but
also to many subcortical areas. Subcortical nuclei and networks are
functionally involved in the modulation of memories. A prominent
example is the amygdaloid complex which adds both negative and
positive emotional value to the engram. Another example is the

subcortical dopaminergic reward network. A high reward value of a
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memory makes the replay of a memory trace during consolidation
and retrieval success more likely (Gruber et al., 2016). The three
mentioned engram components share a common feature: They are
either too small to be imaged with conventional imaging methods
or contain sub-structures, which evaded precise imaging thus far. In
this section, it will become clear that 7T has the potential to
uncover knowledge that remained hidden with the use of conven-

tional imaging methods.

2.2 | Hippocampal engram components

221 | Priorwork

The MTL has already been probed with high-resolution MRI at 3T,
both anatomically and functionally. The functional heterogeneity of
the hippocampal formation was proven to be considerable both
regarding its subfields and regarding the anterior-posterior segments
of its long axis (Zeidman & Maguire, 2016). The anterior portion of
the hippocampus is anatomically distinct from the posterior portion,
because the parahippocampal gyrus wraps around the most anterior
portion of the hippocampus forming the uncus. Within the uncus, the
hippocampal formation bends too, which leads to a more prominent
CA1 region compared to more posterior CA1 regions. In addition, the
firing of place cells is less concise in the anterior versus posterior CA1
cells (Kjelstrup et al., 2008). Many hypotheses about hippocampal
functions are based on findings in rodents and were only later con-
firmed in humans, such as the differential activation during encoding
versus retrieval of memories (Zeineh et al., 2000, Zeineh et al., 2003;
for a review see Carr et al., 2010). As for pattern separation, Bakker
et al. (2008) confirmed the important role of DG/CA3 in humans.
Using 1.5. mm isotropic voxels at 3T, Bakker et al. segmented the hip-
pocampus into its subfields and showed a clear activation bias for pat-
tern separation in DG/CA3 while participants were encoding picture
stimuli of highly similar objects. The specific activation of hippocampal
neuronal populations was recently backed up by work in presurgical
epilepsy patients who performed a memory paradigm (Derner
et al., 2020; Suthana, Parikshak, et al., 2015). While recording from
single neurons in the amygdala, parahippocampal cortex, entorhinal
cortex (EC), and hippocampus, the authors could not identify any neu-
ron showing activity for the retrieval of both item and source memory
(b overlap = 1), which is in line with dual-process models proposing
that familiarity and recollection constitute two distinct processes con-
tributing to recognition memory (e.g., Eichenbaum et al., 2007;
Yonelinas, 2002).

In the light of these results, obtaining meaningful data about the
function of hippocampal subfields seems important. Interestingly,
both work in rodents and recent results in humans provide evidence
of functional heterogeneity even within hippocampal subfields (Lee
et al,, 2020). In most computational models, the CA3 region—with its
large number of recurrent connections—is specialized to perform pat-
tern completion, while the dentate gyrus applies sparse coding to per-

form pattern separation, which reduces the correlation of similar

input. In addition, the CAS region is displaying functional heterogene-
ity along its transverse axis (Lee et al, 2015). While the dorsal
section of the CA3 region engages in pattern completion as predicted
by conventional models, the ventral section is involved in pattern sep-
aration processes together with the dentate gyrus. In the light of
these results, it seems urgent for noninvasive engram research in
humans to increase the spatial resolution in order to do justice to the
discoveries of complexity and functional heterogeneity within the
MTL. Seven Tesla fMRI serves as a promising starting point because it
offers higher resolution than conventional fMRI and is thus bound to
extend our knowledge about the contribution of hippocampal sub-
fields to memory processes.

222 | Priorworkon 7T

The increased spatial resolution at 7T makes the segmentation of
engram-related anatomical regions easier and more reliable. The anal-
ysis of the structural and functional network architecture of the whole
MTL has been achieved with 7T (Shah et al., 2018). Shah and col-
leagues found the bilateral hippocampus asymmetric in both volume
and structural connectivity. The right hippocampus tends to have a
larger volume compared to the left hippocampus. The larger right hip-
pocampus volume was driven by the large right dentate gyrus.
Resting-state functional connectivity was surprisingly symmetrical
despite the putative volumetric differences.

