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SUMMARY

Human primary visual cortex (V1) has long been
associated with learning simple low-level visual dis-
criminations [1] and is classically considered outside
of neural systems that support high-level cognitive
behavior in contexts that differ from the original
conditions of learning, such as recognition memory
[2, 3]. Here, we used a novel fMRI-based dichoptic
masking protocol—designed to induce activity in
V1, without modulation from visual awareness—to
test whether human V1 is implicated in human ob-
servers rapidly learning and then later (15-20 min)
recognizing a non-conscious and complex (second-
order) visuospatial sequence. Learning was associ-
ated with a change in V1 activity, as part of a
temporo-occipital and basal ganglia network, which
is at variance with the cortico-cerebellar network
identified in prior studies of “implicit” sequence
learning that involved motor responses and visible
stimuli (e.g., [4]). Recognition memory was associ-
ated with V1 activity, as part of a temporo-occipital
network involving the hippocampus, under condi-
tions that were not imputable to mechanisms associ-
ated with conscious retrieval. Notably, the V1 re-
sponses during learning and recognition separately
predicted non-conscious recognition memory, and
functional coupling between V1 and the hippocam-
pus was enhanced for old retrieval cues. The results
provide a basis for novel hypotheses about the
signals that can drive recognition memory, because
these data (1) identify human V1 with a memory
network that can code complex associative serial
visuospatial information and support later non-
conscious recognition memory-guided behavior (cf.
[5]) and (2) align with mouse models of experience-
dependent V1 plasticity in learning and memory [6].

RESULTS

Recent evidence has identified mouse primary visual cortex (V1)
with coding simple serial associations and timing information,
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when learning a repeating sequence of visible gratings [7], and
with a form of recognition memory that is selective for the
orientation of visible gratings [6]. In humans, a frontal-occipital
negative-going event-related potential (ERP) signal has been
identified with a guess response that is associated with the
recognition of single visible items [8]. It is thus conceivable that
experience-dependent changes in human V1 may be relevant
for later recognition memory-guided behavior, but critically,
this needs to be established outside of the general modulation
in V1 associated with visual awareness [9].

We combined fMRI with a novel dichoptic masking protocol,
involving separate learning and recognition phases associated
with the presentation of a complex and non-conscious visuospa-
tial sequence of targets appearing across four monocular loca-
tions. Figure 1 illustrates the protocol (see Figure 1 legend for
details; see also Movie S1 and Supplemental Experimental
Procedures for further details).

This visual presentation protocol was expected to be associ-
ated with V1 activity because monocular inputs are retained in
early visual cortex [10] and dichoptic masking has been identi-
fied with responses in V1 [11]. During the learning phase, we
ensured that the observers sustained their attention to single tar-
gets that appeared on each trial by asking them to count the
number of trials with a large-diameter target (LDT; targets could
be of either standard or large size—see Supplemental Experi-
mental Procedures). Performance on the LDT counting task
was at ceiling (see Supplemental Results). The LDT counting
task was also expected to drive V1 activity, because V1 codes
for magnitude differences between stimuli [12].

An unexpected non-conscious recognition memory test fol-
lowed 15-20 min after the learning phase (see Figure 1 and its
accompanying legend for a description of the recognition pro-
cedure and the features of the retrieval cues). On each ftrial of
the recognition test, observers were asked to discriminate
whether the retrieval cue was drawn from the old (trained)
sequence or from a new sequence and to rate the confidence
in their response on a six-point scale (1-3, “old”; 4-6, “new”;
see Figure 1). Crucially, old and new retrieval cues were
perceived in the same serial order due to dichoptic presenta-
tion. As can be seen in Figure 1, the sequence of locations
that distinguished old (e.g., 3-4-1-2-4-3) from new retrieval
cues (e.g., 1-4-3-2-4-1) was confined to the monocular level.
For the above examples, both old and new retrieval cues
were perceived as L-R-L-R-R-L (see Table S3 and Figure 1).
Therefore, serial order information that distinguished old and
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A. Learning Phase

Dichoptic sequence learning (SL) protocol
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Figure 1. Experimental Procedure and Stimuli

(A) Learning phase. First, in a learning phase that lasted approximately 1 hr 15 min, a visuospatial sequence based on a 12-element second-order conditional
(SOC) rule specified across four monocular locations (1-2-3-4) was presented repeatedly to induce discontinuous relational coding of serial interocular and
monocular associations. Each target was presented for 2000 ms at the center of one of four monocular locations circumscribed by two horizontally aligned and
isoluminant figures-of-eight (read from left to right; placeholders 1 and 2 were in the left figure-of-eight and stimulated the left eye whereas placeholders 3 and 4
were in the right figure-of-eight and stimulated the right eye). The four monocular locations were continuously masked from visual awareness by dichoptic
presentation: a septum inside the bore of the scanner and spectacles fitted with prism lenses were worn by observers to create two independent visual channels
for each eye, which led to the binocular fusion of the four monocular locations into two perceived locations, circumscribed within a single, fused, centrally
positioned, and horizontally aligned figure-of-eight. Monocular locations 1 [left eye-of-origin channel] and 3 [right eye-of-origin channel] were perceived in the left
placeholder (L), whereas monocular locations 2 [left eye-of-origin channel] and 4 [right eye-of-origin channel] were perceived in the right placeholder (R). This
method of dichoptic presentation eliminated crosstalk between each eye-of-origin, enabled binocular fusion to be sustained for long periods, and provided
continuous masking of the four monocular target locations in which the second-order conditional sequence was embedded. Observers maintained a fixed head
position and were encouraged to attend to the stimuli at the two perceived locations by the requirement to count the number of perceived large-diameter targets
across each block of trials.

