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Encoding activity in the medial temporal lobe, presumably evoked
by the presentation of stimuli (postonset activity), is known to
predict subsequent memory. However, several independent lines of
research suggest that preonset activity also affects subsequent
memory. We investigated the role of preonset and postonset singleunit and multiunit activity recorded from epilepsy patients as they
completed a continuous recognition task. In this task, words were
presented in a continuous series and eventually began to repeat.
For each word, the patient’s task was to decide whether it was
novel or repeated. We found that preonset spiking activity in the
hippocampus (when the word was novel) predicted subsequent
memory (when the word was later repeated). Postonset activity
during encoding also predicted subsequent memory, but was simply
a continuation of preonset activity. The predictive effect of preonset
spiking activity was much stronger in the hippocampus than in three
other brain regions (amygdala, anterior cingulate, and prefrontal
cortex). In addition, preonset and postonset activity around the
encoding of novel words did not predict memory performance for
novel words (i.e., correctly classifying the word as novel), and preonset and postonset activity around the time of retrieval did not
predict memory performance for repeated words (i.e., correctly classifying the word as repeated). Thus, the only predictive effect was
between preonset activity (along with its postonset continuation) at
the time of encoding and subsequent memory. Taken together,
these findings indicate that preonset hippocampal activity does
not reflect general arousal/attention but instead reflects what we
term “attention to encoding.”
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these effects related to each other? In addition, are these
predictive effects, if they exist in single-unit and multiunit data,
evident only in the hippocampus, or also in other brain regions? To address these questions, we tested recognition
memory performance in epilepsy patients (n = 34) while
clinical microwires measured single-unit activity (SUA) and
multiunit activity (MUA) in four brain regions bilaterally:
hippocampus, prefrontal cortex (PF), anterior cingulate cortex
(AC), and amygdala (A) (11). We used a continuous recognition memory procedure in which words were presented
consecutively and repeated once after varying lags. Patients
judged each word as “novel” or “repeated.” The words were
presented visually in some sessions and auditorily in other
sessions. Collectively, the patients completed 55 sessions. As is
typically done, we treated these 55 sessions as if they were
independent, although some patients completed more than
one session. Different sessions for any given patient were
conducted on different days and it is typically assumed that
different neurons were recorded during each session because
the depth electrodes shift slightly as patients move around.
(See SI Appendix for by-patient analyses, which were similar to
the by-session analyses, and detailed methods.)
Significance
Brain activity in the medial temporal lobe associated with the
onset of a study item is thought to influence encoding and,
therefore, subsequent memory for that item. However, our
study found that spiking activity in the hippocampus prior to
the onset of the to-be-studied item predicted both activity
during encoding and subsequent memory. Thus, when the
hippocampus is in a “ready-to-encode” mode before stimulus
presentation, the stimulus is likely to be encoded and subsequently remembered. By contrast, if the hippocampus is not
in a ready-to-encode mode before the presentation of a stimulus, the stimulus is likely to be poorly encoded and subsequently forgotten. We conclude that prestimulus “attention
to encoding” predicts subsequent memory.
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hen episodic memory is tested for a previously presented
list of items, participants invariably remember some items
and forget others. What accounts for this variation? Part of the
explanation is that subsequently remembered items tend to be
associated with higher encoding activity in the medial temporal
lobe (MTL) than subsequently forgotten items (1–7). The level
of encoding activity observed in such studies is presumed to be
evoked by the presentation of the to-be-studied items: An image
or word is presented, triggering a change in firing rates in MTL
neurons, thereby increasing memory strength.
However, there is also research showing that conditions prior to
stimulus presentation can affect encoding and improve subsequent
memory. For example, in an electroencephalographic study,
nonlocalized brain activity elicited by a cue presented just before a
to-be-studied word predicted whether the word would be subsequently remembered (ref. 8; see also ref. 9). In a follow-up study
using functional magnetic resonance imaging (fMRI), a similar
effect was observed in the hippocampus (10). These effects of
preonset and postonset activity have not been investigated in a
study that measured single-unit and multiunit activity.
