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Intracranial EEG Correlates of Implicit Relational Inference
Within the Hippocampus

T.P. Reber,'* A.T.A. Do Lam,*? N. Axmacher,** C.E. Elger,1 C. Helmstaedter,!
K. Henke,>® and J. Fell!

ABSTRACT:  Drawing inferences from past experiences enables adapt-
ive behavior in future situations. Inference has been shown to depend
on hippocampal processes. Usually, inference is considered a deliberate
and effortful mental act which happens during retrieval, and requires
the focus of our awareness. Recent fMRI studies hint at the possibility
that some forms of hippocampus-dependent inference can also occur
during encoding and possibly also outside of awareness. Here, we
sought to further explore the feasibility of hippocampal implicit infer-
ence, and specifically address the temporal evolution of implicit infer-
ence using intracranial EEG. Presurgical epilepsy patients with
hippocampal depth electrodes viewed a sequence of word pairs, and
judged the semantic fit between two words in each pair. Some of the
word pairs entailed a common word (e.g., “winter-red,” “red—cat”)
such that an indirect relation was established in following word pairs
(e.g., “winter—cat”). The behavioral results suggested that drawing infer-
ence implicitly from past experience is feasible because indirect rela-
tions seemed to foster “fit” judgments while the absence of indirect
relations fostered “do not fit” judgments, even though the participants
were unaware of the indirect relations. A event-related potential (ERP)
difference emerging 400 ms post-stimulus was evident in the hippocam-
pus during encoding, suggesting that indirect relations were already
established automatically during encoding of the overlapping word
pairs. Further ERP differences emerged later post-stimulus (1,500 ms),
were modulated by the participants’ responses and were evident during
encoding and test. Furthermore, response-locked ERP effects were evi-
dent at test. These ERP effects could hence be a correlate of the interac-
tion of implicit memory with decision-making. Together, the data map
out a time-course in which the hippocampus automatically integrates
memories from discrete but related episodes to implicitly influence
future decision making. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Making accurate predictions in novel situations is

vital for flexible, adaptive behavior. Accurate predic-
tions are often based on inference on how compo-
nents of a novel situation relate to one another. Such
inference hence requires “connecting the dots” of
multiple, discrete memories of previous encounters
with these components in different contexts. For
example, one watches a boy playing soccer with a
woman (components A and B), and then later sees
the same boy at the grocery-store with a man (compo-
nents B and C). When meeting the man and the
women together (A-C), one can draw inferences
about their relationship even when one has never seen
the two together before: they are probably married
and have a boy.

Extensive evidence points to the hippocampus as
the key structure that accomplishes flexible retrieval of
relational memories enabling such inferences (Dusek
and Eichenbaum, 1997; Heckers et al., 2004; Preston
et al., 2004; Smith and Squire, 2005; Shohamy and
Wagner, 2008). Relational memory representations
and flexibility of retrieval are features thought to be
exclusive to episodic memory (Eichenbaum, 2004),
the memory for personally experienced events in time
and place (Tulving, 2002). According to a standard
view of human long-term memory (Squire, 1992),
episodic memory is a form of declarative memory,
which relies on the hippocampus and is believed to
operate only under conscious instances of encoding
and retrieval (Clark and Squire, 1998; Smith and
Squire, 2005). Recently, this notion that flexible
hippocampus-dependent memories require conscious
encoding and retrieval has been questioned by find-
ings of inference under implicit retrieval (Greene
et al., 2006; Greene, 2007; Leo and Greene, 2008),
and subliminal encoding conditions (Reber and
Henke, 2012; Reber et al., 2012; Henke et al., 2013).
These results rather support notions which question
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the use of consciousness as defining feature of memory systems
(Reder et al., 2009; Henke, 2010; Hannula and Greene,
2012).

Investigating whether inference is possible outside of aware-
ness has been somewhat complicated by the fact that inference
can be achieved in several ways (Greene, 2007; Frank et al.,
2008). It seems undisputed that “inference-like” (Leo and
Greene, 2008) behavior can be achieved without hippocampal
contribution and awareness through simple and rigid reward-
learning (Van Elzakker et al., 2003; Frank et al., 2006). Here,
some inference-tasks can partly be solved by strategies which
do not require memory representations that are relational. For
“true,” relational, and hippocampus-dependent inference, the
relevant processes may occur during encoding or during
retrieval. The encoding-based account (Shohamy and Wagner,
2008; Wimmer and Shohamy, 2012) holds that episodes shar-
ing common components (e.g., AB, BC) are integrated into an
extended memory representation (A-B-C) already at the time
of encoding. The encounter of an overlapping episode (BC)
during encoding was found to be associated with a coupling of
activity in the hippocampus and the midbrain that may pro-
mote the mnemonic integration of the current (BC) with the
previous experience (AB; Shohamy and Wagner, 2008). Later,
an indirect relation between novel combinations of memory
components (e.g., AC) can be recognized without further effort
and maybe also outside of awareness (Wimmer and Shohamy,
2012) because the indirect relation has already been estab-
lished. On the other hand, the retrieval-based account (Smith
and Squire, 2005; DeVito et al., 2010) suggests that the two
overlapping episodes (AB, BC) are encoded separately and
stored as distinct memory representations in the hippocampus.
At the encounter of AC, two separate memory representations
(AB and BC) are retrieved and their components are flexibly
restructured (AB, BC—A-B-C) such that the indirect relation
(A-C) can be recognized (Smith and Squire, 2005; DeVito
et al., 2010).

Electrophysiological data of relational memory and inference
is scarce but holds the potential to inform the debate. EEG
studies have reported that relational memory effects can be
detected on a positive component peaking around 300 ms
post-stimulus at retrieval (P320; Hannula et al., 2006) and at
encoding of overlapping associations (P3b; Bonnefond et al.,
2014). These findings relate to a line of research suggesting
implicit
grounds of eye-movement measures indicative of memory
(Ryan et al., 2000; Hannula et al., 2007; Hannula and Ranga-
nath, 2009; Ryals et al,, 2015). A functional interrelation
between these scalp P300 components and field potentials
measured from within the hippocampus has been suggested as

hippocampus-dependent  relational

memory on

field potentials within the hippocampus reveal an early negativ-
ity peaking between 300 and 400 ms post-stimulus that is sen-
sitive to similar experimental manipulations as the scalp P300
(Halgren et al., 1980; McCarthy et al., 1989; Ludowig et al.,
2010). Additionally, a sustained positivity from 500 ms up to
2,000 ms has been shown to be more pronounced for subse-

quently remembered versus forgotten items in single item
declarative memory tasks at encoding (Ferndndez et al., 1999,
2002). However, whether and how these intracranial compo-
nents from within the hippocampus are sensitive to relational
memory and inference remains open.

The current work is set out to investigate the time-course of
relational inference outside of awareness. We asked whether
inference occurs during encoding, retrieval, or both. A further
vital question concerns the latency of the earliest neural effects
indicative of relational inference within the hippocampus. Both
of these questions can be addressed with intracranial EEG
from within the hippocampus. Effects as early as P300 support
that some processing stages of relational inference may occur in
an automatic and therefore implicit fashion. On the basis of
the previous work (e.g., Shohamy and Wagner, 2008; Reber
et al., 2012), we hypothesized effects of relational inference to
emerge in the hippocampus also during encoding, and poten-
tially also at early time-points post-stimulus (Halgren et al.,
1980; McCarthy et al., 1989; Hannula et al., 2006). Intracra-
nial EEG enables not only to discern processing stages associ-
ated with the stimulus onset (stimulus-locked analyses) but also
with the behavioral response (response-locked analyses) and
hence could provide new insights on how relational memory in
the hippocampus interacts with inference and decision making
at later stages of processing.