(B) Test phase (three discrete stages). (a) Sequence awareness questionnaire: observers responded immediately after the learning phase to indicate whether
they had detected any regularities in the stimulus presentation. (b) Non-conscious recognition memory test (for behavioral results, see Figures S2 and S3 and
Tables S1 and S2): sequence knowledge was assessed on the unexpected recognition test (implemented using dichoptic presentation) administered 15-20 min
after the learning phase. Each trial of the recognition test (b) involved three phases: (i) observers were presented with a retrieval cue comprised of a six-element
sequence of targets (7.2 s), which was drawn from six-element segments of either the old (trained) 12-element SOC sequence or a new (untrained) 12-element
SOC sequence. 12 old and 12 new recognition trials were presented in a random order. Notably, the perceived serial order of old and new retrieval cues was
equated, as were all other stimulus dimensions and structural properties that would otherwise serve as a basis for a perceived difference that could enable
discrimination (i.e., the frequency with which each location occurred, transitions between the four locations, reversals, and laterality) (see also Table S3).
(ii) Observers were asked to perform an old/new recognition-based discrimination response during a limited time window of 8 s. (i) Observers were required to
rate their confidence in the old or new response (8 s) on a six-point scale (if “old”/trained, assign a value ranging in confidence between 1 [certain] and 3 [least
certain], or, if “new”/untrained, assign a value between 4 [least certain] and 6 [certain]). (c) Location awareness test (LAT) (for results, see Figure S1): the LAT was
administered inside the scanner to test the efficacy with which the four monocular locations were masked from visual awareness. Each trial of the LAT presented
observers with a target at one of the four monocular positions. Participants were instructed on the mapping between each monocular stimulus and the corre-
sponding perceived binocular location and were then asked to discriminate between monocular locations 1 and 3 for “left” perceived targets or between
monocular locations 2 and 4 for “right” perceived targets. Targets remained on screen until a manual response was entered on the response pad and were
separated by a 200 ms inter-stimulus interval.

Current Biology 26, 834-841, March 21, 2016 ©2016 The Authors 835

CellPress




Cell’ress

0.2 —&—Structured SOC sequence

0.15 ~4—Pseudorandom baseline sequence
o O
BE O
% S 005
g2 0
[o) I
%) _g 0.05

-0.1

-0.15 Runs

Figure 2. Changes in BOLD Activity Associated with Non-conscious
Learning and Learning a Visible Sequence

(A) Brain regions exhibiting linear changes in BOLD signal for structured
and pseudorandom sequences across the dichoptic learning phase (Z > 2.3,
p < 0.05, whole-brain corrected; [14]), rendered onto axial and sagittal views.
The yellow clusters depict the brain areas in which the learning effects across
runs were higher for the structured sequence blocks relative to the pseudo-
random blocks. We computed within-run statistical contrasts that were sen-
sitive to the nature of structured (S) and pseudorandom (R) sequences,
namely, for the repetition of the structured sequence (i.e., S3 > S4: [S1-S2-R1-
83-R2-84]) on each of the three training runs. Correspondingly, for each run of
the learning phase, a contrast test for the attenuation of the neural response
with the repetition of structured sequences (e.g., S3 > S4) was derived (and
likewise for the pseudorandom sequences, e.g., R1 > R2). The respective

new retrieval cues was not available to visual awareness (as
confirmed by psychophysical tests reported below).

Before presenting the neuroimaging data, we report the re-
sults from behavioral control experiments demonstrating that
(1) the participants did not have conscious access to the four
(monocular) locations (see Figure S1 and Supplemental Results)
and (2) sequence learning operated independently of motor-
based mechanisms, i.e., did not involve somatomotor responses
and eye movements that would generate stimulus-motor res-
ponse bindings coinciding with the structure of the visuospa-
tial sequence (cf. [4, 13]). Observers’ inability to identify the
monocular locations was consistent with a lack of knowledge,
even about the overall basic sequence structure (as assessed
on a post-learning awareness questionnaire; see Supplemental
Results).

Neural Substrates of Sequence Learning

In line with prior studies of sequence learning, whole-brain ana-
lyses tested for linear effects of exposure to the non-conscious
structured second-order conditional (SOC)-based sequence by
comparing it against a pseudorandom baseline sequence. Esti-
mates were derived separately for structured and pseudo-
random blocks, and these were compared at a higher level of
analysis (see Figure 2A legend and Supplemental Information).
Activity was observed in a set of regions that included right
putamen and pallidum (Montreal Neurological Institute [MNI]
2040, Z = 3.62), right insula (40 —2 —14, Z = 3.59), inferior tem-
poral gyrus (46 —54 —8, Z = 3.78), hippocampus (30 —20 —12,
Z = 2.59), lateral occipital cortex (34 —82 —2, Z = 3.39), fusiform
gyrus (30 —66 —6, Z = 3.61), lingual gyrus (24 —60 —8, Z = 3.56),
and occipital pole (8 —96 0, Z = 3.33), which notably included
the intracalcarine cortex of primary visual cortex (6 —88 —2,
Z = 3.09). Figure 2A depicts the brain activity maps (in yellow).

within-run estimates for the structured and for the pseudorandom sequences
were submitted separately to across-run within-subject fixed-effects ana-
lyses, testing for linear modulations across the three training runs. Finally, we
performed a group-level paired t test to assess which brain regions were
associated with increased training effects in the structured relative to the
pseudorandom sequence (and vice versa). The graph of signal change during
learning depicts the linear estimates of these neural repetition effects across
fMRI runs (average of all clusters of activity depicted in yellow; error bars
correspond to SEM). Hence, the linear increase for structured blocks (in blue)
reflects increased repetition attenuation with learning for the structured
sequence, but this was not the case for the pseudorandom sequence (in red).
The green clusters show brain regions exhibiting a linear change in BOLD
signal for the structured blocks only across the training runs (Z > 2.3, p < 0.05,
whole-brain corrected). Both yellow and green designated clusters include the
intracalcarine cortex of primary visual cortex. Group-based fMRI analyses
report anatomical regions based on Harvard-Oxford Probabilistic Atlas, as
part of FSL [13].