Do prestimulus and poststimulus activity during encoding both
predict subsequent memory performance, and, if so, how are
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Results
On average, behavioral performance was well above chance and
well below ceiling: 83.5 ± 2.0% correct for the first presentation
of words (i.e., for novel words, correct rejection rate, 0.84; false
alarm rate, 0.17) and 80.6 ± 2.8% correct for the second presentation
of words (i.e., for repeated words, hit rate, 0.81; miss rate, 0.19).
To examine how encoding activity around the first presentation
of words (encoding) relates to performance at the second presentation (i.e., subsequent memory), we analyzed spikes from
clusters in bilateral hippocampus (SUA and MUA) both before
and after word onset. The preonset time window was 1,000 to
200 ms (i.e., before encoding), and the postonset time window was
200 to 1,000 (i.e., during encoding). Within each session, i, and for
each hippocampal cluster, j, we computed the mean number of
spikes for subsequently remembered words (X Rij ) and subsequently
forgotten words (X Fij ), respectively. We then computed the mean of
those cluster means for a given session, yielding two grand means
(X Ri and X Fi) for each session. These measures were computed
separately for preonset activity and postonset activity (Fig. 1, Top).
The difference between X Ri and X Fi varied widely across sessions because some sessions were composed mostly of SUA
whereas others were composed mostly of MUA (e.g., the difference for SUA was much smaller than that for MUA). We therefore standardized the data by dividing the difference score for
each session (X Ri − X Fi) by the pooled SD of X Rij and X Fij across
clusters in that session. That is, for each session, we computed a
Cohen’s d effect-size score, one for preonset activity (dprei ) and one
for postonset activity (dposti ). In the absence of a difference in
activity around encoding for subsequently remembered vs. forgotten words, the expected value of both Cohen’s d scores (dpre
and dpost) is 0. A value significantly greater than 0 indicates that
activity around encoding for subsequently remembered words
exceeded that for subsequently forgotten words, whereas a value
significantly less than 0 indicates the opposite.

Fig. 1. Bilateral spiking activity in the hippocampus around the first presentation of words. (Top) Preonset and postonset mean spike counts as a
function of subsequently remembered vs. forgotten words. (Bottom) Standardized difference scores of preonset and postonset activity for subsequently remembered vs. forgotten words were both significantly larger
than 0 (P = 0.0008 and 0.004). The two standardized difference scores did
not differ from each other (P = 0.556). Error bars denote SEs. *P < 0.01.
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In agreement with prior studies using more global measures,
dpost in bilateral hippocampus was significantly greater than
0 [dpost = 0.12, t(54) = 2.97, P = 0.004; Fig. 1, Bottom]. Thus,
postonset activity for novel words was significantly higher for
subsequently remembered words, relative to subsequently forgotten words. Interestingly, dpre in bilateral hippocampus was also
significantly greater than 0 [dpre = 0.10, t(54) = 3.57, P = 0.0008;
Fig. 1, Bottom]. Thus, both before and after word onset, hippocampal activity was higher for subsequently remembered words
compared to subsequently forgotten words. In addition, the difference between dpre and dpost was negligible, indicating that the
postonset difference was a continuation of the preonset difference
[t(54) = 0.59, P = 0.556]. (Analysis of the raw spiking data also
indicated that postonset spiking level was a continuation of the
preonset spiking level for both the subsequently remembered and
the subsequently forgotten words. See SI Appendix). Thus, the
onset of novel stimuli did not trigger changes in hippocampal
spiking activity (See SI Appendix for an illusion of a change in
postonset spiking level if data were normalized without awareness
of difference in preonset spiking level.)
We next analyzed the data from PF, AC, and A in the manner
described above for the hippocampus. All three regions exhibited
trends of higher preonset and postonset activity for subsequently
remembered vs. forgotten words, but none of the trends was significant [PF: dpre = 0.04, t(45) = 0.97, P = 0.339; dpost = 0.07,
t(45) = 1.68, P = 0.100; AC: dpre = 0.09, t(46) = 1.72, P = 0.092;
dpost = 0.08, t(46) = 1.49, P = 0.142; A: dpre = 0.04, t(49) = 1.28, P =
0.208; dpost = 0.11, t(49) = 1.78, P = 0.081; Fig. 2]. The number of
sessions analyzed varied by brain area because recordings were not
available from every area for every session.