In past experiments, we used subliminal procedures to test
implicit inference (Reber and Henke, 2012; Reber et al., 2012;
Henke et al., 2013). While intracranial recordings offer a
unique view on neural processes within the hippocampus, they
are also acquired in a context in which effects of memories of
subliminal stimulus presentations seem extremely challenging
to obtain. We therefore decided to refrain from using sublimi-
nal procedures in the current study and present encoding and
retrieval stimuli supraliminally throughout the experiment. As
a consequence, awareness of relational inference was assessed in
post-experiment interviews.

METHODS

Participants

Eleven patients suffering from pharmacoresistant temporal
lobe epilepsy participated in the study. The patients were
implanted with depth electrodes in their medial temporal lobes
(Van Roost, et al., 1998) to determine seizure onset zones for
potential epilepsy surgery. Two patients had bilateral epileptic
foci and were thus excluded from analysis. The remaining nine
patients (three women) had a mean age of M=34.0 yrs
(SD =9.3 yrs). Eight of the included patients were implanted
with depth electrodes in the hippocampus bilaterally. In these
cases, only electrodes from the contralesional side (three left,
five right hemispheric) were analyzed. One patient had only
one electrode in the right hippocampus, but the epileptic focus
was found to be extrahippocampal, namely in the right insula.

Hippocampus
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TABLE 1.

Demographics and Results From Neuropsychological Tests for Each Patient as well as Means and Standard Deviations (SD) of the Whole

Sample
Figural Verbal

Patient Sex Age BDI Attention memory memory 1Q

1 f 25 0 3 3 2 101

2 m 35 3 2 2 1 97

3 f 32 1 4 1 2 85

4 m 32 1 1 3 1 90

5 m 38 0 3 0 0 111

6 m 25 1 3 2 2 127
7 m 52 3 3 3 1 113
8 m 24 2 0 3 2 100
9 f 43 1 2 1 1 103
Mean 34.00 1.33 2.33 2.00 1.33 103.00
SD 9.30 112 122 112 0.71 12.66

Scores on cognitive tests (attention, figural, and verbal memory) are ratings on a five-tiered scale ranging from 0 (severe impairment) to 4 (above average). BDI:

Becks Depression Inventory, values range from 0 (severe depression) to 3 (no depression); 1Q: intelligence quotient (normative sample mean = 100, SD = 15;
Wechsler Adult Intelligence Scale). Further details on the attention and memory tests are given in the main text under Neuropsychological Assessment.

The study was approved by the local ethics committee, and
y pp y
participants gave written and informed consent.

Neuropsychological Assessment

The neuropsychological analysis focused on IQ, attention
and material-specific memory functions. IQ was assessed by a
short version of the WAIS-R which estimates the full scale 1Q
regression including six subtests: picture completion, block
design, vocabulary, similarities, digit span, and arithmetics
(Schwarzkopf -Streit, 2000). For the assessment of attention,
we derived three scores, namely (1) performance on a letter
cancellation test (Brickenkamp, 2002), (2) speed of perception
and (3) interference inhibition (Lehrl and Fischer, 1997).
Three scores (learning, memory, recognition) were obtained
from the Verbaler Lern- und Merkfahigkeitstest (VLMT; Lux,
et al.,, 1999; Helmstaedter et al., 2001), a modified German
version of the Rey Auditory Verbal Learning Test (RAVLT;
Rey, 1964) and the most frequently used verbal memory test
in German speaking epilepsy centers (Witt and Helmstaedter,
2009). Three scores (total learning, supraspan, recognition)
were obtained using the revised version of the Diagnosticum
fiir Cerebralschidigung (DCS-R; Helmstaedter et al., 1991;
Lamberti and Weidlich, 1999). Furthermore, depression was
assessed using a German version of Becks Depression Inven-
tory, first edition (BDI, Hautzinger et al., 1994).

For the analysis of the data and in order to reduce the
amount of information from different test parameters per
domain, the parameters of the different cognitive domains (i.e.,
attention, verbal memory and figural memory) were combined
and rated on a five-tiered scale per domain (0 = severe impair-
ment, i.e., at least two test scores >2 standard deviations (SD)
below the mean of the normative sample (always taking age into
consideration); 1 = impairment, i.e. at least two test scores >1
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SD below the mean of the normative sample; 2 = borderline,
i.e. one test score >1 SD below the mean of the normative
sample; 3 = unimpaired, i.e. no test scores >1 standard devia-
tions (SD) below the mean of the normative sample;
4 = above average, at least two test scores >1 SD above the
mean score of the normative sample) based on the underlying
psychometric test results (Clusmann, et al., 2002; Helm-
staedter and Witt, 2012). The difference between two neigh-
boring categories resembles approximately one standard
deviation of the mean standardized score across all underlying
test parameters (Clusmann et al., 2002). In case of the BDI,
the reported scores range from 0 to 3 and reflect the cutoffs
usually used together with the BDI (3: 0-9 points, minimal
10—18 points, mild depression; 1: 19-29
points, moderate depression; 0: 30-63 points, severe depres-

depression; 2:

sion). An overview of patients’ characteristics and performance
on neuropsychological tests is given in Table 1.

Neuropsychological assessment revealed that the patients on
average scored within the normal range on intelligence and
attention but were impaired in the memory domain (Table 1).
Furthermore, patients were more depressed than people in the
calibration sample.

Behavioral Task

The experiment entailed 10 runs, each subdivided in three
phases: encoding phase I, encoding phase II, and a test phase
(Fig. 1). In the experimental condition, word pairs in encod-
ing phase I (e.g., winter—red, AB) and encoding phase II
(e.g., red—cat, BC) were related through a common word
(red, B). These overlapping word pairs established an indirect
relation between two words in a test pair (e.g., winter—cat,
ACQC). In the control condition, word pairs in encoding phase I
(e.g., bag-horse, AB) and encoding phase II (e.g., grass—key,
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FIGURE 1. A. The sequence of word pairs in one (of ten)
runs is depicted. One run entailed two encoding phases, and a test
phase. Word pairs in the experimental condition were linked
through a common word during encoding, which established an
indirect relation at test (blue). Word pairs in the control condition
(red) did not contain a common word during encoding. The
sequence of events is depicted from the bottom left to top right.

CD) did not contain a common word. Therefore, the corre-
sponding test pairs (e.g., bag—key, AD) were unrelated. One
run entailed 42 unique word pairs (7 in each condition and
phase). Word pairs in encoding phase I and II were presented
for 1.5 s each, followed by an inter-stimulus-interval of a ran-
dom duration (0.7-1.2 s) in which a fixation cross was pre-
sented. Word pairs in the following test phase were presented
for 3 s, followed again by a fixation cross of variable duration
(0.7-1.2 's). The reason for the difference in presentation
times of word pairs during encoding and test is the following.
We intended to be able to capture both encoding and
retrieval based inference and also to take into account that
Retrieval-based has
described as not automatic and may therefore require more

they may co-occur. inference been
time. By extending the trial duration at test we intended to
exclude the possibility that retrieval based inference—if at
play—would be unsuccessful or would not occur at all due to
too short trials at test. The participants’ task was to judge the
semantic fit between two words in a pair in all phases of the

experiment. Responses were registered from word pair onset

Hand

Key '
Winter Cat '

e
e Tree

~& Bag

Grass

Test Phase

Encoding
Phase I, Il

Winter Red

+

B. One trial during encoding entailed a presentation of a fixation
cross with random duration (0.7-1.2 s) followed by a presentation
of a word pair for 1.5 s. C. One Trial in the test-phase entailed a
presentation of a fixation cross (0.7-1.2 s) followed by a presenta-
tion of a word pair for 3 s. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

up to onset of the next word pair. In trials in which the par-
ticipant did not provide a response within the predefined
SOA, the paradigm was paused and the next trial followed
only after a response was made. The participants were neither
told that they are about to engage in a memory experiment,
nor that there are overlapping and indirectly related word
pairs.