The different contributions of the hippocampal subfields to
memory-related processes were so far dominated by findings in
rodents (Hainmueller & Bartos, 2020). Yet, research in humans
recently caught up with the help of imaging at 7T. One example of
anatomical and functional segmentation of the hippocampus with 7T
MRI is the work by Hodgetts et al. (2017), who found evidence for
the important role the subiculum plays in scene perceptual discrimina-
tion (Figure 3). Suthana, Donix, et al. (2015) restricted the field of view
to the MTL. This restriction allowed them to manually segment the
hippocampal subfields in order to assess the contribution of each sub-
field to the encoding and retrieval of associative memories in humans.
The anterior CA2 and CA3 were found to be active during learning,
while the posterior CA2, CA1, and posterior subiculum were active
during retrieval.

Today, protocols for manual and automatic segmentation of MTL
subregions became available for 7T MRI (Berron et al., 2017). In fact,
there are many (automated) approaches to hippocampal subfield seg-
mentation (Giuliano et al., 2017). Those protocols allow the detection
of small volumetric changes within subregions. In a study from 2000,
Maguire et al. (2000) provided evidence for an association between
spatial memory and hippocampus volume in a small sample of human
navigation experts (taxi drivers). However, the finding of this associa-
tion could not be replicated in studies with larger samples of healthy
young adults (Clark et al., 2020; Weisberg et al., 2019). Still, there is
evidence that hippocampal subfield volume can predict mnemonic
processes such as recollection memory, even in healthy young adults

(Poppenk & Moscovitch, 2011). In addition, differential volumetric
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FIGURE 3 Reprinted with permission from: Hodgetts et al., 2017. (a) Hippocampal subfields (CA1, CA2, CA3, DG, and subiculum) were
manually segmented on subjects' ultra-high-resolution T2(star)-weighted images obtained during a visual oddity task: Selecting an oddball image
from a group of three images, for example, two images of the same object from different viewpoints and a third target image of a different
object). Six representative coronal slices of an individual subject's segmentation are shown (left hemisphere; 1, anterior; 6, posterior). Regions
CA2 and CA3 were later concatenated as their small size precluded accurate functional localization at our coarser functional resolution of 1.2 mm
isotropic. (b) Mean percentage signal change plots for correct scene (S), face (F), and object (O) judgments (relative to size baseline) for each

hippocampal subfield ROI. Error bars represent SE

changes also predict memory and cognitive impairment in healthy and
pathological aging. For instance, the structure and the functional
activity of the EC and the dentate gyrus can explain the performance
on an associative memory task in older adults (Carr et al., 2017). In
detail, the thickness of both the EC and the apical neuropil layer of
the CA1 region are positively associated with memory performance.
The activity in CA3/DG however, was negatively associated with
memory performance, indicating a putative failure of pattern separa-
tion or completion processes. Huhn et al. (2018) reported that 7T MRI
can improve the assessment of intra-hippocampal functional connec-
tivity and microstructure in older adults. These authors investigated
the effect of the polyphenol Resveratrol on memory performance.
There was no significant difference in memory performance following
the administration of Resveratrol over 6 months versus a control
group that received a placebo.

One recent example showcases a use case of 7T fMRI. In an
attempt to illuminate the processes that encompass inference, Barron
et al. (2020) investigated the cortical and hippocampal engram compo-
nents at the same time, while maintaining a resolution and spatial
specificity that was high enough to perform representational similarity
analyses on both the hippocampal patterns as well as whole brain pat-
terns. This study used an inference task, in which participants needed

to extract commonalities of different memories. Participants first

learned to associate sounds with abstract geometrical images. On the
following day, they learned to associate the same geometrical images
with either a monetary reward or a neutral outcome (no money). It
was then tested whether participants were able to infer the associa-
tions between sounds learned on day one with the monetary outcome
learned on day two, even though the sounds and rewards were never
presented together. To test for indirect sound-reward associations,
the sounds were presented once more on day 3 and participants
retrieved the sound-reward associations. Interestingly, the hippocam-
pal BOLD pattern recorded during the retrieved inference was not
similar to the pattern observed during the encoding of image-reward
associations on day 2. Hence, the hippocampus did not represent the
image-reward association while performing the sound-reward infer-
ence, but merely re-instantiates the initial associative memory (sounds
and images) during the successful inference on day 3. Using an RSA
searchlight algorithm, the representation of the outcome (reward) was
found in the medial prefrontal cortex. Seven Tesla imaging allowed for
recording of brain volumes in a sufficient temporal and spatial resolu-
tion to perform those analyses (TR: 1512, spatial resolution: 1.5 mm
isotropic, see also Barron et al., 2020 in Table 1).