To compare the subsequent memory effect in the hippocampus
with that in the other three brain areas, we next analyzed the
subset of sessions for which recordings were available from all four
brain areas (40 sessions in all). In the hippocampus, both preonset
and postonset subsequent memory effects remained significant
[dpre = 0.10, t(39) = 2.87, P = 0.007; dpost = 0.15, t(39) = 2.81, P =
0.008; Fig. 3]. Because the trends in PF, AC, and A were very
similar, we combined them to increase statistical power. For the
combined areas, the preonset subsequent memory effect was
marginal and the postonset subsequent memory effect was significant [dpre = 0.06, t(39) = 1.81, P = 0.078; dpost = 0.07, t(39) =
2.08, P = 0.044; Fig. 3]. An ANOVA comparing hippocampus vs.
the combined three areas yielded a main effect of brain area
[F(1) = 7.11, P = 0.011], with no main effect of preonset vs.
postonset [F(1) = 1.87, P = 0.179] and no interaction [F(1) = 1.87,
P = 0.179]. Thus, the effect was significantly larger in the hippocampus compared to the other three areas combined.
So far, we have examined the relationship between activity
around the first presentation of words and memory performance
at the second presentation. We also examined whether activity
around a word’s presentation predicted memory performance on
that trial (i.e., correct novel responses during the first presentation
and correct repeated responses during the second presentation).
During the first presentation, preonset and postonset hippocampal
activity did not differ for words that were correctly judged as
novel vs. incorrectly judged as repeated [dpre = 0.05, t(51) = −1.03,
P = 0.306; dpost = 0.03, t(51) = −0.86, P = 0.396]. Similarly, during
the second presentation, no significant effect was observed [dpre = 0.04,
t(54) = 0.92, P = 0.359; dpost = 0.03, t(54) = −0.90, P = 0.371].
These last two analyses indicate that spiking activity in the
hippocampus around item presentation did not predict whether
memory performance would be correct on that trial, regardless
of whether the correct response was novel or repeated. The only
Urgolites et al.

predictive relationship between spiking activity and memory was
the positive relationship observed between preonset and postonset encoding activity and subsequent memory. Moreover, this
effect was stronger in the hippocampus than in other areas,
similar to an earlier study reporting that theta oscillations in the
hippocampus (but not in temporal or frontal regions) predict
subsequent memory (12). Thus, the findings do not simply reflect
variations in general arousal/attention but instead reflect a more
specific phenomenon that we term “attention to encoding.”
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Discussion
In this study, 34 epilepsy patients carried out 55 sessions of a
continuous recognition task by judging whether each word was
novel or repeated. Clinical microwires recorded the spiking activity in the hippocampus and three other brain areas (i.e., PF, A,
and AC) during the task. We found that preonset spiking activity
in the hippocampus predicted subsequent memory: Subsequently
remembered words were associated with higher preonset spike
counts, and subsequently forgotten words were associated with
lower preonset spike counts. Postonset activity also predicted subsequent memory, but the activity level was merely a continuation
of preonset activity level. Moreover, the preonset and postonset

Fig. 3. Preonset and postonset subsequent memory effects in the hippocampus and in the three other areas combined for the 40 sessions that had
recordings from all four brain areas. (Left) Preonset and postonset subsequent memory effect remained significant for the hippocampus (P = 0.007
and 0.008). (Right) Preonset and postonset subsequent effects were marginally significant and significant for the three other areas combined, respectively (P = 0.078 and 0.044). An ANOVA comparing hippocampus vs. the
combined three areas yielded a main effect of brain area (P = 0.011), with no
main effect of preonset vs. postonset (P = 0.179) and no interaction (P =
0.179). Error bars denote SEs. *P < 0.05.