(B) BOLD activity map associated with learning a visible second-order condi-
tional visuospatial sequence (Z > 2.3, p < 0.05, whole-brain corrected), obtained
when using an equivalent linear contrast to that described above on the di-
choptic learning protocol (i.e., comparing the linear trends for structured and
pseudorandom sequences in the control fMRI study). Response changes were
observed in the angular gyrus (MNI 58 —56 38, Z =3.91), precuneus (—4 —78 40,
Z = 3.89), middle frontal gyrus (24 12 44, Z = 3.93), and superior frontal gyrus
(12 28 58, Z = 3.86). Activity was also found in subcortical foci, including me-
diodorsal and ventral anterior thalamus (bilateral, 2 —14 12, Z = 4.2), extending
into the left putamen (—18 8 —2, Z = 3.04). We found no areas exhibiting a linear
change in BOLD signal for the structured blocks across the training runs.
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Learning was also examined by testing linear effects of expo-
sure to the structured sequence alone (Figure 2A, indicated in
green), which again showed activity in the intracalcarine sulcus
(peak MNI —18 —64 4, Z = 3.3), extending into the lingual gyrus
and precuneus. Activity in V1 is thus unlikely to reflect relative
differences in novelty of the pseudorandom versus structured
sequences within a run, and, as we discuss later, the change
in V1 activity predicted behavior on the non-conscious recogni-
tion test, which could not be solved on the basis of relative
novelty.

Unlike the non-conscious recognition test, where old and
new retrieval cues were perceived in the same serial order,
there was a visible difference in perceived L-R serial order
between structured and pseudorandom blocks during the
learning phase (see Supplemental Experimental Procedures),
and not all low-level structural properties were equated across
the two sequence types. In line with previous studies [15], the
serial order of the visual targets (L-R) on unstructured baseline
blocks was pseudorandom to facilitate learning of SOC struc-
tured sequence. This may have modulated how attention was
allocated during learning and hence could account for the
observed learning activity in V1. Therefore, a separate control
fMRI study was conducted to examine the learning of a SOC
sequence under conditions where the four locations were
available to visual awareness. All other aspects of the control
fMRI study were equated with the dichoptic learning protocol,
including the LDT counting task, and learning without motor
responses (see Supplemental Experimental Procedures sec-
tion “fMRI control experiment: Experimental procedures”).
Learning the visible sequence was associated with a right
fronto-parietal network, which also included subcortical foci
in thalamus and left putamen (Figure 2B). These regions
were used as a mask to test for learning-related activity in
the dichoptic learning protocol. Only the left putamen (—24
10 -2, Z = 3.76, corrected) was associated with learning-
related activity under dichoptic masking. Conversely, when
the regions that showed learning-related activity during di-
choptic masking of the sequence (i.e., primary visual, occi-
pito-temporal cortex, hippocampus, and basal ganglia) were
used as a mask to test for learning-related activity associated
with the visible sequence, activity was confined to foci in the
right putamen (26 4 —10, Z > 2.3, corrected). Again, there
was no evidence of additional overlap. Finally, an unpaired
t test was performed to compare the parameter estimates
for the learning effects associated with conscious visible
sequences with those in the dichoptic masking experiment.
The results showed that learning-related activity in superior
frontal and prefrontal areas was greater with visible than with
the masked sequences.

Together, these results indicate that learning-related activity
in the dichoptic masking protocol is unlikely to have been
driven by perceptual differences between structured and
pseudorandom sequences, sensory adaptation, or other non-
specific learning effects, because these factors were equated
in both fMRI studies, yet the learning-related brain networks
did not map across the learning of conscious visible and non-
conscious sequences. We present additional information from
the non-conscious recognition test below in support of this
interpretation.

Behavioral Evidence for Non-conscious Recognition
Memory

Non-conscious recognition memory was first examined using
a contrast based on confidence ratings associated with all
old and all new stimuli (retrieval cues). Although the proportion
of correct “old”/“new” discriminations was at chance (mean =
0.51 [SEM = 0.01]; t47 = 0.68, p > 0.05), the memory ratings
associated with all “old” and all “new” retrieval cues were sig-
nificantly different (mean “old” = 2.64 [SEM = 0.04], mean
“new” = 3.16 [SEM = 0.07]; t47) = —7.95, p < 0.001; Figure S2),
indicating recognition of the non-conscious sequence. This
result is in keeping with recent behavioral evidence of recogni-
tion memory without visual awareness [16, 17] and aligns with
other behavioral evidence that has examined the learning of
non-conscious first-order sequences [18].

Additional analyses were based on receiver operating charac-
teristics (ROC) of type 1 performance (i.e., sensitivity to “old”/
“new” retrieval cues) and type 2 performance (i.e., how memory
confidence relates to “old”/“new” discriminations), and also
type 1 d’ and type 2 meta-d’ [19] (i.e., the efficacy with which
observers’ confidence ratings discriminated between their own
correct and incorrect memory decisions). Type 1 sensitivity for
“old”/“new” discrimination was at chance (i.e., for sensitivity
based on the area under the type 1 ROC: t47) = 1.45, p = 0.17,
mean = 0.52, SEM = 0.01, chance = 0.5; for type 1 d': t17, =
0.59, p = 0.57, mean = 0.03, SEM = 0.05, chance = 0), whereas
type 2 sensitivity was significantly above chance (for sensitivity
based on the area under the type 2 ROC: ty7, = 5.79,
p < 0.001, mean = 0.63, SEM = 0.02, chance = 0.5; for type 2
meta-d’: t47) = 4.90, p < 0.001, mean = 0.9, SEM = 0.18,
chance = 0) (see Figure S3, Supplemental Results, and Tables
S1 and S2). These results are consistent with recent evidence
indicating that metacognitive processes (e.g., related to percep-
tual decision making or memory) can be successfully deployed
even when type 1 sensitivity is null [20, 21], i.e., under conditions
that are independent of visual awareness [22]. The current study
and other recent studies set precedents that require additional
experimental work to examine the relationship between visual
awareness and higher-order cognition.

There was no significant difference in the manual response
times (RTs) to “old” and “new” retrieval cues (mean RTs,
2018 ms versus 2119 ms, respectively; t47 = 0.86, p = 0.40).
Therefore, any increase in perceptual fluency (i.e., the perceived
speed of processing an item), induced by prior exposure, did not
lead to faster identification times (response priming), which sug-
gests that response fluency did not serve as a basis on which to
recognize prior occurrence (cf. [23]). Notably, prior studies have
reported RT differences between old and new retrieval cues
based on visible sequences (e.g., [24]). The absence of such
priming effects in the current study may be because motor-
based responses were not performed during learning.