The results of Barron et al. are in accordance with previous work
that showed the involvement of the EC in the integration of informa-

tion across episodes (Koster et al., 2018). Pattern integration also
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assists finding commonalities between memories or episodes. The
authors hypothesized that the hippocampal system is capable of feed-
ing itself old, retrieved memories as new input in order to find com-
monalities between distinct episodes. For example, the memory of a
trip to the Swiss Alps with your partner might trigger the memory of a
past holiday, where you visited the same hotel with your family of ori-
gin. Koster et al. suspected this recurrence of information to be
processed by the EC. The superficial layers of the EC are the main
input regions to the hippocampus, while the deeper layers of the EC
receive output from the hippocampus. Thanks to 7T imaging, the
authors could resolve the layers of the EC. They found that during
inference the common element that links both memories (the hotel in
the Swiss Alps) is represented by both deep and superficial layers of
the EC. Additionally, the strength of functional connectivity between
those two layers predicted success in the inference task.

In conclusion, the MTL lends itself for investigation with 7T ana-
tomical and functional MRI. The MTL is still at the focus of rodent
engram research. A current goal is to look for common functional
specificities in rodents and humans. The MTL is a thriving field of
engram research, evidenced by the recent discovery of human time
cells, and provocative articles that question pattern separation in the
human hippocampus (Quiroga, 2020), as it is predicted by research in
animals and computational models. A high spatial resolution is neces-
sary for the future research on the engram.

2.3 | Cortical engram components

As mentioned before, whole engrams consist of engram components.
During retrieval, the hippocampus reinstates the cortical representa-
tions that were present during encoding (Bosch et al., 2014; Tanaka
et al., 2014). The hippocampal and cortical engram components are
thus interdependent. Cortical engram components can be imaged in-
depth and in-width using 7T MRI.

2.3.1 | Probingin-depth

The neocortex was a research focus since the very beginning of 7T
neuroimaging. The layer or laminar MRI field aims to gain functional
or structural knowledge of the individual cortical layers. This field
profits from the advancement of ultrahigh field (UHF) MRI scanners
(Norris & Polimeni, 2019).

Laminar MRI enables the differentiation between cortical layers
and thus between bottom-up and top-down processes. Electrophysio-
logical recordings suggest that cortical layers receive input mainly at
the middle layer, while output mainly arises from the deep as well as
the superficial layers (Douglas & Martin, 2004). Sharoh et al. (2019)
presented evidence for this prediction using 7T neuroimaging. They
were able to differentiate between top-down and bottom-up activity
in the left occipitotemporal sulcus of participants during language
processing. Furthermore, Lawrence et al. (2018) showed that holding

a visual item in working memory does not activate the 4th cortical

layer of the primary visual cortex. This makes sense because the 4th
visual cortical layer has previously been associated with bottom-up
processing, that is, perception. Also investigating working memory
processes, albeit in the dorso-lateral prefrontal cortex, Finn et al. rev-
ealed that only superficial and deeper layers are active during a work-
ing memory task (Finn et al., 2019). The superficial cortical layers
were active during the delay period of the working memory task,
while deeper layers were active during the response period.

Maass et al. (2014) identified differential activity of EC and hippo-
campal layers for distinct kinds of memory-related activity. While the
processing of new information mainly engaged input structures of the
hippocampus, namely the superficial EC and DG/CAS3 layers, retrieval
processes were more strongly related to output regions such as the
deep layers of EC and pyramidal CA1. Two other studies applied 7T
MRI to identify distinct anatomical connections and functions of the
EC bridging the gap between animal and human research (Maass
et al, 2015; Navarro Schroder et al., 2015). In rodents, research
divides between the medial EC and the lateral EC. The medial EC is
mostly connected to the parahippocampal gyrus and is believed to
process visual information, the lateral EC has more connections to the
perirhinal cortex, which contributes to object memory. It was difficult
to assess whether this division is conserved in humans when using
resolutions above 1 mm isotropic. With the help of 7T MR imaging,
these authors confirmed that the human EC can be divided into an
anterior-lateral and a posterior-medial portion, which structurally and
functionally resemble the lateral and medial division of the EC in
rodents, respectively.