Two counterbalanced lists of stimuli were created and were
varied between participants. Because of dropouts (see above),
six patients received list A, and three patients received list B.
The two lists were counterbalanced by the following: The over-
lapping words in the first list were replaced by new words (list
A: winter-red, red—cat — list B: winter—red, tulip—cat). The
corresponding test pairs (list A/B: winter—cat) were therefore
identical in both lists, but either did or did not carry an indi-
rect relation. Accordingly, an overlap was introduced in non-
overlapping pairs from the first list (list A: sushi-beard, tulip—
dust — list B: sushi—beard, beard—dust), such that the corre-
sponding retrieval pair (list A/B: sushi—dust) either was indi-
rectly related or not.

Hippocampus
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FIGURE 2. The probability tree denotes the average “fit” (f)

and “do not fit” (d) rates for each phase of the experiment
together with the resulting HO triplet proportions.

At the end of the experimental session, participants were
interviewed on whether they noticed indirect relations in word
pairs. This interview entailed following three questions. (1)
“Did you notice anything special about the experiment in gen-
eral?” (2) “Did you notice anything special about the words in
the experiment?” (3) “Did you notice anything special about
the arrangement of the words in pairs?”.

Analysis of Behavioral Data

We were interested in whether indirect relations established
during encoding could influence the participants’ semantic
judgments on indirectly related vs. unrelated pairs at test. To
address this question, one has to consider that indirect relations
are but one potential determinant of the outcome of semantic
judgments. A further determinant might be the judgments
made on corresponding word-pairs during encoding phases I
and II. Thus, we classified corresponding triplets of word pairs
from encoding phase I, II and the test phase according to the
“fit” and “do not fit” judgments they received. For example, a
participant gave a “fit” answer (f) to “winter—red” (AB), a “do
not fit” answer (d) to “red—cat” (BC), and a “fit” answer (f) to
“winter-cat” (AC). Such an outcome was classified as an “fdf”
triplet. The frequencies by which the triplets occurred in each
patient are expressed as proportions with respect to all triplets
presented to a patient.

Next, we computed triplet proportions that would be
expected if no effect of relational memory and inference were
at play (HO0). These HO proportions are calculated by taking
rates of responding with either a “fit” or “do not fit” answer
into account, which may vary between participants and phases
of the experiment, but are collapsed over experimental and
control condition. Rates of responding with either a “fit”
answer P(f) or a “do not fit” answer P(d) were obtained for
each subject at encoding phases I and II (el, ¢2) and at test
(t). HO triplet proportions were then computed separately for
each subject by taking the probability of an experimental versus
control trial, i.e., 0.5, and multiplying it with the product of
the respective response rates, e.g., p(fdf | H0) = 0.5 X p(f;,) X
plda) X p(f). A corresponding probability tree illustrating this
procedure and averaging resulting values across all subjects is
displayed in Figure 2. To obtain normalized values of triplet
proportions, we then subtracted the HO triplet proportions
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from the observed proportions in the experimental and control
condition separate for each subject.

iEEG Analyses

Signals from depth electrodes were recorded at a sampling
rate of 1 kHz, band-pass filtered from 0.01 Hz (6 dB/octave)
to 300 Hz (12 dB/octave), and referenced to linked mastoids.
For each subject ERPs collapsing all conditions were computed.
Electrode-location was determined by visual inspection of the
post-implantation MRI. The hippocampal contact with the
maximum peak amplitude of the average event-related potential
between 500 and 1000 ms was chosen for further analysis
because the corresponding hippocampal P600 component had
been demonstrated to be closely related to the processing of
visually presented words (e.g., Ferndndez et al., 1999; Klaver
et al., 2005). By selecting this electrode contact in each patient
we aimed to reduce the influence of processes that are not spe-
cifically related to the word pair task. Artifact-rejection (e.g.,
epileptic spikes) was performed manually.

For further ERP analyses, the data were low-pass filtered at
30 Hz. Signals of individual trials were segmented according to
the onset of the stimulus (stimulus-locked analyses). Further-
more, signals were also segmented according to the onset of
the “fit” and “do not fit judgments” (response-locked analyses)
to assess interactions of memory with decision making, i.e., the
semantic judgments. Individual trials were either normalized to
the average of the signal from —200 ms to stimulus onset
(stimulus-locked analyses), or to the average of the signal of
the whole segment (—1.5 s to 1.5 s; response-locked analyses).

Statistical contrasts were computed using cluster-based per-
mutation tests (Maris & Oostenveld, 2007) as implemented in
the fieldtrip toolbox (http://fieldtrip.fedonders.nl) for MAT-
LAB  (http://www.mathworks.com).
dependent-samples # tests using the patient averages of two

Here, a series of
conditions is calculated at each time-point after stimulus onset.
Contingent time-points at which the # tests reach a threshold
of P <0.05 are entered in a cluster. The sum of # values in
that cluster is taken as the cluster-statistic. These cluster statis-
tics are then computed a 1,000 times for random assignments
of condition-labels to individual ERPs (i.e., “label-shuffling”).
The reported P value reflects the percentile that the test-
statistic of the actual assignment of labels to the data reaches in
the distribution of cluster-statistics obtained by label-shuffling.

RESULTS

Behavioral Results

In the interview after the main experiment, one patient
reported to have noticed repeating words, i.e., the AB BC
scheme, but did not notice the indirect relations, i.e., the AB
BC AC scheme. The remaining eight subjects reported not to
have noticed anything particular about the sequence of word
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FIGURE 3. The left panel depicts HO triplet proportions next
to the observed proportions for the experimental and control con-
dition. Observed triplet proportions of the experimental and con-
trol condition were normalized by subtraction oft the
corresponding HO triplet proportions (right panel). Normalized
triplet proportions were subjected to pairwise ¢ tests of experimen-
tal vs. control condition for each triplet. P values of these tests are

pairs they saw during the experiment. Hence, all participants
were classified as unaware of indirect relations. Did indirect
relations nevertheless influence participants’ semantic decisions
on indirect relations at test?

Unlike previous implicit inference studies using subliminal
encoding procedures (Reber and Henke, 2012; Reber et al.,
2012; Henke et al., 2013), no effects of relational memory and
inference were evident in overall contrasts. The mean percent-
age of fit answers given to AC pairs (M =41.5%, SEM =
4.1%) was comparable to fit answers given to AD pairs
(M=40.7% SEM =5.0%); #=0.875, P=0.407. Also, no
significant difference was evident at encoding phase II as the
percentage of fit answers was 43.9 (7.5) % for BC pairs, 40.7
(6.8) % for CD pairs (¢=0.854, P = 0.418). Furthermore, the
percentage of fit answers (SEM) was 53.1 (7.6) % for AB pairs
in the experimental condition, and 46.9 (6.0) % for AB pairs
in the control condition; #=2.053, P=0.075. This tendency
is surprising because it cannot result from our experimental
manipulation since during encoding-phase I the word-pairs did
not differ in their encoding history.

The mean reaction latencies of semantic judgments (SEM)
was 1,833 (301) ms for AB pairs in the experimental condi-
tion, 1,857 (308) ms for AB pairs in the control condition
(encoding-phase I, AB., vs. AB.y: #= —1.195, P=0.260),
1,889 (372) ms for BC pairs, 1,907 (370) ms for CD pairs
(encoding-phase II, BC vs. CD: r=—1.119, P=0.296),
2,216 (431) ms for AC pairs, and 2,194 (424) ms for AD
pairs (test-phase AC vs. AD: #=0.581, P=0.577).

