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ABSTRACT
Sequence memory is a core function of the hippocampus (HC) and medial prefrontal cortex
(mPFC), but their distinct contributions remain unclear. One possibility is that HC and mPFC represent
sequences with temporal contexts and ordinal representations, respectively. To test the unique
contributions of the HC and mPFC to sequence memory, we used fMRI while participants performed a
sequence memory task suited to investigate underlying representations. After studying sequences,
participants indicated whether items were in sequence (InSeq) or out of sequence (OutSeq). In our
task, temporal context memory (TCM) predicts graded behavioral performance as a function of
temporal contiguity. Thus, we predicted graded impairments across lag distance for items that skipped
ahead in the sequence (Skips, e.g., ABD), and that short lags would take the biggest hit. Consistent
with TCM, subjects found it difficult to identify OutSeq items that skipped ahead short distances
compared to longer distances. We found that the right anterior HC tracked forward lag distance,
providing evidence that HC supports sequence memory with temporal contexts. To test ordinal
representations, we used items that were transferred from one sequence to another, but retained their
position (Ordinal Transfers; e.g., AB3). Ordinal Transfers proved to be more difficult than the other
probe types but were detected above chance levels. We found mPFC activity was strongest when
Ordinal Transfers were incorrectly identified as InSeq, suggesting mPFC concomitantly codes positions
during sequence memory.
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INTRODUCTION
The hippocampus (HC) and medial prefrontal cortex (mPFC) are integral to sequence memory,
however, their precise contributions remain an open question. It is thought that temporal organization is
a defining feature of memory which helps to arrange events into distinct episodes (Long & Kahana,
2018; Eichenbaum, 2017; Howard & Eichenbaum, 2013; Allen & Fortin, 2013; Tulving, 2002). While
many of our experiences occur in the same places (e.g., our home), with the same objects (e.g., our
dining table and TV), the temporal aspects of an event are unique. Memory for sequences of events is
impaired in typical aging (Allen et al., 2015) and in disease, including Alzheimer’s disease (Belassen et
al., 2012) and schizophrenia (Polyn et al., 2015). Elucidating the functional contributions of the HC and
mPFC to sequence memory will aid in our overall understanding of memory mechanisms, and our
understanding of disorders that impact the temporal organization of memory.
The HC plays an important role in the neurobiology of sequence memory. HC lesions in rodents
impair sequence memory, but not simple recognition memory (DeVito et al., 2011; Feinberg et al.,
2011; Fortin et al., 2002; Kesner et al., 2002). CA1 neurons show item-specific sequential temporal
firing patterns dubbed “time cells” (MacDonald et al., 2013; 2011; Pastolkova er al., 2009), place cells
retain experiential order during replay (e.g., Wikenheiser and Redish, 2015; Dragoi & Buzsáki, 2006;
Foster & Wilson, 2006), and CA1 neurons are sensitive to sequence memory violations (Allen et al.,
2016). Likewise, human fMRI studies show that HC activations are related to temporal order memory
(Hsieh et al., 2015; 2014; Kalm et al, 2013; Tubridy & Davachi, 2011; Jenkins & Ranganath, 2010; Lehn
et al., 2009; Ross et al., 2009; Ekstrom & Bookheimer, 2007; Kumaran & Maguire, 2006), electrical
stimulation in the human HC is sufficient to impair temporal memory (Goyal et al., 2018), and neuronal
activity in the human medial temporal lobe reflects temporal contexts (Howard et al., 2012). But to
understand the neurobiology of sequence memory further, we have to look to the larger network of
brain structures.
mPFC also has an important role in sequence memory. Like HC lesions, mPFC lesions impair
sequence memory (DeVito et al., 2011), mPFC neurons playback event sequences (Euston et al.,
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2007), and time cells have been found in mPFC (Tiganj et al., 2017). Additionally, activations in human
mPFC are sensitive to temporal order memory, and an HC-mPFC system shows robust functional
connectivity during sequence memory (Hsieh & Ranganath, 2015; Preston & Eichenbaum, 2013).
Based on this, and other work, it’s thought that an HC-mPFC system underlies memory for sequences
of events in the mammalian brain (Eichenbaum, 2017; Allen & Fortin, 2013). However, the distinct
contributions of these two brain regions to coding sequences in memory remains unclear.
One possibility is that HC codes for temporal contexts while mPFC codes sequences with
ordinal representations. To test these distinct roles in HC and mPFC, we measured BOLD fMRI while
participants performed a sequence memory task tailored to investigate the underlying representations
(Allen et al., 2016; 2015; 2014). Specifically, the sequence memory task presents participants with an
unfolding sequence of events one item at a time. Participants must decide whether individual items are
presented “in sequence” (InSeq; expected) or “out of sequence” (OutSeq; unexpected), based on
memory for sequences they experienced during the study phase. By testing sequence memory in this
way, we can present different types of out of sequence probe trials that place distinctive demands on
temporal contexts and ordinal representations (Allen et al., 2014; Orlov et al., 2000).
We hypothesized that BOLD activations in HC would reflect item-specific associations via
temporal contexts. By contrast, we hypothesized that BOLD activations in mPFC would reflect ordinal
representations (1st, 2nd, 3rd, etc.). To test for temporal contexts, we looked at the probe trials with items
that skipped ahead in the sequence (e.g., item “D” in ABDDEF) across different lag distances (+1 to
+4). We predicted that subjects would find it more difficult to identify items that skipped ahead only a
short distance (+1), compared to longer distances (+2, +3, +4), and that the BOLD activation patterns in
HC would correlate with these forward lags. Theoretically, this reflects a decrease in the probability of
retrieving items that occurred at longer temporal distances from each other (Kragel et al., 2015; Roberts
et al., 2014; Howard & Kahana, 2002). For example, the probability of retrieval, after experiencing item
“A”, would be highest for the next item “B” (correct retrieval), and decrease across the remaining items
“C-D-E-F” (incorrect retrievals). We found that activity in the right anterior HC tracked forward lag
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distance, providing evidence that the HC supports sequence memory with temporal contexts. Next, we
looked at ordinal representations by using probes in which an item was transferred from one sequence
to another, but retained its ordinal position (e.g., item “2” in A2CDEF). If ordinal representations are
used, (e.g., A-1, B-2, C-3, etc.) then this type of probe trial would be difficult to detect, but if temporal
contexts are used, then this type of probe trial would be easy to identify as out of sequence (since “2”
never occurred in sequence ABCDEF). First, we found that these probe trials were the most difficult for
participants, but that their performance was better than chance levels. This behavioral pattern indicates
that both types of representations are concomitant during the task. Importantly, we found mPFC activity
was strongest when these trials were not detected (incorrectly treated as InSeq), suggesting mPFC
codes ordinal representations during sequence memory.
The results of this study advance long standing questions about how the HC-mPFC system
supports the temporal organization of memory by demonstrating that both temporal contexts and
ordinal representations are concurrently engaged during sequence memory, and these representations
are subserved by activity in HC and mPFC, respectively. We briefly discuss how these two
representations might interact in support of episodic memory.