Relevance of Learning-Related Activity for Subsequent
Non-conscious Recognition Memory

The relevance of learning-related activity for knowledge of the
trained SOC sequence was examined using a robust multiple
regression analysis based on the magnitude of the corrected
blood-oxygen-level-dependent (BOLD) signal change during
learning within the calcarine sulcus and six other functional
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Figure 3. BOLD Responses and Functional
Connectivity Associated with Non-conscious
Recognition Memory

(A) BOLD responses associated with non-con-
scious recognition memory (for behavioral re-
sults, see Figures S2 and S3 and Tables S1 and

o 092‘2 S2). Left: brain regions showing BOLD activity

2 02 for the contrast between old < new sequences

Sagittal § 061.15 (Z > 2.3, p < 0.05, whole-brain corrected).

g O'OS old Right: plot of the signal difference in these re-

c gions associated with recognition of the non-

b%’-%olf -- s conscious sequence. Old and new retrieval cues

-0.15 differed only in terms of the monocular target

sequence, whereas the perceived serial order

associated with the old and new retrieval cues

was the same. As an example, the perceived

serial order of a non-conscious old cue specified

across monocular (1, 2, 3, 4) and eye-of-origin

Coronal ([L] = left; [R] = right) locations, 3[L]-4[R]-1[L]-2

[R]-4[R]-3[L], was matched to a non-conscious

new cue specified across monocular and eye-

of-origin locations, 1[L]-4[R]-3[L]-2[R]-4[R]-1[L]

~ 3 (see also Table S38). Error bars correspond
E 25 to SEM.

g 2 (B) Results from a psychophysiological interac-

= 1-? tion-based analysis that examined functional

go.s connectivity associated with a hippocampal-

o 0 based seed voxel drawn from the responsive

%_—0.5 —— voxels in the non-conscious old < new re-

Lg) -1 cognition memory-based contrast. Functional

-1.5 Old New

coupling between the hippocampus and the
intra-calcarine cortex (V1, indicated in yellow)

was modulated as a function of whether the retrieval cue on the recognition test was old or new (Z > 2.3, p < 0.05, corrected for the occipital mask in blue
shading). The graph on the right shows that the magnitude of the functional coupling was higher for old relative to new retrieval cues. Error bars correspond

to SEM.

regions-of-interest (ROIs) (hippocampus, inferior temporal sul-
cus, insula, putamen, fusiform cortex, and lingual gyrus). Each
was entered as a variable in a multiple linear regression using
Huber’s method of correction for outliers against the magnitude
of non-conscious recognition memory (old minus new mean
confidence ratings). Learning-related activity within the calcarine
sulcus predicted behavior on the non-conscious recognition test
(B = 0.35, p < 0.05), whereas the activity estimates from the six
other ROIls were not significant predictors of non-conscious
recognition memory (all p’'s > 0.21). If learning-related activity
in V1 had merely reflected low-level sensory adaptation effects,
low-level structural or relative novelty differences, and/or
perceived differences in serial order between the structured
and pseudorandom sequences, then the V1 signal change dur-
ing learning should not have predicted recognition memory,
because structural and perceived differences were equated be-
tween old and new retrieval cues used on the non-conscious
recognition test (Table S3).

Neural Substrates of Non-conscious Recognition
Memory

First, we assessed BOLD activity for the old < new contrast using
a whole-brain mass-univariate analysis. Non-conscious recogni-
tion-related activity was observed in a visual cluster with a peakin
the lingual gyrus (MNI —20 —50 —4, Z = 3.7), which extended into
the intra-calcarine sulcus in V1 (—4 —802, Z=2.79). Left and right
lateral occipital cortex (LOC) also exhibited activity, with peaks in

left inferior LOC (—52 —76 —6, Z = 3.64) and right superior LOC
(28 —88 26, Z =4.39). Notably, the old < new effect was also found
in the left hippocampus (—22 —38 0, Z = 3.49). Figure 3A depicts
the brain activity maps. No significant brain changes were found
in the old > new contrast.

Second, we performed the same analyses using functional
ROIs derived from the intracalcarine cluster observed during
the learning phase, with voxelwise correction for multiple com-
parisons (p < 0.05). Notably, learning and non-conscious recog-
nition-related activity overlapped in the intracalcarine cortex
(MNI -0 —80 2, Z=3.17 and —14 —68 8, Z = 3.29). This overlap
suggests that V1 activity can occur even when there are no
low-level structural differences between the sequences that form
the basis of the contrast, as compared to the structured versus
pseudorandom block-based linear contrast in the learning phase.

Third, following previous studies that identified the conscious
recall of visible grating pairs with hippocampal-V1 coupling [25]
and coupling between the hippocampus and early visual cortex
with implicit statistical learning of visible stimuli [26], we tested
for functional connectivity between hippocampus and V1 during
non-conscious recognition by means of psychophysiological
interaction (PPI) analysis. A mask of the hippocampus was drawn
from the responsive voxels in the old < new contrast described
above and used to define the seed region’s time course. Given
our a priori interest in V1, this analysis used a region-of-interest
approach with an occipital mask. Figure 3B illustrates the PPl re-
sults. A significant cluster was found in left V1 (MNI 10 —70 12)
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that, critically, coincided with the intra-calcarine cortex (Z > 2.3,
p < 0.05 corrected for the occipital mask). This V1 cluster ex-
hibited increased functional coupling with the hippocampus dur-
ing the presentation of old relative to new retrieval cues. The
same result was observed in the adjacent intra-calcarine area
of the right hemisphere (Z > 2, p < 0.05, corrected). Individual
measures of functional connectivity did not correlate with non-
conscious recognition memory behavior (p > 0.05).