In contrast to studies using subliminal encoding procedures
(Reber and Henke, 2012; Reber et al., 2012; Henke et al.,
2013), participants in the current study received encoding pairs
supraliminally and judged the semantic fit between two words in
a pair also at encoding. Response behavior during encoding
might impact on semantic judgments made on following word
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denoted above horizontal lines. Furthermore, one-sample ¢ tests
against what would be expected by chance, i.e., HO, were com-
puted for each triplet separate for the experimental and control
condition. P values of these tests are denoted above/below the cor-
responding bars. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

pairs at test. Therefore, we calculated proportions by which cer-
tain combinations of responses for corresponding word pairs,
ie., triplets, occurred (see Methods). We excluded triplets con-
taining a “fit” answer in encoding phase I and a “do not fit
answer” in encoding phase II and vice versa, i.e., triplets starting
with either fd or df, as the outcome of successful inference at
test seems ill defined for these cases. We restricted our analyses
to triplets with either consistent “fit” or consistent “do not fit”
answers during encoding I and II (triplets starting with either ff
or dd). Here, the presence or absence of indirect relations at test
(experimental vs. control condition) might affect whether partici-
pants judge words in the test pair consistent with responses given
to corresponding encoding pairs (fff, ddd) or not (ffd, ddf). The
following analyses of triplet proportions were not planned a pri-
ori, concern only a subset of the trials recorded, and should
therefore be considered exploratory (a descriptive overview of all
triplet proportions is given in Supporting Information Fig. 1).

Generally, we hypothesize that implicit inference may influ-
ence how participants judge the semantic fit between words in
test pairs. Considering the above, we computed 2 2 X 2 X 2
repeated-measures ANOVA as omnibus test, which included
the factors Condition (experimental vs. control), Encoding His-
tory (triplets starting with ff vs. dd), Consistency (consistent,
i.e., fff, ddd vs. inconsistent, i.e., ddf, ffd), and the normalized
triplet proportions as dependent variable. The interaction of
Condition X Encoding History X Consistency reached signifi-
cance; F(1,8) = 6.779, P=0.031. Furthermore, the interaction
of Condition X Encoding History approached significance;
F(1,8) =4.702, P=0.062. As both of these
included the factor Condition, these results suggest that the
presence or absence of indirect relations affected observed tri-
plet proportions. These results could hence be taken as evi-
dence for inference in the current study. All further effects in
this ANOVA were insignificant (£<3.073, P>0.117).

interactions

Hippocampus
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Specifically, we hypothesized that implicit inference on indi-
rect relations in the experimental condition may reduce the
perceived semantic distance between two words in a test pair,
and would therefore foster “fit” judgments in the experimental
condition (Henke, et al., 2013). To address this, we investi-
gated the nature of the above interactions with a series of post-
hoc 7 tests (see Fig. 3). Paired t-tests were performed between
normalized triplet proportions in the experimental and control
condition of individual triplets. One-sample # tests of individ-
ual triplet proportions against what would be expected by
chance (HO) were performed to assess which of the observed
triplet proportions deviate from what would be expected if no
inference were at play (HO, see Methods). We found that fff
triplet frequency was comparable between the experimental
condition (M =0.015, SEM = 0.005) and the control condi-
tion (M= 0.004, SEM = 0.003); r=1.563, P=0.156. Inter-
estingly, however, there were significantly more fif triplets in
the experimental condition than would be expected by chance
(HO; #=2.861, P=0.021). By contrast, fff triplet frequency
was not significantly higher than would be expected by chance
in the control condition (A= 0.004, SEM = 0.003, = 1.088,
P=0.308). These results could be taken as support for the
notion that implicit inference results in reduced perceived
semantic distance in test-pairs containing an indirect relation.

Furthermore, ddd pairs were more frequent in the control
condition (M =0.019, SEM = 0.008) than in the experimental
condition (M= —0.005, SEM =0.004); t= —2.773, P=
0.024, and ddd pairs in the control condition were significantly
more frequent than would be expected by chance (HO);
t=2.461, P=0.039. In contrast, ddd pairs in the experimen-
tal condition (M= —0.005, SEM = 0.004) were not signifi-
cantly more frequent than would be expected by chance (HO);
t=—1.299, P=0.230. There were no differences in triplet
frequencies between experimental and control condition on
either ddf or ffd triplets, and none of these triplets occurred
significantly more often than would be expected by chance
(HO) in either the experimental or the control condition
(P>0.186, see Fig. 3). A possible explanation for the finding
of more frequent ddd pairs in the control condition could be
that AD pairs at test may trigger the reactivation of both corre-
sponding encoding word pairs, even if no indirect relation was
established by encoding word pairs (AB CD) as they did not
contain a common word. Note, that this bias toward “do not
fic” answers in the control condition could not have happened
already during encoding phase II since at that time the corre-
sponding word pairs did not contain a common word and a
relationship between AB and CD pairs could therefore not be
inferred. It appears that two 'do not fit’ answers during encod-
ing together with the lack of an indirect relation in AD pairs
increases the semantic distance between words in test pairs of
the control condition (AD).

In conclusion, it seems that presence of indirect relations
fosters “fit” answers by reducing the perceived semantic dis-
tance when corresponding encoding word pairs were consis-
tently judged with “fit” judgments. On the other hand, the
absence of indirect relations increases the perceived semantic
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FIGURE 4. Event related potentials locked to stimulus-onset
(dotted vertical line) during encoding phase II (BC vs. CD) and
during the test phase (AC vs. AD pairs). Shaded areas delineate
*+1 standard errors of the mean. The colored area along the x-axis
signifies P values of paired-samples # tests in 5 ms time bins. Red
rectangles depict clusters which reached significance in the cluster
permutation statistics. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

distance between test pairs and fosters “do not fit” judgments
when corresponding encoding word pairs were consistently
judged with “do not fit” judgments. This description of the
pattern of results also corresponds well with the condition X
encoding history X consistency interaction found in the
ANOVA.

Importantly, it seems unlikely that the tendency of overall
more frequent “fit” judgments for AB pairs in the experimental
versus control condition reported above can be responsible for
the results of normalized triplet frequencies we report as evi-
dence for implicit inference. If this difference on AB pairs were
also evident in the contrasts of normalized triplet frequencies,
there should be significant differences between experimental
and control condition also on ddf vs. ffd triplets (see above),
which is not the case.

Intracranial EEG Results

First, we analyzed ERP differences locked to stimulus onset
between the experimental and the control condition collapsed
across “fit” and “do not fit” judgments. Significant differences
were evident during encoding phase II, but not during the test-
phase (Fig. 4). At encoding phase II, a stronger negativity for
BC (experimental condition) than CD (control condition)
pairs emerged from 396 to 506 ms, and from 1,501 to 1,619
ms after stimulus onset. Note, that it seems unlikely that this
effect is solely due to the single word repetition of the B-word
in the experimental condition (AB-BC) pairs because word rep-
etitions usually yield reduced neural signals (see discussion;
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FIGURE 5. Event related potentials locked to stimulus onset
(dotted vertical line) contrasting experimental and control condi-
tion during encoding phase II (BC vs. CD) and test (AC vs. AD),
separately for word pairs that received “fit” answers, and for word
pairs that received “do not fit” answers. Shaded areas indicate *1

Rugg, 1985; Holcomb, 1988; Nobre and McCarthy, 1995;
Henson, 2003). Two further clusters did not reach significance
(P>0.214). At the test phase, no difference between indirectly
related (AC) and unrelated word pairs (AD) was found with
the (five
P>0.134). These results suggest that an integration of overlap-

cluster-based  permutation  statistics clusters,
ping memory traces (A-B, B-C — A-B-C) may have already
occurred during encoding of the overlapping word pair (BC;
Shohamy and Wagner, 2008).