METHODS
Overview. We tested participants using a previously established sequence memory task (Allen
et al., 2014). The task was designed to investigate the ability of humans to learn and remember
arbitrary sequences of items. During task performance, BOLD fMRI data were collected.
Participants. Thirty-nine students were recruited from Florida International University (FIU).
Participants were scanned during two different cognitive tasks (presented in counterbalanced order).
Only the sequence memory task was analyzed and reported here. Participants were paid $20/hr, with
sessions typically lasting ~2hrs. Of the 39 participants, five were excluded for failing to complete the
sequence task (n = 1), or not demonstrating basic task competency (G-tests with p < .05, see below; n
= 4). The remaining participants (n = 34) were composed of 56% female (n = 19) and 44% male (n =
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15), with a mean age of 21 years (SD = 2). All procedures were completed in accordance with the FIU
IRB.
Task Apparatus. The task was run on a Dell computer using Matlab (2015b) with custom scripts
that included functions from Psychtoolbox (Psychtoolbox-3 distribution; http://www.psychtoolbox.org).
Graphical images were back projected and viewed by participants with an angled mirror mounted on
the head coil. Responses were recorded using a Current Designs MR-compatible 4-button inline
response device (https://www.curdes.com).
Task Design. Participants were given scripted instructions. All participants began with a practice
to become acquainted with the structure of the task. During the practice, participants viewed four easily
predictable sequence sets each composed of six unique images (e.g., Fig1B, top, a black arrow that
rotated clockwise in 60º steps). Each image in a sequence was presented one at a time in the center of
the screen. The practice consisted of a study phase when the sequences were passively viewed, and
participants were instructed to remember the sequences. The test phase was self-paced and required
participant responses to advance. The task paused between sequences and the words “Press the
button to begin” would appear. Participants were instructed to determine whether images were
presented InSeq or OutSeq.
Following the practice participants began the experiment. During the experiment six total
sequences were presented: two sequence sets of the easily predictable sequences mentioned before
and four novel arbitrary sequences made of fractal images (Fig1B, bottom). The exact composition of
the fractal sequence sets was different for each participant. Sets were selected randomly, without
replacement, from a bank of 240 unique fractal images. For simplicity, we call the two easily predictable
sequences the “low memory demand” sets, and the fractal image sequences the “high memory
demand” sets. The experiment began like the practice, with a study phase followed by a test phase.
During the test phase, each sequence was presented 40 times (for a total of 240 sequence
presentations). Sequence sets were psuedorandomly interleaved and had the following two rules: (1)
the first six sequences during the test phase was always Set 1 through Set 6 with all items presented
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InSeq (i.e., in the same order as during the study phase); (2) in the first half of the test phase (the first
120 sequence sets), only Repeats and Skips (description below) could serve as the OutSeq probe
trials. In the second half of the test phase (the last 120 sequence sets) all three OutSeq probe trials
occurred including Repeats, Skips, and Ordinal Transfers. To initiate an image in the sequence,
participants were required to press and hold the button and release it relative to a 1sec decision
threshold. If the image was InSeq, participants were instructed to hold down the button until the image
disappeared on its own at 1sec (Fig1C). If the item was OutSeq, participants were instructed to release
the button prior to the decision threshold (<1sec), at which point the image would disappear upon
button release (Fig1D). Both accuracy and response times (RT) were recorded for each image. Exactly
half of the sequences had one image OutSeq. InSeq and OutSeq sets were randomly presented
throughout the test phase. To provide participants a rest (<1min), the test phase was performed in
blocks that timed out after 15mins of continuous performance. Thus, the number of testing blocks
varied for each participant dependent on their pacing, but for 76.471% of participants there were four
blocks, the remaining had either three or five.
OutSeq Probe trials. Three distinct types of OutSeq probe trials were used during the test
phase: Repeats, Skips, and Ordinal Transfers. The OutSeq probe types were counterbalanced across
sequence sets. OutSeq probes were never presented in the first position (Pos1). The proportions of
OutSeq probe trials across ordinal positions (Pos2 through Pos6) were distributed as follows: Pos1,
0%; Pos2, 15%; Pos3, 35%; Pos4, 50%; Pos5, 35%; Pos6, 15%.
Repeats occurred when an earlier item was repeated late in the sequence (e.g., ABCDBF).
Repeats could be identified using multiple cognitive processes including working memory (WM) (e.g., in
sequence ABCAEF, “A has already been presented”), temporal context memory (TCM) (e.g., “C does
not lead to A”), or using ordinal representations (e.g., “A does not occur in the 5th position”). Repeats
can be presented at different lag distances, ranging from a lag of -2 (e.g., ABCBEF is a repeat of an
item 2 positions back in the sequence) to a lag of -5 (e.g., ABCDEA is a repeat of an item 5 positions
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back in the sequence). A reverse lag distance of -1 was not used here because of the lack of an
intervening item.
Skips occurred when an item was presented too early in the sequence (e.g., ABEDEF). These
probe trials place a high demand on TCM because participants must anticipate the exact upcoming
item and identify any items as OutSeq that are expected in a later position. Skips are presented with
different forward lag distances ranging from a forward lag of +1 (e.g., ABCDFF is skipping one ahead)
to a forward lag of +4 (e.g., AFCDEF is skipping 4 ahead).
Ordinal Transfers occurred when an item from one sequence (e.g., UVWXYZ) was transferred
to another sequence (e.g., ABCDEF) while retaining its ordinal position (e.g., ABCDYF in which Y is
presented in the 5th position it normally occupies, however, Y doesn’t normally follow D; Fig4B).
Response patterns to Ordinal Transfers parse the type of sequential representation supporting task
performance including item-based temporal context associations and position-based associations
(ordinal representations). Identifying Ordinal Transfers as OutSeq is indicative of item-based temporal
context associations (i.e., E follows D, not Y), while chance accuracy levels are indicative of positionbased associations (i.e., Y correctly occurred in the 5th position). Ordinal Transfers were evenly
presented across positions (2 thru 6).
Sequence Memory Analysis. To examine whether participants demonstrated sequence
memory, we compared observed and expected frequencies of InSeq and OutSeq responses using Gtests (Sokal and Rohlf, 1995). Responses to each item were sorted into a 2 x 2 matrix based on
accuracy (correct/incorrect) and sequence condition (InSeq/OutSeq). For this analysis we only included
the “high memory” sequence sets, because the “low memory” sequences were very easy and can be
rule-based. Low memory sequences were included in the task, in part, simply to keep participants on
task throughout the test phase. Responses to the first item of each sequence were excluded from
analysis because those were always InSeq (there’s no decision to make). Ordinal Transfers were also
excluded from these tests since they were used to parse strategy.
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To examine the overall sequence memory performance, we used a summary statistic called
the Sequence Memory Index (SMI), calculated according to Equation 1 (Allen et al., 2015; 2014). The
parameters of Equation 1 are as follows: Incor = InSeq correct, Ininc = InSeq incorrect, Outcor =
OutSeq correct, and Outinc = OutSeq incorrect. SMI values can range between -1 and 1, where 1
represents perfect performance in the sequence memory task (a participant would have RT > 1s for all
InSeq items and <1s for all OutSeq items), and zero represents chance performance. Note that an SMI
score of -1 would reflect responding to all items (InSeq and OutSeq) perfectly incorrectly. Negative
SMIs rarely occur, and when they do are very nearly zero. SMIs were also calculated for the “low
memory” sequences to examine basic task competency.