Finally, the link between human V1 and calcarine sulcus is well
described [27], and activity in the intracalcarine cortex and its
vicinity coincided with probabilistic V1. Nonetheless, given our
a priori interest in V1, a functional localizer was administered
in a separate fMRI scan to map regions in early visual cortex
that were associated with visual stimulation at the monocular
locations. V1 was automatically defined on each individual struc-
tural scan by applying the method developed by Hinds and col-
leagues [28]. This method is implemented in Freesurfer [29], in
order to predict the location of the stria of Gennari—an anatom-
ical marker of primary visual cortex—with reference to cortical
surface topology, which is demonstrated to be as accurate as
a retinotopic mapping [30]. Individual masks with a probability
of 0.99 of occurring in V1 were obtained on each observer to miti-
gate uncertainties about architectonic borders. Individual masks
were then derived for the intersection of active voxels in visual
cortex seen on the localizer and the V1 area derived from Free-
surfer. These masks were used to extract individual parameter
estimates for the old < new contrast. A one-sample t test showed
that the old < new recognition effect was significantly different
from chance (t17) = 2.14, p < 0.05).

Behavioral Significance of Activity Associated with
Non-conscious Recognition Memory

This issue was examined by using the same robust multiple-
regression-based method described earlier, but with recognition
fMRI-based ROls in the calcarine sulcus, hippocampus, and right
occipital cortex. The difference in activity within the calcarine sul-
cus predicted behavior in the non-conscious recognition test (B =
0.31, p < 0.05). Likewise, activity in the right occipital cortex also
predicted behavior in the non-conscious recognition test, with a
negative association (B = —0.47, p < 0.05), whereas the activity
estimate from the hippocampus was not a significant predictor
(p =0.32). These results suggest that activity in V1 and the occip-
ital cortex both predicted non-conscious recognition memory but
that only the magnitude of the old < new response in V1 was
linked with improved non-conscious recognition memory. One
interpretation of these associations is that non-conscious recog-
nition processes may operate not only by local signal differences
in V1 activity but also by concurrent inhibition in connected occip-
ital structures that respond to the monocular stimuli. Push-pull
processes of this type may optimize discrimination processes
in the service of non-conscious recognition memory, but defini-
tive hypotheses about possible gating mechanisms involving
regional activity within occipital cortex associated with non-
conscious recognition memory await further investigation.

DISCUSSION

Learning-related activity occurred in cortical and subcortical
regions, including primary visual cortex, as part of a temporo-

occipital and basal ganglia network. In contrast to the much-
studied serial reaction time task used to investigate sequence
learning [31], observers did not direct motor responses or motor
attention to the visual stimuli. Therefore, activity reflected com-
plex learning in the absence of mechanisms related to motor re-
sponding, and the overlap with several regions identified in vi-
suomotor sequence learning [4, 15] is thereby consistent with
common mechanisms of perceptual and motor learning [32].
By contrast, V1 activity has not been seen in prior investigations
of explicit (conscious) and implicit (non-conscious) human visuo-
motor sequence learning of visible stimuli, nor was it observed
in our control fMRI learning study based on a visible SOC
sequence. V1 has however been implicated with coding simple
serial associations and timing information in an experimental an-
imal mouse model, when studied using stimuli (visible gratings)
designed to induce activity in V1 [7].

Unlike later visual cortical areas such as the perirhinal and in-
fero-temporal cortex, there is little experimental data to implicate
V1 in recognition memory. Most notably, recent work in a mouse
model has linked V1 with a form of recognition memory based on
discriminations between visible old and novel oriented gratings
[6, 33]. We extend these observations by showing that early
visual cortices in humans, including V1, a region implicated in
perception and perceptual learning of low-level features [34], is
associated with learning and subsequent non-conscious recog-
nition memory of a repeating complex visuospatial sequence.
Importantly, by broadening the scope of investigation to high-
level memory-guided behavior, we have demonstrated that
experience-dependent changes in V1 can (1) occur even when
the spatial location of targets is masked from visual awareness,
(2) arise over an hour rather than several days (cf. [1]), (3) operate
in the absence of reward or punishment [35], and (4) generate
a signal that predicts behavior (i.e., recognition confidence)
outside of the original conditions of (perceptual) learning
(cf. [36]).

Isolating non-conscious processes in recognition memory
has proved difficult to achieve. One potential reason is that pre-
vious behavioral paradigms have administered visible stimuli at
encoding and as retrieval cues ([8, 37]; but see [16]). The key
advantage of our protocol is that activity in visual cortex and
the hippocampus were not mediated by modulation due to
conscious perceptual expectations (related to the four monoc-
ular locations) [38], the reinstatement of episodic information
[39], or other old/new differences in processes—such as eval-
uation and decision making—that operate “downstream” of
conscious retrieval. Furthermore, the non-conscious recogni-
tion effect seen here is distinguished from other non-conscious
forms of memory, such as repetition priming, because repeti-
tion-related occipital fluency effects (1) are often unrelated to
behavior [40], (2) if present, only prime a particular response
such as identification [41], rather than supporting behavior
outside of the original study context (i.e., discrimination based
on old/new recognition confidence ratings), and (3) involve
behavioral phenomena that are considered to be short lived
[42], rather than operating 15-20 min after initial learning, as
in the current study.

The enhanced functional coupling observed between V1 and
the hippocampus during non-conscious recognition is note-
worthy (1) given evidence from experimental animal models
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that implicate the entire ventral visual-to-hippocampal stream in
memory for visible items [43] and (2) in light of data in humans
wherein hippocampal activity has been aligned with (conscious)
memory strength rather than recollection and familiarity [44] and
has been shown to be sensitive to the distinction between
(visible) old versus novel stimuli [45]. Unlike in previous studies,
the hippocampal activity seen here was not attributable to a gen-
eral novelty signal, a difference in familiarity, or conscious mem-
ory strength (cf. [46, 47]), because the new retrieval cues were not
based on novel stimuli with respect to the learning phase (cf. [16]),
and the serial order of the (binocular) perceived two-location
old and new retrieval cues was equally familiar. Old and new
retrieval cues were distinguished only in terms of their unique
non-conscious serial order, specified at the masked four
monocular locations. More broadly, the observed hippocampal
activity is notionally consistent with the proposal that relational
complexity, rather than mechanisms associated with conscious
perception, modulates hippocampal engagement [48].