Differentiating BOLD activity between the cortical layers of a
structure is important for engram research because the layers are
suspected to contribute distinctly to memory processes. While it is
known and observable with 3T that encoding patterns are re-
instantiated during retrieval, fMRI at 7T can unravel the cortical layers
individually. Therefore, it became possible to assign encoding-,
retrieval-, and imagery-related activity to distinct cortical layers.
Future research could focus on how top-down processes influence
bottom-up processes, that is, how experiences and memories can bias
perception.

2.3.2 | Probingin-width

Cognitive maps were introduced by Tolman (1948). The cognitive
map theory proposes that representations of concepts such as faces,
or objects are mapped throughout the cortex in a cognitive or seman-
tic space. Cortical engram components are located within these
spaces; thus, cognitive maps are an important concept for engram
research. Because the cognitive maps of individuals overlap and
because cortical representations build the cortical engram compo-
nents, memory representations may overlap as well between individ-
uals. Indeed, Xiao et al. (2020) found with 3T MRI that the angular
gyrus exhibits high representational similarity for the retrieval of
shared memories across individuals. The representational similarity of

memories across individuals is higher for successfully retrieved than
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unsuccessfully retrieved memories (Koch et al., 2020). In a further
study with 3T MRI, participants watched a movie and were then
asked to attempt a free recall of the whole movie, while being
scanned with fMRI. Even for this uncued recall, where every partici-
pant recounted the events in their own pace and style, fMRI patterns
of retrieval-related activity for the same movie scenes were similar
across participants (Chen et al.,, 2017). These memories seem to be
transformed into a common spatial organization in high-level cortical
areas. This is suggested by the fact that for the retrieval of events, the
representational similarity between participants was closer than the
similarity within a participant when comparing the retrieval and the
perception of an event.

Margalit and colleagues used 7T fMRI to probe object representa-
tions in the ventral temporal cortex (VTC). They presented participants
with objects from five domains (e.g., faces and places) and ten categories
within each domain (such as adult and child faces for the domain faces).
With the high spatial resolution of 7T fMRI, they discovered differences
in the representational resolution between the medial VTC and the lat-
eral VTC. While the medial VTC was organized by both domains and cat-
egories, the lateral VTC exhibited a less specific organization dividing
only by the five domains (Margalit et al., 2020).

Probing the neocortical engram component in-width at a higher
spatial resolution allows for a finer distinction of representations that
lay close together within the cognitive map, supposedly because they
are more closely related semantically, too. Here, the connection
between hippocampal and neocortical engram components becomes
apparent again. One might ask how a failure to separate two very sim-
ilar but distinct memories would relate to the underlying hippocampal
engram components and to the underlying neocortical engram com-
ponents. Does a failure of pattern separation in the hippocampus pre-
clude the successful distinctive activation of each of the two concepts
in the neocortex? With 7T fMRI, answers to such questions do not

seem too far out of reach.

24 | Engram modulation by subcortical nuclei
The engram modulation exerted by subcortical nuclei can also be investi-
gated with 7T fMRI. Due to the small size of many subcortical nuclei,
investigations with lower spatial resolutions were not ideal. Indeed, a
review detailing the general applications of 7T MRI to human brain func-
tion pointed out that subcortical areas and the cerebellum profit most
from the increased resolution of 7T imaging because the functional units
are small in these regions (van der Zwaag et al., 2016). Most fMRI studies
of small subcortical structures lack comparability due to a high diversity
in preprocessing and smoothing standards. Smaller structures are espe-
cially affected because smoothing quickly blurs the borders of small adja-
cent structures such as the amygdalo-hippocampal border. Those
problems are still present with 7T imaging but are worse on lower field
strengths and resolutions (Murphy et al., 2020).

Colizoli et al. (2020) compared BOLD responses of the dopami-
nergic midbrain between 7 and 3T fMRI. The evoked responses were

consistently larger at 7T.