Equation 1.

𝑆𝑀𝐼 =

(&.()*+,-)(&./012+,-)3(&.()*4*+)(&./0124*+)
5(&.()*+,-6&.()*4*+)(&./012+,-6&./0124*+)(&.()*+,-6&./0124*+)(&.()*4*+6&./012+,-)

Lag Analysis. To evaluate theoretical processes that could support performance on Skips and
Repeats we used a lag analysis. For Skips, we evaluated performance across the n-forward lag
distances (n-forward lags: +1, +2, +3, and +4). Smaller n-forward lags occurred more often because
there are more combinations available, inherent to using item transpositions in sequences. We
compared each n-forward lag position performance (accuracy and SMI) to chance using a one-sample
t-test. We also tested for different performance levels across lags using repeated-measures ANOVAs. If
Mauchly's Test of Sphericity indicated that sphericity had been violated (p < .05), a GreenhouseGeisser correction was used. SMI was recalculated using only Skips as the OutSeq trials. For Repeats,
we evaluated performance (accuracy and SMI) across the n-back lags (n-back lags: -2, -3, -4, and -5).
Smaller n-back lags occurred more often since there are more combinations available, inherent to using
item transpositions in sequences. To compare performance on each n-back lag to chance, we used a
one-sample t-test. To test for different performance levels across lags, we performed repeated-

bioRxiv preprint doi: https://doi.org/10.1101/501122; this version posted December 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

SEQUENCE MEMORY REPRESENTATIONS IN THE HUMAN BRAIN 12
measures ANOVAs using accuracy and SMI scores. SMI was recalculated using only Repeats as the
OutSeq trials.
For Ordinal Transfers, we evaluated performance across ordinal positions (Pos2 thru Pos6). To
test for different performance levels relative to chance and across positions, we performed one-sample
t-tests and repeated-measures ANOVAs using accuracy and SMI scores. SMI was recalculated using
only Ordinal Transfers as the OutSeq trials.
Neuroimaging Acquisition. Neuroimaging data were collected on a General Electric Discovery
MR750 3.0T scanner using a 32-channel head coil at the University of Miami Neuroimaging Facility.
Structural T1-weighted images were collected (186 slices, flip angle 12°; FOV = 256 mm, slice
thickness = 1.0mm). Whole-brain blood oxygen level dependent (BOLD) echo-planar imaging (EPI)
functional data (42 slices, interleaved, bottom-up; flip angle = 75°; TE = 25ms; TR = 2000ms; matrix =
96x96 mm; FOV = 240 mm, slice thickness = 3.0mm, voxel size = 2.5 mm2) were collected during the
task.
Neuroimaging preprocessing. Preprocessing was performed using a pipeline developed in
Nipype v0.1 (Gorgolewski et al., 2011), capitalizing on tools from Analysis of Functional Neuroimages
(AFNI v16.3.18; Cox, 1996), FSL (v5.0.10), FreeSurfer (v5.1.0; Dale et al., 1999), Advanced
Normalization Tools (v2.2.0; Avants et al., 2008), and artifact detection (ART). Following dicom
conversion, cortical surface reconstruction and cortical/subcortical segmentation was performed on all
participants’ T1-weighted structural scans. Each participants’ resulting surface reconstruction was
visually inspected and errors were manually edited and resubmitted to the recon_all queue. Functional
data were first ‘despiked’ removing and replacing intensity outliers in the functional time series. Then
the data were simultaneously slice-time and motion corrected (Roche, 2011). An affine transformation
matrix was calculated during coregistration of the mean of each participants’ functional scans to their
structural scan using Freesurfer’s boundary-based registration algorithm (bbregister). Brain masks were
created by binarizing the aparc+aseg file and dilating it by one voxel. The resulting binary masks were
subsequently coregistered to the functional data by applying the inverse of the affine coregistration

bioRxiv preprint doi: https://doi.org/10.1101/501122; this version posted December 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

SEQUENCE MEMORY REPRESENTATIONS IN THE HUMAN BRAIN 13
matrix. Motion and intensity outliers were then identified using the rapid art artifact detection tool as
implemented in nipype. Time points that either exceed 3 standard deviations of the mean intensity or
greater than 1mm of composite frame-wise displacement were flagged as outliers to serve as
subsequent regressors of no interest in the first-level general linear models. Finally, functional data
were spatially filtered with a 5mm FWHM gaussian kernel using the SUSAN algorithm (FSL), which
preserves the underlying structure by only averaging local voxels with similar intensities.
Neuroimaging normalization. A study specific template was generated from the full sample.
Each participants’ structural scan was skull-stripped by multiplying the T1-weighted structural scan by
the binarized and dialated aparc+aseg file in structural space. Each skull-stripped brain was then rigidbody transformed (no scaling or shearing) to Montreal Neurological Institute (MNI) space using FSL’s
FLIRT algorithm. This first pass was used to minimize large spatial shifts between participants and
generate a template close to a commonly used reference. Following visual inspection, the study
template was created using ANTS buildtemplateparallel.sh script. After template generation, each
participants’ skull-stripped brain was normalized using the non-linear symmetric diffeomorphic mapping
implemented by ANTS. The resulting warps were applied to contrast parameter estimates following
fixed-effects modeling for subsequent group-level tests.
Neuroimaging analysis. Functional data were analyzed according to a general linear model
approach using FMRIB’s Software Library (www.fmrib.ox.ac.uk/fsl). Two separate models were used
for first-level analyses: 1) a lag model and 2) a performance (correct/incorrect) model. All first-level
models included event and nuisance regressors. The lag analysis consisted of eight event regressors
of interest: Repeats at different n-back lags (n-back lags: -2, -3, and -4), Skips at different n-forward
lags (n-forward lags: +1, +2, and +3), and InSeq and Ordinal Transfers irrespective of behavioral
performance. We evaluated linear changes in activation across lags with the following contrast weights:
-1, 0, 1 and 1, 0, -1. We did not include a lag of -5 or +4 as there were not sufficient trials per
participant. The performance analysis also included eight event regressors of interest: correct and
incorrect InSeq, Repeats, Skips, and Ordinal Transfers. Contrasts examined differences in activation
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across the detected and undetected probe trials. Event regressors were convolved with FSL’s double
gamma hemodynamic response function with an onset beginning at the first stimulus item of a
sequence and a duration equal to the length of time required to evaluate all items in that sequence
(Mean = 9.917s per subject; self-paced). Regressors for baseline or low memory sequences were
included in both models. Nuisance regressors in both models included motion parameters (x, y, z
translations; pitch, roll, yaw rotations), the first and second derivatives of the motion parameters, the
normalized motion, first, second, and third order Lagrange polynomials, as well as each outlier
timepoint that exceeded the artifact detection thresholds identified during preprocessing. Following the
first-level analysis a fixed effects analysis across experimental runs was performed for each participant
for the respective contrasts of interest (e.g., lag analysis: linear contrasts; performance analysis: correct
versus incorrect probe trials). Contrast parameter estimates from the fixed effects analysis were
normalized to the study specific template and group-level analyses were performed using FSL’s
randomise threshold-free cluster enhancement (tfce) one sample t-test. To test a priori hypotheses with
respect to the functional contributions of the HPC and mPFC during sequence learning, we constrained
our voxel-wise analyses at the group level to the bilateral medial temporal lobe and mPFC using a
small volume correction procedure. Whole-brain exploratory analyses were used to follow up our
directed tests. In the performance analysis, some participants were missing key events of interest (e.g.,
correct Ordinal Transfers or incorrect repeat probes). These participants were not included in the
relevant analyses, reducing the sample size for the correct versus incorrect Ordinal Transfer contrasts
to n = 26 and n = 31 for the correct versus incorrect repeat probe trial contrasts.