In summary, our results identify experience-related plasticity
in a visual area as early as human V1 with behavior on a re-
cognition memory test that excluded mnemonic mechanisms
related to visual awareness. The results are central to broad-
ening the scope of theoretical work on the role of early visual
cortex in learning and memory, and go beyond dominant dual-
process (episodic) models of recognition memory that have
centered on explaining the conscious retrieval of episodic traces
or familiarity mediated by the medial temporal lobe.
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Figure S1 is related to Figure 1 (test phase, section 2¢: location awareness test).
Perceptual sensitivity on the location awareness test (LAT) for the four monocular
locations associated with the non-conscious sequence. Participants were unable to identify
the correct monocular locations of the perceived visual targets, despite extensive the
perceptual training associated with repeated exposure to the non-conscious sequence during
learning and recognition phases, and later instruction on the mapping between the four-
monocular locations and two perceived locations, before responding on the LAT. Null
sensitivity for monocular location information held when d' — a signal detection theory based
measure of perceptual sensitivity — was analyzed at both perceived locations. Error bars
correspond to standard error of the mean.
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Figure S2 is related to Figure 1 (test phase, section 2b: non-conscious recognition
test) and Figure 3 (behavioural results predicted by BOLD activity in V1). Recognition
memory for the non-conscious sequence. Mean confidence ratings associated with the non-
conscious 'old' second-order conditional and non-conscious 'new' second-order conditional



based retrieval cues were significantly different (7= -7.95, p <0.001, repeated measures t-
test). Error bars correspond to standard error of the mean.
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Figure S3 is related to Figure 1 (test phase, section 2b: non-conscious recognition
test) and Figure 3. Type-1 and type-2 sensitivity analyses of recognition memory
performance (A). Area under the ROC curve (AuC) for type-1 and type-2 performance.
Type-1 sensitivity for 'old'/new' discrimination was at chance (i.e., for sensitivity based
on the area under the type-1 ROC: ¢,,=1.45, p=0.17, mean=0.52, s.e.m.=0.01,
chance=0.5), whereas type-2 sensitivity was significantly above chance (for sensitivity
based on the area under the type-2 ROC: #,,,=5.79, p<0.001, mean=0.634, s.e.m.=0.02,
chance=0.5) (B) type-2 receiver-operating-characteristic (ROC) curve (C) Analyses of d” for
type-1 and type-2 performance (meta-d'). Type-1 d’ was at chance (#,7,=0.59, p=0.57,
mean=0.03, s.e.m=0.05, chance=0), whereas type-2 meta-d' was significant (#;7,,=4.90,
2<0.001, mean=0.9, s.e.m.=0.18, chance=0). Error bars correspond to standard error of the
mean.

Supplemental Tables

Table S1 is related to Figure 1 (test phase, section 2b(ii): behavioural results from non-
conscious recognition test old/new responses) and Figure 3. Proportion of ‘old’/*new’
responses across old (trained) and new (untrained) retrieval cues (stimuli)

Old (trained) retrieval cue New (untrained) retrieval cue
‘Old’ response 0.30 0.29
‘New’ response 0.20 0.21

Table S2 is related to Figure 1 (test phase, section 2b(iii): behavioural results from non-
conscious recognition test confidence ratings) and Figure 3. Proportion of confidence
responses across old and new retrieval cues

Least certain Fairly certain Certain

Old retrieval cue 0.21 0.14 0.15

New retrieval cue 0.18 0.18 0.14




Table S3 is related to Figure 1 (test phase, section 2b(i): stimulus materials used on non-
conscious recognition memory test) and Figure 3. Masked locations of old and new
retrieval cues presented on the non-conscious recognition memory test. Old and new
retrieval cues were based on two different 12-element second-order conditional sequences
(SOC1 and SOC2). The old or new status of each six-item sequence derived from the
respective 12-element sequences was determined by training on the dichoptic sequence
learning protocol (SOC1 or SOC2). Critically, perceived binocular locations for SOC1 and
SOC2 are identical across matched pairs of the six-item recognition retrieval cues, and all
perceived and non-conscious structural properties were equated, along with low-level
stimulus properties such as the laterality of stimuli at eye-of-origin. Masked locations 1, 2, 3,
4, read from left to right for masked four-location placeholder array. L = Left placeholder; R
= Right placeholder.

Companion old and new retrieval cues used on the non-conscious recognition memory test

Monocular locations of ~ Monocular locations of Locations of perceived retrieval cues

non-conscious cues non-conscious cues (i.e., perceived old and new retrieval

(SOC1) (S0C2) were equated for serial order and
location)
342312 142132 LRRLLR
423121 421323 RRLLRL
231214 213234 RLLRLR
312143 132341 LLRLRL
121432 323412 LRLRLR
214324 234124 RLRLRR
143241 341243 LRLRRL
432413 412431 RLRRLL
324134 142132 LRRLLR
241342 243142 RRLLRR
413423 431421 RLLRRL
134231 314213 LLRRLL

Supplemental Experimental Procedures

Participants

Eighteen undergraduate students at the University of Oxford were recruited (mean age
of 21.9 years; nine female). All participants gave informed written consent to take part in
accordance with the terms of approval granted by the local research ethics committee, the
principles expressed in the Declaration of Helsinki, and were naive to the purpose of the



experiment. All participants reported normal or corrected-to-normal vision, no history of
neurological disease, and no other contraindications for MRI.

Dichoptic presentation and visual stimuli

Presentation of the visual targets involved the use of dichoptic presentation using
prism-based eyeglasses, detailed by Schurger [S1] and illustrated in Figure 1 and in
Supplemental Movie 1. Participants lay supine on the scanner bed, and foam pads were used
around the head to minimize head movements. Six pairs of MRI-compatible spectacles, fitted
with prism lenses from 2—12 diopters in steps of 2, were available to cover disparities of 1.5,
2.3,3.4,4.5,5.7, and 6.8 degree of visual angle and individual differences in fusion range.
This method of dichoptic presentation was used because it eliminated crosstalk between each
eye-of-origin, equated the luminance arriving at each eye, and enabled binocular fusion to be
sustained for long periods [S1, S2].

The stability of binocular fusion inside the scanner was tested before each block of
trials during the learning phase, the recognition test phase, the functional localiser, and on the
location awareness test — the accuracy of responding served as an additional test of the
efficacy of masking [S3, S4]. The test of binocular fusion involved the presentation of a short
sequence of visual targets at the four fixed monocular locations (two at each eye-of-origin).
Participants were required to provide an accurate online verbal report from inside the scanner
of the perceived location of each of target presented at each monocular location. All
participants reported only seeing two targets and reported the locations of the perceived
targets accurately throughout all stages of the experiment.