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predicting effects were larger in the hippocampus than in the
other three areas combined. We also found that spiking activity
around the presentation of novel words did not predict memory
performance on the novel words, and that spiking activity around
the presentation of repeated words did not predict memory
performance on the repeated words. Thus, the only predictive
relationship was between spiking activity (both preonset and
postonset) around the encoding of novel words and, subsequently, correct recognition when the words were repeated.
A previous fMRI study found that intentionally suppressing
memory retrieval reduces hippocampal encoding activity for experiences that occur during the suppression via control mechanisms
mediated by the lateral prefrontal cortex (13). Our findings may
also reflect trial-to-trial variability in a similar prefrontal control
mechanism that influences the efficacy of encoding. Although
prefrontal activity in our study did not strongly predict subsequent
memory (we recorded from ventromedial, not lateral, prefrontal
cortex), prefrontally mediated fluctuations in attention to encoding
may govern preonset neural activity in the hippocampus, perhaps by
elevating neural activity when attention to encoding is high.
How might preonset hippocampal activity determine encoding
efficiency? Prior work has shown that increasing excitability in
neurons results in those neurons being biased to represent a new
memory (e.g., ref. 14). More excitable neurons preferentially fire in
response to the presentation of a stimulus, and synaptic changes in
these neurons constitute the memory trace (15). Conceivably, in our
study, the more excitable neurons were already active at the time of
stimulus presentation and created stronger memory traces (16–24).
The preonset and postonset effects observed in the hippocampus
must reflect the activity of a relatively large fraction of hippocampal neurons (i.e., activity that is easily detected despite recording from relatively few clusters per patient). It might seem
surprising that memory performance at the time of the second
presentation could be predicted by broadly distributed hippocampal activity only at the time of the first presentation and not by
broadly distributed hippocampal activity at the time of the second
presentation. However, longstanding neurocomputational models
hold that initial encoding involves recruiting a small fraction of
hippocampal neurons. In that case, although activity in a large
fraction of hippocampal neurons is predictive of later performance,
relatively few neurons would represent the successfully encoded
memory trace and later be reactivated at the second presentation
of the word. Moreover, on the basis of earlier work, we expect that
PNAS | June 16, 2020 | vol. 117 | no. 24 | 13769
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Fig. 2. Bilateral spiking activity in prefrontal cortex, anterior cingulate cortex, and amygdala around the first presentation of words. (Top) Preonset and
postonset raw spike counts as a function of subsequently remembered vs. forgotten words for each brain area. (Bottom) Preonset and postonset standardized
differences in spiking activity between subsequently remembered vs. forgotten words in each brain area. Although trends were evident for each brain area,
the standardized difference score of both preonset and postonset spiking activity for subsequently remembered vs. forgotten words was numerically larger
than 0 for each brain area (prefrontal: P = 0.339 and 0.100; anterior cingulate: P = 0.092 and 0.142; amygdala: P = 0.208 and 0.081). Error bars denote SEs.

the few neurons that are active at retrieval will differ for different
repeated words (25, 26). Although speculative, we suggest that a
small subset of active hippocampal neurons is recruited to encode a
specific episodic memory (27, 28) and that such recruitment is
more likely to succeed when preonset activity in the hippocampus
is relatively high compared to when it is relatively low.
In summary, spiking activity in the hippocampus prior to stimulus
onset, as well as spiking activity during encoding (after stimulus
onset), predicted subsequent memory. Thus, the onset of a
stimulus did not itself trigger changes in hippocampal spiking
activity. Just as Tulving (29) once suggested there is a retrieval
mode, we suggest that the attention to encoding phenomenon
described here indicates that there is an encoding mode as well.
When the brain, especially the hippocampus, is ready to encode
into long-term memory, spiking activity is high before the onset
of the stimulus, and encoding is likely to succeed.