RESULTS
Sequence memory performance
We tested whether participants could perform the sequence memory task better than chance.
We calculated SMI separately for the low and high memory demand sequences (Fig1E). Participants
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were significantly better than chance on both the low memory sequences (SMIlow: 0.751 ± 0.173; SMIlow
vs. chance: t(33) =

37.065, p = 3.487 x 10-23) and the high memory sequences (SMIhigh: 0.582 ± 0.170; SMIlow

vs. chance: t(33) =

19.690, p = 5.391 x 10-20). Low memory sequences had significantly better performance

than the high memory sequence performance (SMIlow vs. high: t(33) = -4.839, p = 2.958 x 10-5). Sequence
memory (examined using the high memory sequences) was not significantly affected by task order
(SMI1st block = 0.571 ± 0.190, SMI2nd block = 0.594 ± 0.152; SMI1st vs. 2nd: t(32) = -0.386, p = 0.702), or sex
(SMIfemale = 0.566 ± 0.197, SMImale = 0.602 ± 0.133; SMIfemale vs. male = t(32) = -0.612, p = 0.545), thus these
groups were combined throughout the rest of the results.
We examined overall performance on the three different memory probes types using percent
correct for ease of interpretation (Repeats: 78.584 ± 2.853%; Skips: 49.205 ± 2.686%; and Ordinal
Transfers 34.927 ± 4.120%). Overall, participants performed each of the three trial types significantly
better than chance (Repeats: t(33) = 24.201, p = 1.403 x 10-22; Skips: t(33) = 14.771, p = 4.203 x 10-16;
Ordinal Transfers: t(33) = 6.164, p = 5.951 x 10-7). For each of these one-sample t-tests chance was set
at 9.534%, which was determined by calculating the probability of releasing the button before 1sec
assuming subjects had no knowledge of the sequential status of an item. That is, chance was defined
as the complement to an assumed response bias to hold for >1sec on positions 2 thru 6, irrespective of
the trial type. The same pattern of results was found using SMI, which also controls for individual
response patterns. For all three probe types, learning was fairly rapid (asymptotic in a few trials), and
performance was steady throughout the duration of the imaging experiment (Fig1F). Thus, performance
in the task and the accompanying brain imaging data primarily reflects memory and the associated
behavioral decisions.
Evidence for multiple cognitive processes in sequence memory as a function of lag direction
and distance.
Successful performance on the sequence memory task can be supported by multiple cognitive
processes including WM, TCM, and ordinal representations. Theoretically, WM and TCM predict
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different performance patterns across the different lags (Fig2A), which we examined here parsing both
lag direction and lag distance. However, ordinal representations would theoretically contribute to
performance across lags equally and therefore cannot be discriminated using a lag analysis.
Probe trials that skipped over items in the sequence (n-forward e.g., the “D” in ABDDEF) afford
the opportunity to evaluate predictions of a TCM-based process in rapid sequence decisions.
Specifically, successful performance on Skips requires participants to have precise expectations for the
next item in the sequence. Performance on Skips is thought to be supported by TCM. TCM predicts
that the likelihood of retrieval is highest for the next item in the forward direction (lag distance = 0) and
drops off (in a graded fashion) as the distance of the forward skip increases (from +1 to +4; Fig2B, blue,
above the diagonal). This prediction stands in contrast to temporary traces in WM that cannot predict
upcoming items at all (Fig2B, red above the diagonal). In this task, TCM makes the simple prediction
that performance on Skip OutSeq probe trials should be poorest on the shortest forward lag distance
(+1) and get better at longer distances (+2, +3, or +4) (Fig2A, right side). This predicted inverse in
performance in our task, compared to free recall tasks, stems from the idea that TCM is more likely to
retrieve items that appeared in closer temporal proximity (e.g., Kragel et al. 2015; Howard & Kahana,
2002). Skips with a short forward lag are more likely to be retrieved, thus we predicted that short
forward lags would be more difficult than longer lags.
We tested this prediction by examining performance across specific n-forward lag distances.
First, all forward lags were performed at better than chance level (+1: 0.420 ± 0.178; +1vs. chance: t(33) =
10.609, p = 3.608 x 10-12; +2: 0.665 ± 0.156; +2vs. chance: t(33) = 21.299, p = 7.417 x 10-21; +3: 0.747 ±
0.248; +3vs. chance: t(33) = 15.343, p = 1.402 x 10-16; +4: 0.765± 0.431; +4vs. chance: t(33) = 9.066, p = 1.780 x
10-10), suggesting TCM retrieval does not completely impair OutSeq determinations at any forward lag
distance. Second, subjects exhibited graded improvement as the skip distance increased (Fig2C, blue
bars; F(3, 99) = 13.790, p = 13.790 x 10-5). Further, we found that Skips with a +1 lag had the lowest
accuracy compared to all other forward lags (post hoc LSD: +2: p = 1.218 x 10-9, +3: p = 1.248 x 10-7,
+4: p = 1.186 x 10-4). These results are consistent with our predictions based on TCM (Fig2A&C).
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Performance on Skips with a +2 lag were significantly lower than +3 trials (post hoc LSD: p = 0.039).
However, no significant difference in performance was observed when comparing skips of +2 and +4
(post hoc LSD: p = 0.187) and +3 to +4 (post hoc LSD: p = 0.814) suggesting performance was
approaching an asymptote. These behavioral results suggest that the participants’ sequence memory
was, at least in part, driven by TCM.
Repeats. OutSeq trials that repeated an item from earlier in the sequence (n-back; e.g., the “A”
in ABADEF) can be solved by either TCM, WM, or a mixture of the two (Fig2A, left side). Notably, the
pattern of performance as a function of n-back lag distance might differentiate the two competing
processes. TCM predictions on Repeats (somewhat mirroring predictions with Skips) are that short
backward lag distances (e.g., -2) would have the poorest performance, while further n-back lag
distances (e.g. -5) would be less consequential (Fig2B, blue, below the diagonal). In contrast, WM
predicts the opposite pattern because the most recently experienced items would be most accessible
(Fig2B, red, below the diagonal).
We found that all n-back lag distances were performed better than chance (-2: 0.859 ± 0.116; 2vs. chance: t(33) = 38.333, p = 6.058 x 10-29; -3: 0.805 ± 0.171; -3vs. chance: t(33) = 24.138, p = 1.522 x 10-22; -4:
0.782 ± 0.233; -4vs. chance: t(33) = 17.204, p = 4.821 x 10-18; -5: 0.529 ± 0.507; -5vs. chance: t(33) = 4.996, p =
4.996 x 10-5). We also observed a decrease in accuracy as the n-back lag distance increased (F(3, 99) =
9.760, p = 0.001) (Fig2C, purple bars), suggestive of WM contributions. Items with an n-back lag
closest to their original position (e.g., ABCBEF; lag = -2) had the highest performance compared to all
other n-back lag positions (post hoc LSD lag -2 compared to: lag -3: p = 0.020; lag -4: p = 0.025; lag -5:
p = 4.262 x 10-4). In contrast, items with an n-back lag farthest away from their original position (e.g.
ABCDEA; lag = -5) had the lowest accuracy compared to all other n-back lag positions (post hoc LSD
lag -5 compared to: lag -4: p = 0.009; lag -3: p = 0.005; lag -2: p = 4.262 x 10-4). No significant
differences in performance between -3 and -4 n-back lags were observed (post hoc LSD: p = 0.532).
Taken together, performance at the n-back lag extremes (-2 and -5) support the notion that WM plays
an important role in Repeats performance. The absence of a graded performance across n-back lags of
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-3 and -4 lends support to the idea that some mixture of cognitive processes is occurring, but overall
these analyses do not support TCM as an isolated process driving Repeats.
Overall accuracy, linear regression slopes, and variability in residuals suggest TCM supports
Skips, but a mixture of cognitive processes best captures Repeats performance
Differences in overall accuracy and the residuals from a lag-based linear regression model can
help further elucidate the contributions of TCM, WM, or their mixture during OutSeq probe trials. First,
we predicted that overall performance on Repeats would be higher than Skips since TCM and WM
complement each other (Fig2A, left, purple dash). Second, we predicted that a linear regression in
Skips would positively increase across forward lags, whereas a similar analysis across n-back lags for
Repeats would be essentially flat. Third, we predicted that the residuals from the linear regressions
would be, perhaps counterintuitively, highest on Repeats compared to Skips reflecting increased
performance variability. This is because Repeats can possibly be detected based on two cognitive
processes (e.g., TCM and WM), whereas Skips involves a single process (e.g., TCM). To test these
predictions, we compared overall accuracy between the two probe trial types, calculated a linear
regression based on the z-scores (accounting for individual baseline performance levels) across
different lag positions, and averaged the squared residuals as a measure of performance variability
across lags. Participants were significantly more accurate at identifying Repeats (Maccuracy = 0.786 ±
0.166) compared to Skips (Maccuracy = 0.492 ± 0.157) (t(33) = 14.435, p = 8.137 x 10-16). However,
consistent with our hypotheses, linear regression in Skips positively increases across forward lags (R2
= 0.572, β = 0.757, p = 3.711 x 10-20), whereas a linear regression across backward lags for Repeats
had no significant slope (R2 = 0.024, β = 0.154, p = 0.139). When quantifying the variability, Repeats
(Mresidual = 0.593 ± 0.243) were significantly more variable in their performance across different lag
positions when compared to the Skips (Mresidual = 0.285 ± 0.478) (t(30) = 3.051, p = 0.004). The pattern in
accuracy and variability further support the conclusion that multiple cognitive processes likely contribute
to performance on Repeats while TCM underlies performance on Skips.
Activation in the HC consistent with TCM during Skips

bioRxiv preprint doi: https://doi.org/10.1101/501122; this version posted December 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