Visual inspection of the curves may suggest sustained effects
emerging around 300-400 ms and extending until the end of
the considered segments (2,000 ms). To investigate this possi-
bility, we computed pairwise 7 tests of the average signals from
a time window ranging from 300 to 2,000 ms. Here, the mean
of ERPs to BC pairs (M= —7.03 mV, SEM = 8.03 mV) was
significantly lower than to CD pairs (M =5.25 mV, SEM =
6.42 mV); t= —2.825, P=0.022. At test, mean ERPs to AC
pairs (M =14.27, SEM =4.56) pairs did not differ signifi-
cantly from AD pairs (M =1.21, SEM = 6.43); ¢=1.600,
P =0.148. Together, analyses for sustained effects support the
notion that differences of experimental versus control condition
arose rather during the encoding phase than during the test
phase.

The behavioral data suggest that indirectly related word pairs
(AC) bias the participants’ responses towards more frequent
“fic” answers. Thus, we were interested whether the response a
word pair received would modulate the ERPs. We analyzed
stimulus-locked ERPs at encoding phase II and at test sepa-
rately for trials in which the word pairs received “fit” and “do
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standard errors of the mean. The colored area along the x-axis sig-
nifies P values of paired-samples ¢ tests in 5 ms time bins. Red rec-
tangles depict clusters which reached significance in the cluster
permutation statistics. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

not fit” judgments at test. Using cluster-based permutation
tests, differences were evident during encoding phase II but not
during the test phase (Fig. 5). Significant ERP differences
emerged for the contrast of overlapping word pairs (BC) versus
non-overlapping word pairs (CD) that received a “fit” answer.
Stronger negativities for BC than CD word pairs that received
a fit answer were indicated by the cluster-permutation statistics
from 1,374 to 1,538 ms, and from 1,773 to 1938 ms. One
further negative cluster approached significance (1,560-1,639
ms, 2=10.59), and three further negative clusters were clearly
insignificant (2> 0.370; no positive clusters). The analogous
contrast for “do not fi¢” answers did not reveal any significant
difference (one positive and four negative clusters, 2> 0.123).
At test, all clusters were insignificant (AC-fit vs. AD-fit: no
clusters, AC-no fit vs. AD no-fit four negative clusters,
P> 0.1406).

Again visual inspection may suggest sustained effects and we
conducted pairwise ¢ tests on average signals between 300 and
2,000 ms post-stimulus. ERPs following BC pairs that received
a “fit” answer (M= —0.91 mV, SEM =10.92 mV) were sig-
nificantly lower than CD pair that received a “fic” answer
(M=16.29, SEM = 11.64); t= —2.646, P=0.029. The same
contrast for “do not fit” answers was insignificant (Mpc o
0 =9.71 mV, SEMpcpo e = 8.03 mV, Mcpno = 4.32 mV,
SEMcppe =813 mV; r=—1.732, P=0.122). Further-
more, no sustained differences between experimental and con-
trol condition at test were evident for both, word pairs that
received “fit” answer (Mac.q. = 13.05 mV, SEMpc4, = 11.16
mV, Mapg =951 mV, SEMaps =676 mV; £=0.256
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FIGURE 6. Event related potentials locked to the response
(dotted vertical line). Significant differences between ERPs follow-
ing “fit” and “do not fit” responses were evident within the exper-
imental condition during encoding phase IT (BC, CD), and during
the test-phase (AC, AD). Shaded areas indicate 1 standard errors

P=0.804), and “do not fit” answer (Mac.no £ = 15.86 mV,
SEMycp =897 mV, Mipos s=—1.05 mV, SEM,p.
qe=7.88 mV; r=1.272, P=0.239). Together, these results
agree with the results from cluster-based permutation statistics
in that effects of experimental versus control trials emerged
during encoding-phase II and are observable on pairs that
received a 'fit’ answer.

Next, we were interested in the interaction of implicit mem-
ory with decision making, i.e., the semantic judgments. There-
fore, we analyzed ERPs locked to responses. Significant
response-locked ERP effects were found when contrasting “fit”
with “do not fit” judgments (Fig. 6). During encoding phase
11, overlapping (BC) pairs that received a “fit” judgment dis-
played a significantly stronger positivity than overlapping pairs
that received “do not fit” judgments from —167 to 26 ms.
Further five positive and one negative cluster did not reach sig-
nificance (P> 0.393). The
revealed one positive cluster approaching significance (—89 to
34 ms, P=0.052), and two further positive and three negative
clusters that are clearly insignificant (?>0.391).

analog contrast on CD pairs

Unlike the stimulus-locked analyses, the response-locked
analyses also revealed effects at test (Fig. 5). Here, indirectly
related (AC) pairs that received a “fit” judgment were associ-
ated with increased positivities from —467 to —224 ms, and
from 90 to 222 ms (further four positive and two negative
clusters, 2> 0.209). Contrasting “fit” versus “do not fit” judg-
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tistics. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

ments on AD pairs revealed one positive cluster with a trend
(468-568 ms, P=0.090) and five negative clusters that were
clearly insignificant (2> 0.399; Fig. 6).

DISCUSSION

This research investigated the time-course of implicit infer-
ence within the hippocampus. Behavioral results suggest that
indirect relations established by overlapping word pairs during
encoding (winter—red, red—computer) influenced participants’
semantic judgments at test (winter—computer). We suggest that
participants implicitly recognized and encoded indirect rela-
tions from overlapping word pairs into long-term memory.
From these integrated memories, the participants likely drew
inferences that guided their choices at inference test. That indi-
rect relations were implicitly recognized and encoded as such
already at encoding was suggested by stimulus-locked ERPs
from within the hippocampus. Encoding-based inference-proc-
essing seemed reflected in a more pronounced early negativity
of the ERP signal for overlapping word pairs (BC) as compared
to non-overlapping word pairs (CD). Integrated memories bias-
ing the participants’ semantic judgments seemed likely to be
reflected in later ERP effects that were associated with distinct
semantic judgments.
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Some previous implicit inference studies used subliminal
encoding procedures in combination with objective tests of dis-
crimination performance of the stimuli (Reber and Henke,
2012; Reber et al., 2012; Henke et al., 2013). While the use
of subliminal presentations make claims of unawareness com-
pelling, great care has to be taken that stimuli are presented
with just the right intensity so that they cannot be seen con-
sciously but nevertheless get processed. This narrow window of
feasible stimulus intensities may vary between subjects. Con-
servative subliminal presentation comes at the risk of present-
ing stimuli too weak (low contrast, short presentation duration,
strong masking, etc.) to be processed by some subjects, which
may result in rather weak or absent overall effects. Conse-
quently, our previous subliminal studies tested either 33 or
more subjects (e.g., Reber et al., 2012: V=33, or Reber and
Henke, 2012: N=72), or tested each subject for longer peri-
ods of time and on multple days of testing (Duss et al.,
2014). Subliminal encoding procedures seem unfit in the con-
text of the current study as testing time and the amount of
patients was limited. Additionally, patients were tested at bed-
side, which results e.g. in less control over lighting conditions
that is required for subliminal studies. Finally, subliminal stud-
ies result in unawareness of the mere presence of stimuli. For
inference to be implicit, however, unawareness of relations
between stimuli and not of the stimuli per se is the relevant
criterion.