All visual stimuli were presented on a computer screen (resolution: 1024 x 768
pixels), and were viewed via a mirror attached to the head coil of the MRI scanner. Each
target was presented for 2000 ms at the centre of one of four monocular locations
circumscribed by two horizontally aligned and isoluminant figures-of-eight (read from left to
right, placeholders 1 and 2 were in the left figure-of-eight and placeholders 3 and 4 were in
the right figure-of-eight). When viewed through the prism-based stereoscope, the
placeholders were perceived as a single, fused, and centrally positioned figure-of-eight,
aligned with the horizontal meridian. Visual targets presented at monocular locations 1 and 3
appeared within the left placeholder of the fused figure-of-eight (binocular left targets),
whereas targets presented at monocular locations 2 and 4 appeared within the right
placeholder (binocular right targets). Hence, on any single trial, the target stimulus was
presented to the separate and independent field of view of one eye, within one of the
monocular locations masked by dichoptic fusion. The eye-of-origin of visual input for each
target was thereby continuously masked from visual awareness; i.e., location information for
the target stimuli and thus the target visuospatial sequence were masked from visual
awareness. The efficacy of visual masking was independently assessed on a location
awareness test (LAT) (see below). This method of masking the monocular sequence of
targets from visual awareness was continuous and did not rely on subjective report.

Behavioural tasks: Design, Materials and Procedures

The experiment was conducted in two separate main phases (Fig. 1): (1) Learning
phase (dichoptic sequence learning protocol): participants were presented with a single
repeating 12-element non-conscious (monocular) visuospatial sequence, based on a second-
order conditional rule, and displayed at four monocular locations on a computer monitor; (2)



Test phase (a) a sequence awareness questionnaire: participants responded immediately after
the learning phase to indicate whether they had detected any regularities in the sequence of
stimuli; (b) dichoptic non-conscious recognition memory test: here, observers (i) viewed
either an old/studied or a new/non-studied retrieval cue comprised of a sequence of six visual
targets, which were presented in the same way as on the dichoptic sequence learning
protocol; (ii) responded to indicate whether each retrieval cue was either old or new, with
respect to the learning phase; and, (iii) rated their confidence associated with each old/new
response on a six-point scale (see below). Importantly, the old and new retrieval cues differed
only in terms of the masked serial order of the non-conscious sequence, and followed an
identical perceived serial order (Fig. 1, Test phase; Table S2); and, (c) location awareness test
(LAT): the LAT was administered to re-assess the efficacy with which location information
for the target four-location visuospatial sequence was masked from visual awareness,
following repeated (perceptual) exposure to the monocular sequence of stimuli during the
learning and test phases (Fig. 1c¢).

Participants completed a practice version of the dichoptic sequence learning protocol
and all four phases inside the scanner (total duration: ~2.5 hr). Participants were instructed to
avoid making eye movements during learning and tests phases and during the LAT. fMRI
data were acquired during phases 1 and 2b. fMRI data were also acquired during functional
localiser scan for the monocular locations (see below). All of the behavioural tasks were
implemented and administered using E-prime Pro (version, 2.0; Psychology Software Tools,
Inc. Pittsburgh, PA).

Learning phase: dichoptic sequence learning protocol and large diameter target
counting task

Participants were not informed about the repeating sequence during the learning
phase, and were naive to the non-conscious monocular location of each target — separately,
we have demonstrated that an intentional orientation to the sequence does not modulate
learning or facilitate the detection of the non-conscious sequence [S3]. Visual targets
consisted of white circles of two sizes — a standard (5 mm diameter) and a large diameter
target (LDT; 8 mm diameter) — presented within one of the four monocular locations (Fig. 1)
for 2000 ms.

Targets were perceived at one of two locations, and participants were asked to
discriminate between the standard (5 mm diameter) and large diameter targets (LDTs; 8 mm
diameter), in order to maintain a cumulative count of the number of LDTs on each block and
perform within 5% accuracy [S3, S5]. Presentation of LDTs occurred on 17-35% of trials on
both sequence and pseudorandom baseline blocks (see below) — the order of the LDTs was
random within a block and set at a proportion to ensure ceiling level performance. The LDT
counting task was performed concurrently with the dichoptic sequence learning protocol. On-
screen feedback - in the form of percentage under- or over-estimation - at the end of each
block of trials was provided immediately after entering a value on the LDT counting task.

Notably, performance on the LDT counting task during the learning phase provided
an additional and independent source of data regarding the stability of binocular fusion inside
the scanner, because ceiling performance was dependent on stable fusion [S3, S4]. An initial
practice block comprised of 30 trials was administered inside the scanner to ensure task
comprehension and accurate performance on the LDT counting task. During the learning,



blocks were separated by a 30 s response period to allow a value on the LDT counting task to
be entered by the participant.

Each sequence block was comprised of eight repetitions of the same 12-element
second-order conditional sequence (SOC) specified at the four monocular locations. Two
SOCs were counterbalanced across participants to control for sequence-specific effects
(SOC1: 3-4-2-3-1-2-1-4-3-2-4-1; SOC2: 3-4-1-2-4 3-1-4-2-1-3-2; positions 1-4 are read from
left to right of the masked four-location array, with the spatial locations corresponding to
numeric values). Half of the observers studied SOC1 and the other half studied SOC2. Each
SOC sequence was equated along dimensions that ensured learning was directed towards the
SOC rule; namely, simple frequency of location, laterality, frequency of first-order transition,
reversal frequency (e.g., 1-2-1), and rate of full coverage. The two SOC sequences differed
only at the level of serial order of three or more consecutive positions within the sequence,
where, at the lowest structural level, the ability to predict a target position is dependent on
learning two preceding monocular target positions. Unlike a first-order sequence,
performance cannot improve from learning the frequencies of individual positions or pairs of
positions. Binocular perception of the visual targets during the learning phase was consistent
with the following sequences of left(L)/right(R) perceived locations: SOC1: L-R-R-L-L-R-L-
R-L-R-R-L; and, SOC2: L-R-L-R-R-L-L-R-R-L-L-R.