SEQUENCE MEMORY REPRESENTATIONS IN THE HUMAN BRAIN 19
Converging evidence supports the medial temporal lobe, specifically the HC formation, as
playing a disproportionate role in TCM in the brain (Hsieh et al., 2014). To test whether regions of the
medial temporal lobe contribute to TCM during Skips and Repeats we looked for linear changes in
activation across the different lag distances (Fig3A). We observed a significant cluster in the right
anterior HC following small volume corrections (bilateral MTL, FWE-tfce p < 0.05) that increased its
activation across n-forward lags (Fig3B). Similar patterns of activation across n-back lags did not
survive corrections for multiple comparisons (Fig3C). Further, following an anatomical ROI analysis of
the bilateral anterior HC we observed greater activation for linear changes in Skips (M = 0.678 ± 1.421)
relative to Repeats (M = -0.129 ± 1.539) when testing for patterns of BOLD activation (t(33) = -2.079, p =
0.045, Fig3D). These results suggest that the right anterior HC contributes to TCM during Skips.
Performance during Ordinal Transfers demonstrates use of ordinal representation
Ordinal Transfers (e.g., A2CDEF) provide a unique opportunity to evaluate strategies in
sequence memory behavior. If an ordinal representation is being used (e.g., A goes in the 1st position,
B goes in the 2nd position, etc.) then this type of probe trial would be difficult to identify as OutSeq (e.g.,
2 goes in the 2nd position). By contrast, if a TCM process was being employed, the ordinal probe would
deviate from all item-based expectations and would be easy to identify as OutSeq. Moreover, if an
ordinal representation was used, we would not expect there to be differences in accuracy as a function
of transfer position. First, Ordinal Transfers were performed better than chance (Pos2: 0.314 ± 0.357;
Pos2vs. chance: t(33) = 3.566, p = 0.001; Pos3: 0.338 ± 0.313; Pos3vs. chance: t(33) = 4.512, p = 7.712 x 10-5;
Pos4: 0.347 ± 0.258; Pos4vs. chance: t(33) = 5.670, p = 2.549 x 10-6; Pos5: 0.354 ± 0.283; Pos5vs. chance: t(33)
= 5.334, p = 6.892 x 10-6; Pos6: 0.373 ± 0.336; Pos6vs. chance: t(33) = 4.811, p = 3.212 x 10-5) and Repeats
(Pos2vs. Repeats: t(33) = -7.711, p = 7.019 x 10-9; Pos3vs. Repeats: t(33) = -8.338, p = 1.244 x 10-9; Pos4vs. Repeats:
t(33) = -9.917, p = 1.996 x 10-11; Pos5vs. Repeats: t(33) = -8.919, p = 2.621 x 10-10; Pos6vs. Repeats: t(33) = -7.175,
p = 3.185 x 10-8) regardless of position (Fig4C). Consistent with our prediction, accuracy during Ordinal
Transfers did not significantly differ across positions (F(4, 132) = 0.331, p = 0.786), and showed high
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variability between participants across positions (Mresidual = 0.795 ± 0.074). Thus, the observed
behavioral performance suggests ordinal representations.
mPFC activations reflect ordinal representations within a sequence
If an ordinal representation was being used during the task, we hypothesized that Ordinal
Transfers would be difficult to detect because the position association remained accurate, but the item
itself was inaccurate. Thus, we predicted the use of an ordinal representation would be most evident in
mPFC when contrasting incorrect versus correct trials. Consistent with our hypothesis, we observed
activations throughout mPFC bilaterally (prelimbic cortex, anterior cingulate cortex, medial superior
frontal gyrus) following the comparison of undetected (InSeq determinations) versus detected (OutSeq
determinations) Ordinal Transfers (Fig4F; FWE-tfce p < 0.05). Next, we posited that Skips and Repeats
would be correctly identified using an ordinal representation. Thus, we compared mPFC activity on
correct versus incorrect trials for Skips and Repeats. No clusters survived corrections for multiple
comparisons in mPFC when comparing correct versus incorrect Skips (Fig4G) and Repeats (not
shown) (FWE-tfce p > 0.05). These results suggest that successful performance on Skips and Repeats
was not wholly reliant on an ordinal representation in mPFC. We further show that clusters within
mPFC did survive corrections for multiple comparisons when contrasting incorrect to correct Skips
(FWE-tfce p < 0.05). However, these clusters were more laterally observed when performing a wholebrain exploratory analysis, while no significant clusters were found contrasting incorrect to correct
Repeats (Supplementary Fig1, Supplementary Table 1). Lastly, we performed an anatomical ROI
analysis across mPFC to further evaluate mPFC activity across the three probe types (Fig.3B). mPFC
was significantly more active during Ordinal Transfers relative to both Skips and Repeats for contrasts
that assumed an ordinal strategy (F(2, 56) = 4.038, p = 0.034). Post hoc tests (Tukey HSD) supported the
conclusion that mPFC is most active during the contrast comparing incorrect versus correct Ordinal
Transfers (M = 0.708 ± 1.998) relative to correct versus incorrect Skips (M = -0.649 ± 1.445, p = 0.051)
and Repeats (M = -0.431 ± 1.728, p = 0.005). No significant difference was identified in mPFC
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activation between correct versus incorrect Skips and Repeats (p = 0.890). These results indicate that
activation in mPFC reflects ordinal representations within a sequence memory.