Methods
Participants. The participants were 34 patients (mean age, 41 ± 2.02 y; 21
females and 14 males; all but 2 were right-handed) who had temporal lobe,
drug-resistant epilepsy that required implantation of depth electrodes
(Ad-Tech Medical) for clinical evaluation and consideration of possible surgical resection of their seizure foci. The patients participated in a total of 55
sessions, with each patient completing one, two, three, or four sessions. An additional 10 sessions from 6 of the 34 patients and all of the data from 1 additional
patient were excluded from analysis because of low recognition memory performance (d′ no greater than 0). Another five sessions were excluded due to the
lack of subsequent miss trials (i.e., there was no trials where a repeated word was
judged as novel, and thus a comparison of brain activity between subsequent hit
and subsequent miss trials could not be carried out for these sessions).
All patients provided informed consent to participate in the research,
using a protocol approved by the Institutional Review Board of St. Joseph’s
Hospital and Medical Center.
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Materials and Procedure. The patients were tested using a continuous recognition task with words as stimuli. Words were presented one after another,
and most of the words were presented a second time after a certain interval.
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The patients’ task was to judge whether each word was novel (i.e., presented
the first time) or repeated (i.e., presented a second time). The words were
presented visually on a computer screen (i.e., visual sessions) or auditorily
through headphones (i.e., auditory sessions).
For the visual sessions, 360 words (120 one-syllable, 120 two-syllable, and
120 three-syllable words) were used, each of which was repeated once. The
words were taken from the Medical Research Council Psycholinguistic database (30). Another set of 45 one-syllable words were used as fillers that
were never repeated. There were three separate sets of words that could be
presented, and these were used for patients who volunteered for multiple
sessions. Each session consisted of a sequence of 255 trials (i.e., 240 trials
where each of the 120 words were presented twice and 15 filler trials where
words were never repeated). Repeated words were presented after 0, 1, 3, 7,
15, or 31 intervening words. One patient completed more than three sessions (four sessions) and thus saw one repeated set of words, but the repetition of the stimuli set did not have an effect on the memory performance.
In each trial, a word was displayed for 1,500 ms, followed by a question mark
as a prompt for response. Patients had up to 2,000 ms to press a key to indicate whether a word was novel or repeated. The trial ended when a response was made. There was a jittered intertrial interval that lasted for an
average of 888 ms with a SD of 552 ms. (On some trials of the visual task
only, the prestimulus time period included the time when patients made
response on the previous trial. However, excluding those trials from the
analysis had a negligible effect on the results.)
The procedure for the auditory sessions was similar to that of the visual
sessions except for the following aspects. Each auditory session consisted of a
sequence of 615 trials. In these sessions, 300 different words were repeated
once and 15 filler words were never repeated. The prompt for response
appeared at the end of the sound file for the trial. There was a jittered intertrial interval that lasted for an average of 1,055 ms with a SD of 53 ms.
In total, we administered 55 sessions, including 35 visual sessions and 20
auditory sessions. Data are available at the Open Science Foundation
repository at https://osf.io/9tgmx/.
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SI Appendix
Patient Characteristics
Among the 34 patients, 2 were left-handed and 32 were right-handed, with no ambidextrous
patients. Table S1 shows location of seizure focus (RTL and LTL = right and left temporal lobe,
RA and LA = right and left amygdala, RH and LH = right and left hippocampus, RF and LF =
right and left frontal lobe, and RO = right occipital lobe). In addition, 20 patients completed 1
session; 9 patients completed 2 sessions (4 completed 1 visual and 1 auditory session, and 5
completed 2 visual sessions); 3 patients completed 3 sessions (2 completed 1 visual and 2
auditory sessions, and 1 completed 2 visual and 1 auditory sessions); 2 patients completed 4
sessions (1 completed 4 visual sessions, and 1 completed 3 visual sessions and 1 auditory
session). We recorded a total of 1237 clusters, with an average of 20 clusters per patient (ranging
from 3 to 41 clusters).