A 7T study of the neural correlates of creative problem solving,
that is, the “AHA”- or “EUREKA”-moment, revealed a significant
involvement of subcortical nuclei (Tik et al., 2018). Activity in the
dopaminergic midbrain, caudate nucleus, and the hippocampus was
related to insightful problem solving. The topographic organization of
the subcortex is not part of most contemporary brain atlases and was
only recently investigated (Tian et al., 2020). Tian and colleagues dis-
covered large-scale connectivity gradients and new areal boundaries.
They delineated the subcortical area into 27 bilateral units, a result
that would not have been possible without the increased spatial reso-
lution and sensitivity of 7T imaging.

One primary region of interest for modulating engram components
is the amygdala. The amygdala is involved in adding emotional valence to
memories. A large body of work in rodents has shown that the amygdala
and the hippocampus are distinctly involved in memory-related pro-
cesses. For example, the hippocampus is strongly involved in associative
encoding, while the amygdala is involved in forming fear memories
(Heldt et al., 2007). However, the two regions are anatomically inter-
twined and therefore prone for mislabeling in human fMRI studies at a
lower resolution (Derix et al., 2014). Seven Tesla MRI may provide rem-
edy by clearly identifying the amygdalo-hippocampal border.

Besides the need for delimitation to the hippocampus, the amyg-
daloid complex itself is not united in its response to emotional stimuli,
such as faces (Sladky et al., 2018). With 7T imaging, these authors
showed that specifically the basolateral amygdala, the central amyg-
dala, and the bed nucleus of the stria terminalis (BNST; part of the
extended amygdala, located in the basal forebrain) do respond
strongly to emotional faces. The BNST is involved in the acquisition
and expression of fear memories and has recently been considered a
therapeutic target for the treatment of post-traumatic stress disorder.
The treatment consists in a manipulation of the amount of stress-
related neuropeptides in the BNST (Miles & Maren, 2019). In another
study, the BNST reacted strongly to novel images of fearful faces
along with the hippocampus and the amygdala (Pedersen et al., 2017).
Pedersen et al. noted specifically that 7T rather than lower field-
strength fMRI was necessary to resolve the BNST.

Two other prominent memory modulators are arousal and
reward. Both boost memory performance and are mediated by mono-
aminergic signaling. In the case of arousal, the locus coeruleus (LC), a
small brain stem nucleus, is the main source of cerebral norepineph-
rine that mediates arousal in the brain. The LC is difficult to image in
humans because of its small size and its proximity to the fourth ventri-
cle (Jacobs et al., 2018). With 7T fMRI, however, Jacobs et al. were
able to image the activity of the LC while monitoring the participant's
arousal (via alpha-amylase) during an emotional memory task. The LC
was active in an arousal-related manner and amygdala activation
closely followed LC activation (Jacobs et al., 2020). The LC BOLD sig-
nal was positively associated with memory performance.

We have mentioned above that the cerebellum is another structure
that lends itself to the analysis with high spatial resolution because of
the small size of its functional units. This applies to both the cerebellar
nuclei, such as the dentate nucleus, and the cerebellar cortex that—unlike

the cerebral cortex—consists of only three layers. With 7T MRI, both
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areas of the cerebellar cortex and of the dentate nucleus were found to
be involved in working memory processes. The cerebellar cortex was

specifically involved in verbal working memory (Thiirling et al., 2012).

3 | DISCUSSION

3.1 | Conclusion

FMRI research at 7T field-strength comes with advantages such as
increased signal-to-noise ratio, the visualization of small structures
and the detection of small physiological effects (Ladd et al., 2018).
These advantages come at the price of strong magnetic field inhomo-
geneities, tissue heating and side-effects like nausea and phosphenes.
Currently, a 7T MRl infrastructure is not yet available at most institu-
tions. This review points to promising applications of 7T MRI in
human memory research. As we pointed out, probing cortical engram
components can be rewarding when using 7T MRI. The same holds
true for the hippocampal engram components, although the MRI
sequence needs to be carefully adjusted because the MTL is difficult
to image and prone to suffer susceptibility artifacts. If one is inter-
ested in the modulation of memory through subcortical or cerebellar
nuclei, 7T MRI may provide the resolution needed to sufficiently
resolve those nuclei.