DISCUSSION
Summary of main findings
In this study we used behavioral measures and BOLD fMRI to perform a detailed theoretical
analysis of the underlying cognitive strategies and neurobiological representations in memory for
sequences of events. First, we focused on a lag analysis of behavior on Repeats (e.g., ABA) and Skips
(e.g., ABD). Theoretically, WM and TCM is distinguishable using a lag analysis on Repeats, but only
TCM patterns are predicted on Skips. Behavioral performance matched predictions of TCM on Skips
showing significantly better performance at farther, compared to closer, forward lags. Behavioral
performance on Repeats fit more with a mixture of WM and TCM, as performance was, highly accurate,
flat across lags, and highly variable. Second, we looked at BOLD fMRI in the medial temporal lobe
using a lag analysis and predicted that activity would track lag distance, similar to behavior. Our results
show that the right anterior HC had a significant positive slope across forward lags (Skips), but there
was no correlation in activation with backward lags (Repeats) anywhere in the medial temporal lobe.
Thus, we conclude that HC activations reflect TCM. Third, we focused on Ordinal Transfers (e.g., AB3)
in behavior. Theoretically, sequence memory can be supported by ordinal representations (e.g., A-1, B2, C-3, etc.), which we tested using an ordinal distractor. We found that Ordinal Transfers were most
difficult, clear evidence for a positional coding because an InSeq (incorrect) determination on these
trials can only be supported by the item’s ordinal association. Fourth, we looked at BOLD fMRI in
mPFC focusing on trials in which subjects incorrectly identified Ordinal Transfers as InSeq (reflecting
positional coding). Our results show that mPFC had extensive activity on incorrect compared to correct
Ordinal Transfer probe trials, which could not be accounted for by inaccuracy generally across other
OutSeq probe trial types. Thus, we conclude that mPFC activity reflects representations of ordinal
positions in sequence memory.
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HC activation during Skips is consistent with temporal context memory (TCM)
The HC contributes to sequence memory through temporal contexts. TCM was originally
developed to describe recency and associativity, two fundamental components of free recall and
episodic memory (Howard and Kahana, 2002). TCM has emerged as an important framework for
elucidating the neurobiological mechanisms of sequence memory. According to TCM, the HC
associates items into sequences through a slowly drifting contextual representation (Polyn and Kahana,
2008; Howard et al., 2005). Electrophysiological evidence supports this claim, as population activity in
the CA1 grows progressively more dissimilar over both small- and large-time frames (Mau et al., 2018;
Rubin et al., 2015; Ziv et al., 2013; Mankin et al., 2012; Manns et al., 2007). The evolving population
activity in the CA1, combined with time cells in the HC (MacDonald et al., 2011), lends compelling
evidence that a key contribution of the HC to sequence learning is the process of linking temporally
contiguous items through temporal contexts.
A recent study in mice further supports this conclusion showing that events close in time were
linked by overlapping populations of CA1 neurons (Cai et al., 2016). Work in humans has also shown
that population activity representing adjacent items grows more similar over successive presentations
(Paz et al., 2010). Multivariate approaches in human neuroimaging studies have also shown that
similarity of BOLD activation patterns is greater for items rated as temporally closer (Ezzyat and
Davachi, 2014) or that share temporal community structure (Schapiro et al., 2016), and has been
shown to predict subsequent order memory (DuBrow and Davachi, 2014). Pattern similarity has also
been shown to be graded, ranging from high similarity for same object position repetitions to reduced
similarity with increasing lag (Hsieh et al., 2014). The neurobiological findings summarized above
provide a mechanism for the characteristic response pattern, where temporally adjacent items are more
likely to be recalled following the recall of an item, during free recall tasks (Howard & Kahana, 2002).
In the current task, OutSeq probe trials were used to selectively discern the competing
neurobiological mechanisms underlying sequence memory. For example, we hypothesized that during
the course of the task InSeq items would reinstate the original temporal context and neighboring items
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that shared the same context. Thus, Skip probe trials would show a graded impairment in performance
as the n-forward lag increased and the contextually linked neurobiological representation gradually
weaker with increasing forward lag. Our behavioral results are consistent with this prediction: small lags
were associated with worse performance in detecting Skip probe trials as OutSeq and improved as the
forward lag increased. Similar patterns in performance have been observed during prior tasks probing
temporal memory (Allen et al., 2015; 2014; DuBrow and Davachi, 2014). Our neuroimaging results also
coincide with this prediction where univariate activation in the HC shows a graded response with nforward lag distance, in line with a multivariate approach reported by Hsieh and colleagues (2014).
Positional coding in mPFC during sequence memory
Ample evidence shows that mPFC is important for temporal order memory in humans (Hsieh et
al., 2014; Shimamura et al; 1990; Milner et al., 1985) and rodents (DeVito & Eichenbaum, 2011; Barker
et al., 2007; Hanneson et al., 2004; Chiba et al., 1997), however it remains unclear what exactly mPFC
is doing. We suggest that mPFC, in part, provides abstract positional representations of sequences
(e.g., 1st, 2nd, 3rd, 4th, 5th, etc.). Positional representations can be used to form ordinal-item associations
which aid in the retrieval of sequences.
Positional coding is a fundamental mnemonic representation (Allen et al., 2014; Chen et al.,
1997) and reflected in behaviorally-relevant neural activity (Heusser et al., 2016). In a notable example