The current and previous implicit inference studies (Gross
and Greene, 2007; Leo and Greene, 2008; Greene et al., 2001)
present encoding stimuli visibly throughout the experiment but
use post-experimental interviews to assess awareness of indirect
relations. In these and our current study, conscious access/
recovery of encoded content was not required by the task, and
awareness thereof was not as strictly controlled as in subliminal
studies. Nevertheless, participants in the current study were
kept naive as to the purpose of the experiment and were told
that we would be interested only in how they judged the
semantic relatedness of two words in pair. They were not
informed of taking part in a memory experiment and of the
indirect relations that were introduced in the word pairs. None
of the participants reported to have had noticed indirect rela-
tions during the experiment. Nevertheless semantic judgments
were biased by indirect relations in the word pairs. However,
one could argue that subjects may have noticed indirect rela-
tions during the experiment and either forgot about them or
were not confident enough to report their insight by the time
of the post-experiment interview (Bjorkman et al., 1993). Fur-
thermore, patients in the current study were impaired on neu-
ropsychological test of memory, which might further contribute
to under-reporting of conscious awareness of indirect relations.
While these explanations cannot be ruled out completely, it
seems also important to note that this underconfidence phe-
nomenon (Bjorkman et al., 1993) was described for perceptual
judgments, and that it seems unlikely that gaining sudden con-
scious insight into the hidden relational structure of the task
will easily be forgotten (Auble et al., 1979). Furthermore,
although patients were overall impaired in the memory

domain, the test-scores indicate that the impairment was not
severe except for one patient. The fact that we do find behav-
joral effects of indirect relations also supports that memory def-
icits were not too serious for the purposes of this study and
may suggest that participants were not in principle incapable of
reporting their experiences. Nevertheless, to what extent mem-
ory impairment might have impacted on effects of implicit
inference should be investigated in future studies using the
same task with healthy participants. In conclusion, we suggest
that behavioral effects we find are due to relational inference
and were expressed implicitly.

We suggest that implicit inference was relational because
non-relational “inference-like” strategies cannot account for the
behavioral effect we find. Non-relational or “inference-like”
behavior refers to simple shortcuts to solve inference-tasks that
were intended to measure relational inference (Frank et al.,
2006; Greene, 2007; Frank et al.,, 2008; Leo and Greene,
2008). Non-relational “inference-like” behavior can only occur
if encoding entails choosing the “correct” element of an encod-
ing pair over the other (e.g., A over B, and B over C), and if
correct choices are rewarded (Van Elzakker et al., 2003; Frank
et al, 2006). Furthermore, multiple encoding trials of the
same associations are needed. In such study designs, rules such
as “the choice of A was always rewarded,” or “the choice of C
was never rewarded” can be learned. These simple rules would
enable correct choice of A over C, but the underlying memory
representation would not be relational and would be unlikely
to rely on the hippocampus (Van Elzakker et al., 2003; Frank
et al., 2006). In our current design, there were no objectively
correct or incorrect choices because participants judged the
semantic relatedness of two words in a pair by their own stand-
ards. Participants saw the encoding word pairs only one time,
and rewarding feedback was neither given at encoding nor at
test. Thus we conclude that the memory representations in the
current task needed to get established in a single trial, were
relational, and were hence likely to require hippocampal mem-
ory functions.

Accordingly, we think of the intracranial ERP effects from
within the hippocampus as a plausible correlate of implicit
relational inference. Our data thus add an intracranial record
of implicit inference to previous studies, which have assessed
implicit inference either behaviorally (Greene et al., 2001;
Greene, 2007; Gross and Greene, 2007; Leo and Greene,
2008; Reber and Henke, 2012; Henke et al., 2013), or in
combination with fMRI (Greene et al., 2006; Greene, 2007;
Reber et al., 2012). IEEG from within the hippocampus
enabled us to take a closer look at hippocampal contributions
to implicit inference in the temporal domain.

Early significant ERP differences during encoding phase 11
(BC vs. CD) occur within a similar time-window as the N400
component in scalp EEG (Kutas and Federmeier, 2011), which
has been associated with semantic processing in general and
semantic integration specifically. However, it seems unlikely
that the reported effect from within the hippocampus reflects
N400 because a corresponding intracranial potential, the ante-
temporal lobe N400 (AMTL-N400, e.g.,

rior medial
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McCarthy et al., 1995, Fernandez et al., 1999) has been
observed in areas adjacent to but not within the hippocampus
(McCarthy et al., 1995; Nobre and McCarty, 1995; Elger
et al., 1997), and has been suggested to be generated in the
perirhinal cortex (McCarthy et al.,, 1995, Fernandez et al.,
2002). We therefore suppose that early deflections at encoding
reflect not so much semantic but relational integration and epi-
sodic memory.

Further support for the notion that the early ERP effect at
encoding could reflect relational processes and episodic mem-
ory can be derived from previous intracranial EEG studies
from within the hippocampus (e.g., McCarthy et al., 1989;
Grunwald et al., 1999) and scalp EEG studies of relational
memory (Hannula et al., 2006; Bonnefond et al., 2014).
Although the significant differences in the early effect is evident
between 396 and 506 ms, the negative peak of the component
we find is around 350 ms, and corresponds well with results of
intracranial studies reporting similar wave-forms (Halgren
et al., 1980; McCarthy et al., 1989, Grunwald et al., 1999).
These studies conclude that the early negativity peaking
between 300 and 400 ms is generated within the hippocampus
and is functionally related to—at least to some degree (see also
Polich, 2007)—the P300 observed in scalp EEG. The scalp
P300, in turn, has been reported to be the earliest component
that distinguishes between intact and recombined or new face-
scene associations (Hannula et al., 2006), and between match-
ing and non-matching overlapping associations (Bonnefond
et al., 2014). Our data support this view of early relational
processing and add that these effects of relational memory and
inference can also be observed within the hippocampus.

Alternatively, one could argue that the early effect we find
may be caused by the repetition of a single word alone, namely
one repeated word (B in BC) as compared to entirely new
words (CD). Although future studies may include additional
control conditions such as complete repetitions of the word
pairs from encoding phase I (AB) also in encoding phase II
and maybe also at test to elaborate on this possibility, it seems
unlikely that the early effect reflects a mere single word repeti-
tion effect (priming). Single word repetition and priming usu-
ally elicit reduced responses in scalp EEG (Rugg, 1985;
Holcomb, 1988), intracranial EEG (Nobre and McCarthy,
1995) and fMRI (Henson, 2003). In our data, however, the
ERPs following BC word pairs actually displayed a stronger
negativity than ERPs following CD word pairs, indicating
increased processing for the BC word pairs, which entailed a
repeated word (B). Increased processing following BC than CD
pairs might suggest that the integration of a word pair contain-
ing a repeated word is more effortful than an entirely new pair.
Especially the early ERP difference following BC vs. CD pairs
corresponds well with the notion that implicit inference may
be enabled by an automatic—and therefore also fast—integra-
tion of experiences into pre-existing knowledge structures
(Shohamy and Wagner, 2008; Wimmer and Shohamy, 2012).