Microwire Implantation
Electrode implantation was performed stereotactically (Medtronic StealthStation) using a
preoperative 3 T structural MRI. The trajectory for the depth electrode positioned the lowimpedance contacts along the shaft in clinically mandated areas with the tip of the depth
electrode approximately 3 mm superficial from the deepest part of a target structure, such as the
hippocampus. Electrodes were inserted through a skull bolt with a custom frame to align the
depth electrode along the chosen trajectory. The error in tip placement using this technique is
estimated to be ±2 mm, based on manual inspection of pre-operative MRI and post-operative CT
and prior work (1). Bundles of nine 38-µm-diameter platinum-iridium microwires (California
Fine Wire) were introduced through a lumen within the clinical intraparenchymal electrode
during surgery. The implantation sites were chosen according to clinical criteria, which limits the
potential recording sites. For the patients studied here, however, the sites included the
hippocampus, prefrontal cortex, anterior cingulate cortex, and amygdala, all bilaterally. In the
hippocampus, the wires were targeted to be in the midbody of the hippocampus, just behind the
head of the hippocampus, opposite the apex of the cerebral peduncle. In the prefrontal cortex, the
wires were targeted to be in the ventromedial prefrontal cortex, below and anterior cingulate. In
the anterior cingulate, the wires were targeted to be in the parts above and behind the genu of the
corpus callosum. In the amygdala, the wires were targeted to be in the center of that structure.
Filtering and Event Detection
Extracellular potentials were recorded from the tips of the microwires using techniques
previously described (2) and digitized at 29,412 Hz with 16-bit resolution. Possible action
potential events (APs) were detected using digital filtering and thresholding (2). Because more
than one neuron may be recorded near any given electrode, APs were sorted into several clusters
of similar waveform shape using the open-source clustering program KlustaKwik
(Klustakwik.sf.net). After sorting, each cluster was graded as being noise, multiunit activity
(MUA), or single-unit activity (SUA) based on criteria such as the waveform shape, size of the
waveform relative to noise, evidence of a refractory interval, and lack of powerline interference,
using the criteria described previously (2).
In our experience, this technique produces results comparable to prior reports in other
laboratories (3) in terms of recorded waveform shapes, inter-spike intervals, and firing rates.
While it is important to note that these and other reports of human single-unit recordings (4) do
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not achieve the quality of unit separation achievable in animal recordings (5), they nonetheless
represent neural activity at a much finer spatial and temporal scale than is achievable using other
methods such as fMRI.
Across the sessions, we recorded from a total of 1237 clusters representing neural activity in
the hippocampus (left: MUA = 428, SUA = 230; right: MUA = 413, SUA = 166), 977 in the
prefrontal cortex (left: MUA = 421, SUA = 164; right: MUA = 280, SUA = 112), 1166 in the
anterior cingulate cortex (left: MUA = 455, SUA = 191; right: MUA = 367, SUA = 153) and
1191 in the amygdala (left: MUA = 458, SUA = 195; right: MUA = 355, SUA = 183). In our
analysis, MUA and SUA were collapsed for each brain area, and activity of the left and right
sides were also collapsed for each brain area (i.e., bilaterally).
Pre-onset spike counts were recorded 200 to 1000 ms before the onset of the test stimulus
for both the visual and auditory sessions. Post-onset spike counts for each cluster were recorded
200 to 1000 ms after the onset of the visual stimulus and 200 to 1000 ms after the offset of the
sound file for the auditory stimuli. The test period during which post-stimulus spike counts were
recorded was chosen in part to eliminate any abrupt transient’s from the presentation of the
stimulus on a background and in part because a previous study (6) (Quiroga et al., 2005) found
that selective responses of hippocampal neurons began ∼300 ms after stimulus onset and
because nearly all behavioral responses occurred after 1 s. We chose the pre-stimulus recording
period to be parallel to the post-stimulus recording period.

Additional Analyses
Comparison of pre-onset and post-onset spiking activity in the hippocampus. We carried out
a repeated-measure ANOVA to investigate whether spiking activity in the hippocampus changed
upon the presentation of stimuli for both the subsequently remembered and the subsequently
forgotten words. There was a main effect of remembered vs. forgotten words (F = 6.13, p =
0.016), but there was no main effect of pre-onset vs. post-onset activity (F = 2.82, p = 0.099),
and no interaction (F = 0.14, p = 0.715). The results indicated that post-onset spiking level was a
continuation of the pre-onset spiking level for both the subsequently remembered and the
subsequently forgotten words.