of the behavioral importance of ordinal representations, Orlov and colleagues (2000) demonstrated that
when monkeys reproduced learned sequences ordinal distractors (similar to Ordinal Transfers in our
study) led to errors early and often, but subsided with further training. These results suggest that itemposition associations play a critical role in episodic memory formation (Tulving, 2002).
In order to test the behavioral relevance of positional coding, we used Ordinal Transfer probe
trials in which items from the same position were transferred between sequences (e.g. AB3). If a
positional strategy dominates, then Ordinal Transfers would be considered InSeq (e.g., item 3 correctly
occurs in the 3rd position), however if TCM strategies dominate, these would be considered OutSeq
(e.g., 3 did not occur in temporal proximity to B). Importantly, these probe trials place TCM and
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positional strategies in direct conflict, whereas TCM and positional strategies are in agreement on
Repeats and Skips (i.e., with respect to InSeq/OutSeq decisions). Supporting a positional strategy,
Ordinal Transfers are the most difficult OutSeq probes (Fig1F; see also Allen et al., 2015; 2014).
However, it should be noted that performance is consistently better than chance, suggesting TCM is
also engaged. Further, we found that performance was essentially flat across positions 2 thru 6 and
lacking any obvious recency or primacy effects more associated with TCM. We also observed a high
degree of variability in performance consistent with the notion that TCM and ordinal coding created
conflict (Fig3E-G).
At the neurobiological level, we hypothesized that mPFC activity would be greatest when
Ordinal Transfers were incorrectly identified as InSeq because, from the vantage point of positional
coding, Ordinal Transfers are InSeq. To test this hypothesis, we contrasted Ordinal Transfer incorrect
and correct trials. The contrast revealed significant BOLD activation throughout mPFC. mPFC did not
show this increased activity on Skips and Repeats, suggesting that when the conflict presented by
Ordinal Transfers drives mPFC, an ordinal strategy dominated behavior. mPFC did not show similar
ordinal activation on Skips, nor if we looked at OutSeq inaccuracy generally. These results agree with
other findings in the literature suggesting a role for mPFC in ordinal representations. For example,
Hsieh et al., (2015) showed significant mPFC multi-voxel pattern similarity when comparing object pairs
that shared the same positions within their respective sequences but were otherwise unique sensory
objects.
HC-mPFC interplay during sequence memory
Functional interactions between HC and mPFC are likely an important neurobiological
mechanism supporting sequence memory. Functional coupling between HC and mPFC has been
consistently implicated in long-term memory formation, memory-guided decision making, and retrievalmediated integration (Jadhav et al., 2016; Euston et al., 2012; Bonnici et al., 2012; Benchenane et al.,
2010; Wang and Morris, 2010; van Kesteren et al., 2010; Zeithamova and Preston, 2010). During
sequence memory, we believe that similar mechanisms are likely engaged (Boucquey, 2016). Thus,
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HC sequence representations including TCM (Hsieh et al., 2015; 2014; Kalm et al, 2013; Tubridy &
Davachi, 2011; Jenkins & Ranganath, 2010; Lehn et al., 2009; Ross et al., 2009; Ekstrom &
Bookheimer, 2007; Kumaran & Maguire, 2006) and mPFC sequence representations including
positional coding may be compared and or integrated to direct behavior (e.g., InSeq/OutSeq decisions).
However, the mechanisms by which the two systems interact in support of sequence memory is
unknown.
Several competing possibilities of HC-mPFC interactions in sequence memory are viable. First,
mPFC might provide positional representations to HC useful for encoding conjunctive item-position
associations in HC neurons. The advantage to episodic memory is the formation of rapid sequences by
using a pre-existing temporal “flow” of events. Second, mPFC might drive position-based retrieval in
HC, consistent with the general role of mPFC in retrieval (e.g., Euston et al., 2012). During the retrieval
process, the current position would be compared with the remembered position. Third, HC might
provide mPFC event sequences that become generalized to position sequences, and then mPFC itself
compares the current and predicted positions. These processes are neither mutually dependent or
exclusive, but are testable. For example, the first two scenarios predict position coding in HC, but not
the last scenario. Interestingly, positional representations have been reported in both human HC using
BOLD fMRI (Hsieh et al., 2014) and in rat CA1 using single-unit recordings (Allen et al., 2016).
However, future studies are required to tease out whether the posited representations are truly
positional, either by increasing the demand on positional strategies or eliminating the utility of positional
information (e.g., by randomly starting anywhere in a circular sequence of events).
Conclusion
Our results provide evidence for multiple cognitive strategies and neurobiological
representations serving memory for sequences of events. The unique utilization of different OutSeq
probe trials (Skips, Repeats, and Ordinal Transfers) in this study facilitated our ability to elucidate
multiple behavioral and neurobiological mechanisms supporting sequence memory. The HC exhibited
patterns of activation consistent with TCM, while mPFC demonstrated activation patterns consistent
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with ordinal representations. These findings demonstrate that temporal contexts in HC and ordinal
representations in mPFC concurrently support sequence memory. Further experiments in both animals
and humans are necessary to delineate the precise mechanisms by which TCM and ordinal
representations are instantiated and interact in the brain to support the temporal organization of
memories.
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FIGURES