Late ERP differences evident during encoding phase II (BC
vs. CD) occur at times when previous studies found effects of
successful versus unsuccessful memory encoding in intracranial

Hippocampus

EEG from within the hippocampus (Fernindez et al., 1999,
2002). Here, stronger positivities for subsequently remembered
versus forgotten words have been found to emerge after 500
ms (Fernandez et al., 1999) or 800 ms (Fernidndez et al., 2002)
post-stimulus and persisted up to 2,000 ms. In the current
behavioral data, “correctness” of relational inference was sug-
gested to foster “fit” judgments in the experimental condition
at test when corresponding encoding pairs were consistently
also judged with a “fit” answer (fff triplets). Considering only
trials at encoding phase II (BC vs. CD) that corresponded to a
test word pair that received a “fit” answer, stimulus-locked
ERP effects emerged within the temporal window of late mem-
ory related effects (1,374-1,539 ms and 1,773-1,938 ms)
but—in contrast to these previous studies (Ferndndez et al.,
1999, 2000)—were characterized by negative deflections for
experimental pairs (BC) versus positive deflections for control
pairs (CD). Response-locked ERP effects during encoding
phase II, in contrast, revealed stronger positive deflections to
“fit” versus “do not fit” judgments in the experimental condi-
tion. As behavioral responses during encoding approximately
occur 1,900 ms post-stimulus these results may be taken as
support for the notion that “correctness” of inference is
reflected in late stronger positivity during encoding.

Both, the early and late stimulus-locked effects were
obtained during encoding phase II suggesting that the crucial
part of relational integration and inference can already occur
during encoding. Our data thus add to a recent view that mne-
monic integration at encoding may suffice for apparently
effortless inference at the time of test (Shohamy and Wagner,
2008; Zeithamova and Preston, 2010). Mnemonic integration
is achieved by associating a current episode to a previous epi-
sode through their common elements. This associative binding
across the temporal domain is considered as one of the core
functions of the hippocampus (Lisman, 1999; Staresina and
Davachi, 2009). Thus, associative binding is also considered
central to episodic memory formation (Davachi and Wagner,
2002). Because inference was implicit in our current study,
associative binding and mnemonic integration was taking place
automatically and without deliberation or effort. Associative
binding and mnemonic integration could hence be perpetual
hippocampal processes by which the essence of the stream of
experiences of our everyday lives gets laid down in memory
(Olsen et al., 2012).

Perpetual mnemonic integration in the hippocampus may
thus yield memories that may often bias our choices in new sit-
uations implicitly. We suggest ERP effects that were either
modulated by or locked to the responses as potential correlate
of this interaction of implicit memory with decision making.
First, late stimulus-locked ERP differences between BC and
CD word pairs were also evident when considering word pairs
that received a “fit” judgment but not for word pairs that
received a “do not fit” judgment. Second, response-locked
ERPs revealed differences between “fit” and “do not fit” judg-
ments at encoding and at test. All of these response-dependent
ERP effects were evident late after stimulus onset, suggesting
that they do not reflect automatic processes but rather the
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interaction of implicit memory with the seemingly conscious
and deliberate mental act of judging the semantic fic between
two words in a pair.

Our results are at odds with a standard model of human
long-term memory (Squire, 1992) because we report relational
inference that occurs automatically and hence implicitly but
nevertheless recruits the hippocampus. Relational inference is
thought to depend on the hippocampus and hence on the epi-
sodic memory system (Eichenbaum, 2004), which—according to
the standard view—requires awareness of encoding and retrieval
to operate (Squire, 1992; Smith and Squire, 2005). Our results
hence favor more recent models of human long-term memory
(Reder et al., 2009; Henke, 2010; Hannula and Greene, 2012),
which do not posit awareness as a precondition for the function-
ing of hippocampal memory encoding or retrieval.

REFERENCES

Auble PM, Franks J, Soraci J. 1979. Effort toward comprehension:
Elaboration or “aha” Mem Cogn 7:426-434.

Bonnefond M, Castelain T, Cheylus A, Van der Henst JB. 2014. Rea-
soning from transitive premises: An EEG study. Brain Cogn 90:
100-108.

Bjérkman M, Juslin B, Winman A. 1993. Realism of confidence in
sensory discrimination: The underconfidence phenomenon. Percept
Psychophys 54:75-81.

Brickenkamp R. 2002. d2 Aufmerksamkeits- und Belastungstest.
Gottingen: Hogrefe.

Clark RE, Squire LR. 1998. Classical conditioning and brain systems:
The role of awareness. Science 280:77-81.

Clusmann H, Schramm J, Kral T, Helmstaedter C, Ostertun B,
Fimmers R, Haun D, Elger CE. 2002. Prognostic factors and out-
come after different types of resection for temporal lobe epilepsy.
J Neurosurg 97:1131-1141.

Davachi L, Wagner AD. 2002. Hippocampal contributions to episodic
encoding: Insights from relational and item-based learning.
J Neurophysiol 88:982-990.

DeVito LM, Kanter BR, Eichenbaum H. 2010. The hippocampus
contributes to memory expression during transitive inference in
mice. Hippocampus 20:208-217.

Dusek JA, Eichenbaum H. 1997. The hippocampus and memory
for orderly stimulus relations. Proc Natl Acad Sci USA 94:7109-
7114.

Duss SB, Reber TP, Hinggi J, Schwab S, Wiest R, Miiri RM, Henke
K. 2014. Unconscious relational encoding depends on hippocam-
pus. Brain. doi:10.1093/brain/awu270.

Eichenbaum H. 2004. Hippocampus: Cognitive processes and neural
representations that underlie declarative memory. Neuron 44:109—
120.

Elger CE, Grunwald T, Lehnertz K, Kutas M, Helmstaedter C,
Brockhaus A, Heinze HJ. 1997. Human temporal lobe potentials
in verbal learning and memory processes. Neuropsychologia 35:
657-667.

Ferniandez G, Effern A, Grunwald T, Pezer N, Lehnertz K,
Dimpelmann M, Elger CE. 1999. Real-time tracking of memory
formation in the human rhinal cortex and hippocampus. Science
285:1582-1585.

Fernindez G, Klaver B, Fell J, Grunwald T, Elger CE. 2002. Human
declarative memory formation: Segregating rhinal and hippocampal
contributions. Hippocampus 12:514-519.

Frank MJ, O’Reilly RC, Curran T. 2006. When memory fails, intu-
ition reigns: Midazolam enhances implicit inference in humans.
Psychol Sci 17:700-707.

Frank MJ, O’Reilly RC, Curran T. 2008. Midazolam, hippocampal
function, and transitive inference: Reply to Greene. Behav Brain
Funct 4:5.

Greene AJ. 2007. Human hippocampal-dependent tasks: Is awareness
necessary or sufficient? Hippocampus 17:429-433.

Greene AJ, Spellman BA, Levy WB, Dusek JA, Eichenbaum HB.
2001. Relational learning with and without awareness: Transitive
inference using nonverbal stimuli in humans. Mem Cogn 29:893—
902.

Greene AJ, Gross WL, Elsinger CL, Rao SM. 2006. An fMRI analysis
of the human hippocampus: inference, context, and task awareness.
J Cogn Neurosci 18:1156-1173.

Gross WL, Greene AJ. 2007. Analogical inference: The role of aware-
ness in abstract learning. Memory 15:838-844.

Grunwald T, Beck H, Lehnertz K, Blumcke I, Pezer N, Kutas M,
Elger CE. 1999. Limbic P300s in temporal lobe epilepsy with
and without Ammon’s horn sclerosis. Eur J Neurosci 11:1899—
1906.

Halgren E, Squires NK, Wilson CL, Rohrbaugh JW, Babb TL,
Crandall PH. 1980. Endogenous potentials generated in the
human hippocampal formation and amygdala by infrequent events.
Science 210:803-805.

Hannula DE, Greene AJ. 2012. The hippocampus reevaluated in
unconscious learning and memory: at a tipping point? Front Hum
Neurosci 6:80. doi: 10.3389/fnhum.2012.00080.

Hannula DE, Ranganath C. 2009. The eyes have it: Hippocampal
activity predicts expression of memory in eye movements. Neuron
63:592-599.

Hannula DE, Federmeier KD, Cohen NJ. 2006. Event-related poten-
tial signatures of relational memory. J Cogn Neurosci 18:1863—
1876.