An Illusion of Post-onset Activity Change in the Hippocampus. In subsequent memory
research, when the focus is only on the post-onset activity and when the activity is higher for
subsequently remembered vs. forgotten items, it is easy to mistakenly conclude that the onset of
stimuli triggered higher activity for stimuli that would subsequently be remembered. If one
examines pre-onset activity separately for subsequently remembered vs. forgotten words, as we
did in the current study, the post-onset activity might be revealed to simply be a continuation of
pre-onset activity. Another kind of mistake can occur when the post-onset data are normalized,
based on pre-onset spiking activity. In theory, normalization is a better approach because it
corrects for variations in pre-onset activity. However, this correction assumes that pre-onset
activity is background noise. Because pre-onset activity is already high for subsequently
remembered words and low for subsequently forgotten words, the mean of the pre-onset activity
is medium and is not representative of any word. When the high post-onset activity for
subsequently remembered words is normalized by the mean pre-onset activity, the normalized
level is going to be high. By contrast, when the low post-onset activity for subsequently
forgotten words is normalized by the mean pre-onset activity, it is going to be low. This creates a
convincing illusion that brain activity increased from pre- to post-onset for subsequently
remembered words and decreased from pre- to post-onset for subsequently forgotten words (Fig.
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S1). The best normalization approach would be to normalize the post-onset activity for
subsequently remembered words by the pre-onset activity for subsequently remembered words,
instead of using the overall mean and standard deviation of pre-onset activity. A similar
approach should be used for subsequently forgotten words.
Separate Analyses of Visual and Auditory Sessions. When visual sessions and auditory
sessions were analyzed separately, the pre- and post-onset subsequent memory effects in the
hippocampus were also evident (visual: 𝑑̅$%& = 0.09, t(29) = 2.66, p = 0.012; 𝑑̅$()* = 0.08, t(29)
= 2.20, p = 0.036; auditory: 𝑑̅$%& = 0.11, 𝑡(29) = 2.37, 𝑝 = 0.026; 𝑑̅$()* = 0.17, t(24) =
2.16, p = 0.041). Thus, the effect appears to be robust.
Analysis of the pre-onset subsequent memory effect by patients (instead of by sessions): To
understand whether the pre-onset subsequent memory effect can be observed when the analysis
is done across patients (instead of across sessions), we averaged the d-values of each patients
who participated in more than one session. We then compared the total of 34 Cohen’s d scores
(34 patients participated in the study) with 0 using a one-sample t-test, just as what was done in
the by-session analysis. There was still a significant pre-stimulus subsequent memory effect (tvalue = 3.48, p-value = 0.001). Thus, even when analyzed by subjects, we still see the
phenomenon that words that would subsequently be remembered were associated with higher
pre-onset spiking activity in the hippocampus than words that would subsequently be forgotten.
We also carried out the data analysis across patients separately for visual sessions and auditory
sessions, and we found the pre-stimulus subsequent memory effect in both type of sessions
(visual: t-value = 2.86, p-value = 0.01; auditory: t-value = 2.43, p-value = 0.02).
Analyses by cluster. Among the 1237 clusters from which we recorded, 694 clusters (56%) had
higher pre-onset spiking activity for words that would subsequently be remembered, relative to
words that would subsequently be forgotten. 510 clusters (41%) had the opposite pattern, and 33
clusters had no difference between the two types of trials. Thus, well over half of the clusters
exhibited the activity pattern consistent with the pre-stimulus subsequent memory effect.