Figure 1. Sequence memory task and overall performance levels. Participants were tested on a
sequence memory task which uses an array of out of sequence probe trial types to assess the cognitive
strategies and representations underlying memory for sequences of events. A, During the study phase
participants were instructed to remember the sequences for later testing (viewing sequences without
responding). Next, the test phase was self-paced and participants were instructed to determine whether
images were presented “in sequence” (InSeq) or “out of sequence” (OutSeq). Sequences were
presented 40 times each (for a total of 240 presentations) with half containing one OutSeq item.
OutSeq items consisted of repeated items (Repeats, e.g., ABA), items that occurred too early in the
sequence (Skips; e.g., ABD), and items transferred from one sequence into another while remaining in
their ordinal position (Ordinal Transfers; e.g., AB3). The first half of the test phase contained Repeats
and Skips, and the second half contained all three OutSeq types. B, Sequences were either “low
memory demand” (e.g., an arrow moving clockwise), or “high memory demand”, composed of arbitrary
sequences of fractal images. C, Half of the time, all items were presented InSeq during the test phase.
For each InSeq item subjects were required to press and hold a button for 1sec. D, Half of the time, one
item was presented OutSeq. For each OutSeq item, subjects were required to release a button before
1sec. E, Overall, subjects performed at levels that were significantly higher than chance (SMI = 0) on
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both the low and high memory demand sequences. Subjects were significantly better with low memory
demand sequences compared to high memory demand sequences. F, Subjects performed best on
Repeats, followed by Skips, with the lowest performance on Ordinal Transfers. Performance was stable
across the duration of the task. Symbol(s): *** p < 0.001.
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Figure 2. Conceptual model and lag analysis. A, Theoretical predictions based on temporal context
memory (TCM) and working memory (WM) for different lag distances on Repeats (e.g., ABA) and Skips
(e.g., ABD). TCM (blue lines) predicts that item retrieval in sequences is graded by lag distance (for
both Repeats and Skips). According to TCM, OutSeq probe trials with small lags would be more difficult
than those with larger lags reflecting the fact that they were more temporally contiguous in the original
sequence. Conversely, WM (red line) predicts that items with small lags would be easier than those
with larger lags, but WM can only contribute to performance on Repeats. A mixture of TCM and WM is
shown in the dashed purple line. B, Theoretical sequence memory decrements with TCM (blue) and
WM (red) are depicted. Correct items for a given trial (rows) are shown in black type within a black box,
and the intensity of color for surrounding items (blue or red) shows the relative predicted performance
decrements across items. TCM predicts performance decrements on small lags in both directions. WM
predicts performance decrements on large lags but only contributes in the backward direction. C,
Average actual performance accuracy for all participants on Repeats and Skips at different lags. D, We
predicted and found that overall performance on Repeats would be higher than for Skips since the TCM
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and WM complement each other. We also predicted and found that performance would show a positive
slope on Skips reflecting TCM, (E) and would be flat on Repeats reflecting a mixture of TCM and WM
(F). Specifically, a linear regression in Skips performance positively increases across forward lags but
does not have a significant slope on Repeats. G, Lastly, we predicted and found significantly higher
variability in Repeats compared to Skips which is thought to reflect the integration of variance from both
TCM and WM. Symbol(s): ns, not significant; *, p < 0.05, **, p < 0.01, *** p < 0.001.
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Figure 3. BOLD fMRI analysis indicates that right anterior hippocampus (raHC) tracks temporal context
across forward lags. A, Theoretical linear contrast models in BOLD fMRI analyses representing TCM,
WM or a mixture of the models at different lags. Note that the -5-back and +4-forward lags were not
included in the fMRI analysis because there was only one trial per participant. B, BOLD fMRI analysis
of Skips with a linear contrast of -1, 0, 1 for lags of +1, +2, +3 respectively (right blue line in A) using
bilateral MTL as mask (outlined in blue in C and D) revealed significant activation in the raHC. C, BOLD
fMRI analysis of Repeats with a linear contrast of 1, 0, -1 for lags of -4, -3, -2 respectively (red line in
3A) using bilateral MTL as mask showed no significant clusters. D, BOLD fMRI ROI analysis of the
bilateral anterior HC was significantly higher in Skips compared to Repeats when using a linear contrast
based on TCM. Thus, raHC activity tracks with temporal context predictions. Symbol(s): ns, not
significant; **, p < 0.01.
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Figure 4. mPFC activates with ordinal representations during sequences memory. A, Theoretical
model of ordinal representation for sequences in which items associate with ordinal positions (e.g., A =
1st, B = 2nd, etc.). B, Ordinal representations were probed using Ordinal Transfer trials. Ordinal
Transfers occurred when an item from one sequence (e.g., UVWXYZ) was transferred to another
sequence (e.g., ABCDEF) while retaining the item’s original ordinal position (e.g. ABCDYF). Ordinal
Transfers are identified as InSeq when an ordinal association is used and identified as OutSeq when an
item-based association is used. C, Ordinal Transfers occurred in every position in a sequence except
the first. For each position (2 thru 6) the average performance was significantly higher than chance
(one minus the calculated response bias), and significantly lower than the average performance on
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Repeats (best performance levels). There were no significant differences in performance across
positions. D, There was no significant slope across positions, and there was high variability overall.
High average performance variability suggests conflicting strategies (Repeats and Skips variability
levels plotted for comparison in E). For the subsequent BOLD analysis, we focused on contrasts
assuming participants were using an ordinal strategy. When an ordinal representation is used
participants will identify Ordinal Transfers as InSeq but they would identify Repeats and Skips as
OutSeq. F, a BOLD fMRI mPFC ROI analysis showed that the Ordinal Transfers Incorrect – Correct
contrast activation was significantly higher compared to Repeats and Skips (Correct – Incorrect
Contrasts). Notably, mPFC activation did not simply reflect inaccuracy on OutSeq trials (see
Supplemental Fig1 and Supplemental Table 1). G, a BOLD fMRI analysis using mPFC as a mask
(outlined in green) resulted in significant activity in a large area of mPFC. To investigate whether there
was a difference between these probe trials, we compared Ordinal Transfers Incorrect – Correct,
Repeats Correct – Incorrect, and Skips Correct – Incorrect. H, No significant activation was found when
comparing Repeats Correct – Incorrect (not shown) and Skips Correct – Incorrect. Symbol(s): ns, not
significant; *, p < 0.05, **, p < 0.01, *** p < 0.001.