Hannula DE, Ryan JD, Tranel D, Cohen NJ. 2007. Rapid onset rela-
tional memory effects are evident in eye movement behavior, but
not in hippocampal amnesia. ] Cogn Neurosci 19:1690-1705.

Hautzinger M, Bailer M, Worall H, Keller, E 1994. Beck-Depres-
sions-Inventar (BDI). Bearbeitung der Deutschen Ausgabe. Tes-
thandbuch. Bern: Huber.

Heckers S, Zalesak M, Weiss AP, Ditman T, Titone D. 2004. Hippo-
campal activation during transitive inference in humans. Hippo-
campus 14:153-162.

Helmstaedter C, Witt JA. 2012. Multifactorial etiology of interictal
behavior in frontal and temporal lobe epilepsy. Epilepsia 53:1765—
1773.

Helmstaedter C, Pohl C, Hufnagel A, Elger CE. 1991. Visual learning
deficits in nonresected patients with right temporal lobe epilepsy.
Cortex 27:547-555.

Helmstaedter C, Lendt M, Lux S. 2001. VLMT Verbaler Lern- und
Merkfihigkeitstest. Gottingen: Beltz Test GmbH.

Henke K. 2010. A model for memory systems based on processing
modes rather than consciousness. Nat Rev Neurosci 11:523-532.
Henke K, Reber TP, Duss SB. 2013. Integrating events across levels of

consciousness. Front Behav Neurosci 7:68.

Henson RN. 2003. Neuroimaging studies of priming. Prog Neurobiol
70:53-81.

Holcomb PJ. 1988. Automatic and attentional processing: An event-
related brain potential analysis of semantic priming. Brain Lang
35:66-85.

Klaver P, Fell J, Diet T, Schiir S, Schaller C, Elger CE, Fernindez G.
2005. Word imageability affects the hippocampus in recognition
memory. Hippocampus 15:704-712.

Kutas M, Federmeier KD. 2011. Thirty years and counting: Finding
meaning in the N400 component of the event-related brain poten-

tial (ERP). Annu Rev Psychol 62: 621-647.

Hippocampus


info:doi/10.1093/brain/awu270
info:doi/10.3389/fnhum.2012.00080

66 REBER ET AL.

Lamberti G, Weidlich S. 1999. DCS: A visual learning and memory
test for neuropsychological assessment. Gottingen: Hogrefe and
Huber Publishers.

Lehrl S, Fischer B. 1997. Kurztest Fir Cerebrale Insuffizienz.
Gottingen: Hogrefe.

Leo PD, Greene AJ. 2008. Is awareness necessary for true inference?
Mem Cogn 36:1079-1086.

Lisman JE. 1999. Relating hippocampal circuitry to function: Recall
of memory sequences by reciprocal dentate—~CA3 interactions. Neu-
ron 22:233-242.

Ludowig E, Bien CG, Elger CE, Rosburg T. 2010. Two p300 genera-
tors in the hippocampal formation. Hippocampus 20:186-195.
Lux S, Helmstaedter C, Elger CE. 1999. Normative study on the
"verbaler lern- und merkfahigkeitstest” (vlmt). Diagnostica 45:

205-211.

Maris E, Oostenveld R. 2007. Nonparametric statistical testing of
EEG- and MEG-data. ] Neurosci Methods 164:177-190.

McCarthy G, Wood CC, Williamson PD, Spencer DD. 1989. Task-
dependent field potentials in human hippocampal formation.
J Neurosci 9:4253-4268.

McCarthy G, Nobre AC, Bentin S, Spencer DD. 1995. Language-
related field potentials in the anterior-medial temporal lobe: I
Intracranial distribution and neural generators. ] Neurosci 15:
1080-1089.

Nobre AC, McCarthy G. 1995. Language-related field potentials in
the anterior-medial temporal lobe: II. Effects of word type and
semantic priming. ] Neurosci 15:1090-1098.

Olsen RK, Moses SN, Riggs L, Ryan JD. 2012. The hippocampus
supports multiple cognitive processes through relational binding
and comparison. Front Hum Neurosci 6:146. doi: 10.3389/
fnhum.2012.00146.

Polich J. 2007. Updating p300: An integrative theory of p3a and p3b.
Clin Neurophysiol 118:2128-2148.

Preston AR, Shrager Y, Dudukovic NM, Gabrieli JDE. 2004. Hippo-
campal contribution to the novel use of relational information in
declarative memory. Hippocampus 14:148-152.

Reber TP, Henke K. 2012. Integrating unseen events over time. Con-
sciousness Cogn 21:953-960.

Reder LM, Park H, Kieffaber PD. 2009. Memory systems do not
divide on consciousness: Reinterpreting memory in terms of activa-

tion and binding. Psychol Bull 135:23-49.

Hippocampus

Reber TP, Luechinger R, Boesiger P, Henke K. 2012. Unconscious rela-
tional inference recruits the hippocampus. ] Neurosci 32:6138-6148.

Rey A. 1964. Lexamen Clinique en Psychologie. Paris: Presses Univer-
sitaires de France.

Rugg MD. 1985. The effects of semantic priming and word repetition
on event-related potentials. Psychophysiology 22:642-647.

Ryals AJ, Wang JX, Polnaszek KL, Voss JL. 2015. Hippocampal contribu-
tion to implicit configuration memory expressed via eye movements
during scene exploration. Hippocampus. doi:10.1002/hipo.22425.

Ryan JD, Althoff RR, Whitlow S, Cohen NJ. 2000. Amnesia is a defi-
cit in relational memory. Psychol Sci 11:454-461.

Schwarzkopf-Streit C. 2000. Die Schitzung der Gesamtintelligenz aus
Testkurzformen im Intelligenzkonzept nach Wechsler. Hannover:
Dissertation Medizinische Hochschule Hannover.

Shohamy D, Wagner AD. 2008. Integrating memories in the human
brain: Hippocampal-midbrain encoding of overlapping events.
Neuron 60:378-389.

Smith CN, Squire LR. 2005. Declarative memory, awareness, and
transitive inference. ] Neurosci 25:10138-10146.

Squire LR. 1992. Memory and the hippocampus: A synthesis from
findings with rats, monkeys, and humans. Psychol Rev 99:195-231.

Staresina BB, Davachi L. 2009. Mind the gap: Binding experiences across
space and time in the human hippocampus. Neuron 63:267-276.

Tulving E. 2002. Episodic memory: From mind to brain. Annu Rev
Psychol 53: 1-25.

Van Elzakker M, O’Reilly RC, Rudy JW. 2003. Transitivity, flexibility,
conjunctive representations, and the hippocampus. I. An empirical
analysis. Hippocampus 13:334-340.

Van Roost D, Solymosi L, Schramm J, van Oosterwyck B, Elger CE.
1998. Depth electrode implantation in the length axis of the hip-
pocampus for the presurgical evaluation of medial temporal lobe
epilepsy: A computed tomography-based stereotactic insertion tech-
nique and its accuracy. Neurosurgery 43:819-826.

Wimmer GE, Shohamy D. 2012. Preference by association: How
memory mechanisms in the hippocampus bias decisions. Science
338:270-273.

Witt JA, Helmstaedter C. 2009. Neuropsychology bei epilepsie. For-
tschritte Der Neurol Psychiatr 77:691-698.

Zeithamova D, Preston AR. 2010. Flexible memories: Differential
roles for medial temporal lobe and prefrontal cortex in cross-

episode binding. ] Neurosci 30:14676-14684.


info:doi/10.3389/fnhum.2012.00146
info:doi/10.3389/fnhum.2012.00146
info:doi/10.1002/hipo.22425