Yet, the scope of 7T fMRI is larger. Thanks to the flexibility of
modern 7T scanners, if adjusting the field-of-view and the spatial res-
olution between the fMRI time-series, one can image the micro-
structure of cortical engram components in the first fMRI time-series
and their functional integration into the whole engram complex in the
second fMRI time-series, both in a single experimental session
(Kuehn & Pleger, 2020). Particularly methodological work regarding
brain structure and function is preferably performed using a 7T MR
scanner. When trying to associate changes in structure and in the
functional connectivity in pathological states, such as reported in Shah
et al. (2018), any effect might be subtle, which speaks for imaging at
7T field-strength. The decision to use a 3 or 7T MRI scanner needs
not to be an exclusive choice because the fMRI task can be run with
3T MRI (if a high spatial resolution is not necessary) and the resting-
state functional connectivity and anatomical imaging can be run with
7T MRI. This could be a “best-of-both-worlds” solution.

Bridging gaps between animal and human research by increasing
the spatial resolution to the mesoscale is an argument in favor of 7T
fMRI. However, it should not be forgotten that the temporal resolu-
tion of 7T fMRI remains noncompetitive. Although one can push the
sampling rate of fMRI (TR) at 7T below 1's, while maintaining a
sub-millimeter spatial resolution (Hendriks et al., 2020), it remains
impossible to access the timescale of theta frequencies (4-7 Hz).
While neural oscillations play a big role in memory processing
(Herweg et al., 2020), theta frequencies and the BOLD signal do not
correlate (Ekstrom et al., 2009), at least not in the hippocampus.
Therefore, the electroencephalogram remains the gold standard to
answer questions about the function of neural oscillations in memory.

We have mentioned that the increased sensitivity of 7T MRI provides

higher spatial and temporal resolutions. The higher resolutions and
higher sensitivity lead to increased statistical power. The increased
statistical power, in turn, allows reducing the sample size and scan

time. These benefits will enrich memory research in the human.

3.2 | Outlook

Seven Tesla fMRI will help resolving conceptual debates in memory
research. A recent opinion article by Rodrigo Quiroga called into ques-
tion whether pattern separation exists in humans in the way it is con-
ceptualized from computational work and work in rodents
(Quiroga, 2020). Quiroga argues that for similar memories the hippo-
campus performs pattern integration rather than pattern separation.
Two memories that share overlapping content should also be repre-
sented with this overlap in hippocampal neuronal ensembles, rather
than in two separated ensembles, as pattern separation models would
predict. See however the response to Quiroga by Suthana et al., 2021,
in which the authors argue that the focus on “concept cells”, which
the intracranial single neuron recording studies had, may have over-
estimated the importance of generalization compared to pattern sepa-
ration mechanisms. Moreover, they argue that crucial evidence for
pattern separation was not considered by Quiroga. We believe that
the two positions will be united: Pattern separation may not produce
two distinct and completely orthogonal patterns but two patterns that
are partly overlapping.

Quiroga made his point mainly based on intracranial single neuron
recordings in humans. The present article mentioned two cases in
which 7T fMRI provided evidence for Quiroga's pattern integration
hypothesis: Barron et al. (2020) showed that the hippocampus is
involved in inference and the integration of memories. They pres-
ented evidence that the overlapping part of two memories is re-
instantiated in the hippocampus at the time of retrieval. This speaks
for the pattern integration hypothesis, since it is evidence that the
same neuronal ensembles in the hippocampus are part of two distinct
but overlapping memories. Koster et al. (2018) used an inference task
as well and showed that the EC reintroduces the overlapping memory
as a new input at the time of inference. Thus, high-resolution fMRI
can contribute to resolving this and other memory debates by moving
the field beyond intracranial EEG and patient cohorts and toward a
noninvasive data collection within the general population.

This review pointed out that for brain regions where extensive
rodent, electrophysiological, and single cell data already exist, 7T
imaging can be beneficial to replicate those findings because it pro-
vides higher spatial resolution than 3T fMRI. While this is a desired
application of 7T fMRI, the concentration on replicating work from
animal research would let other promising research ideas fall under
the radar. De Martino et al. (2018) argue that the high sensitivity of
7T scanners combined with neuro-computational methods should also
be used to investigate purely “human” cognition, that is, cognitive
processes that are believed to be uniquely human. Hence, UHF MRI
should also be used to examine metacognition, consciousness, and

language functions.
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