Analyses by lag. At the six lags (with 0, 1, 3, 7, 15, or 31 intervening words), patients were
87.5%, 81.6%, 81.0%, 75.9%, 72.5%, and 70.3% correct in recognizing a previously presented
word, respectively. The relationship between pre-encoding activity and subsequent memory did
not vary systematically by lag. For example, when data for 0 lag were excluded from the
analysis, a significant pre-stimulus subsequent memory effect was still observed (t = 2.76, p =
0.008). Similarly, when data for both 0 and 1 lags were excluded from the analysis, there was
still a significant pre-stimulus subsequent memory effect (t = 2.56, p = 0.01). Moreover, when
we analyzed the data separately for each lag (considerably reducing statistical power), no trend
was apparent. The pre-encoding effect we report was directionally evident at 6 of the 7 lags (all
but lag 15, which yielded a small trend in the opposite direction that did not approach
significance, p = .55). In addition, for the remaining lags, the effect was statistically significant
or marginally significant for lags of 3 (p = .07) and 7 (p = .02). Given the absence of any
systematic trend as a function of lag, we collapsed the data over lags for our main analysis.
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Table S1.
Location of seizure focus for each patient (RTL and LTL = right and left temporal lobe, RA and
LA = right and left amygdala, RH and LH = right and left hippocampus, RF and LF = right and
left frontal lobe, and RO = right occipital lobe).
Patients
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Seizure Focus
RTL
RTL
RA
LA
LTL
LA
RA
LA
LH
LA
RF
RA
LTL
LH
RA
RO
RA

LTL
LTL
RH
RA
LH
RH
LH
LF
LH
RA
RH
RTL
RH
RH

RH

RH

Patients
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Seizure Focus
RH
RTL
RA
RH
LA
RH
LH
No resective surgery
RA
RH
RA
RH
RA
RH
RA
RH
LA
LH
LF
RA
RH
RA
RH
RF
RF
No resective surgery

LA

LH
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Fig. S1. Normalized post-onset spike counts in bilateral hippocampus for trials associated with
words that would subsequently be remembered or words that would subsequently be forgotten.
The normalization was carried out for each session by subtracting the session’s average pre-onset
spike counts across all words from its post-onset spike counts that were associated with either
subsequently remembered or subsequently forgotten words respectively, and then each
difference was divided by the session’s standard deviation of the pre-onset spike counts across
all words. Because the pre-onset mean for each session was based on both pre-onset high-spiking
trials (associated with words that would subsequently be remembered; 10.63 ± 0.21) and preonset low-spiking trials (associated with words that would subsequently be forgotten; 10.08 ±
0.21), the mean is at a medium level (10.50 ± 0.72). For post-onset activity associated with
words that would later be remembered (high-spiking), the normalized spike count is thus
positive. For post-onset activity associated with words that would later be remembered (lowspiking), the normalized spike count is thus negative. This creates a convincing illusion that
hippocampal spiking activity increase from pre-onset to post-onset period for words that would
subsequently be remembered and decreases from pre-onset to post-onset period for words that
would subsequently be forgotten. In reality, as shown in Fig.1, post-onset hippocampal activity
was a continuation of pre-onset hippocampal activity for both the subsequently remembered and
subsequently forgotten words. H, hippocampus.

5

References
1.
A. D. Mehta et al., Frameless stereotactic placement of depth electrodes in epilepsy
surgery. J Neurosurg 102, 1040-1045 (2005).
2.
A. B. Valdez, E. N. Hickman, D. M. Treiman, K. A. Smith, P. N. Steinmetz, A statistical
method for predicting seizure onset zones from human single-neuron recordings. J
Neural Eng 10, 016001 (2013).
3.
I. V. Viskontas, B. J. Knowlton, P. N. Steinmetz, I. Fried, Differences in mnemonic
processing by neurons in the human hippocampus and parahippocampal regions. J Cogn
Neurosci 18, 1654-1662 (2006).
4.
G. Kreiman, C. Koch, I. Fried, Category-specific visual responses of single neurons in
the human medial temporal lobe. Nat Neurosci 3, 946-953 (2000).
5.
D. N. Hill, S. B. Mehta, D. Kleinfeld, Quality metrics to accompany spike sorting of
extracellular signals. J Neurosci 31, 8699-8705 (2011).
6.
R. Q. Quiroga, L. Reddy, G. Kreiman, C. Koch, I. Fried, Invariant visual representation
by single neurons in the human brain. Nature 435, 1102-1107 (2005).

6