The learning phase was implemented in three runs of fMRI acquisition, separated by
breaks of approximately 5 min (Fig. 1). Runs 1 and 2 were comprised of four sequence
blocks (S; 100 trials/block) and two baseline blocks (R; 50 trials/block) (SSRSRS). Run 3
was comprised of five sequence blocks and two baseline blocks (SSRSRSS). An additional
sequence block was included at the end of the run to facilitate learning of the target non-
conscious sequence.

The structure of the blocks during the learning phase was designed to facilitate rapid
acquisition of sequence-specific SOC knowledge. The serial order of the visual targets on the
baseline (unstructured) blocks was pseudorandom, and was constrained so that the same
monocular location did not appear consecutively and targets appeared with equal frequency
at each of the four monocular locations. Therefore, the serial order of structured and
pseudorandom blocks were visibly different (i.e., at the perceived two-location L-R
locations). We elected to use a pseudorandom sequence, instead of a non-trained second-
order conditional sequence on baseline blocks to facilitate learning of the target SOC
sequence blocks.

Sequence awareness questionnaire

Awareness associated with learning phase was tested on a post-learning phase
awareness questionnaire administered during the break between learning and test scanning
phases (see below). Each participant was instructed to select one of the following five
propositions: 1 = “The sequence of stimuli was random”; 2 = “Some positions occurred more
often than others; 3 = “The movement of the stimuli was often predictable”; 4 = “The same
sequence of stimuli would often appear”; and 5 = “The same sequence of stimuli occurred
throughout the experiment” [S6].

Dichoptic non-conscious recognition memory test



The dichoptic recognition memory test was administered approximately 15-20
minutes after completion of the dichoptic sequence learning protocol. Each trial on the
recognition test was comprised of three stages. (i) Participants were shown either an old or a
new retrieval cue (six-element sequences; 12 old and 12 new) in a random order (7.2 s; Fig.
1b). Stimuli that comprised the retrieval cue were presented and viewed in the same way as
on the dichoptic sequence learning protocol. (if) One second after the offset of each retrieval
cue, a prompt appeared for the participants to identify the sequence as either 'old' or 'new' (8
s) (with respect to the learning phase). It was emphasized to participants that a proportion of
the sequences had been studied, and an 'old' response should be given if they felt any sense
that the retrieval cues were at all familiar, using whatever minimal information was available
to aid accurate identification of the old sequences. (iii) Participants then provided a value on
a confidence rating scale to indicate the confidence in their response (8 s) [S7]: for retrieval
cues designated as, old: 1 = “I’m certain that this fragment was part of the training sequence”;
2 = “I’m fairly certain that this fragment was part of the training sequence”; 3 = “I believe
that this fragment was part of the training sequence”; for retrieval cues designated as new: 4
= “I believe that this fragment was not part of the training sequence”; 5 = “I’m fairly certain
that this fragment was not part of the training sequence”; 6 = “I’m certain that this fragment
was not part of the training sequence.” The scale was designed to maximise response distance
between old and new retrieval cues, and encourage participants to consider the scale in full.

Twelve six-element retrieval cues (starting from each ordinal position of the 12-
element SOC sequence for six consecutive locations) were generated from SOC1 and 12 six-
element recognition sequences were generated from SOC2 (see Table S3). These were
assigned as old and new retrieval cues in accordance with the counterbalancing described
earlier. For each old retrieval cue, the first predictable target occurred after 2.4 s (i.e., the
onset of the third target in each six-element sequence); correspondingly, the third stimulus
provided the first potential source of discrimination between the old and new retrieval cues
(i.e., on the basis that the non-conscious second-order conditional subsequences were all
unique to the trained SOC).

The non-conscious recognition memory test was implemented as a slow event-related
design (24.2 s for each trial), with variable inter-item lags between each trial to permit
efficient segregation of the hemodynamic responses. Manual key presses on one of four keys
mapped to the right hand were used to indicate the number of LDT targets presented on the
immediately preceding block of trials, during the 30 s count period between blocks of trials.
The mapping was implemented to minimise and equate key presses, as far as possible, across
each response period. Manual responses were recorded using a fibre optic Lumina Response
Pad (LU444-RH, Cedrus Corporation, San Pedro, USA) connected to a PC running E-Prime
Pro.

There are two remarkable features of this recognition test. First, the monocular spatial
information necessary to distinguish old retrieval cues (e.g., 3-4-1-2-4-3) from new retrieval
cues (e.g., 1-4-3-2-4-1) was not available to visual awareness (as confirmed by signal
detection theory based analyses of performance conducted on the results from the location
awareness test, which was administered after the recognition test). Second, the old and new
retrieval cues were both perceived in the same binocular serial order. In particular, for the
two example sequences, old and new retrieval cues were perceived as the same, L-R-L-R-R-
L, binocular sequence, and so differed only in terms of the masked serial order of the
respective old and new second-order conditional sequences (Table S3).



An additional important consequence of matching the structural properties of the old
and new retrieval cues — i.e., simple frequency of location, laterality, first-order transition
frequency, reversal frequency, presence of second-order conditional serial dependencies and
rate of full coverage of the four locations — is that it provided an effective basis on which to
study neural and behavioural effects related to recognition under conditions that did not
reflect 'old'/new’ differences in the spatial allocation of attention or low-level old-new
differences, such as laterality at the eye-of-origin. As an example of the latter, for old and
new retrieval cues perceived as, L-R-L-R-R-L, the underlying non-conscious old sequence —
3-4-1-2-4-3 — and new sequence — 1-4-3-2-4-1 — were equated in terms of laterality from each
eye-of-origin (3 positions from the left eye-of-origin; 3 positions from the right eye-of-
origin).

To summarise, this setup allowed us to base the non-conscious recognition test on a
contrast between the studied non-conscious sequence and an non-studied/untrained non-
conscious (second-order conditional) sequence that was equated in terms of the perceived
serial order and all other structural dimensions of the sequence, apart from the four-location
monocular serial order of the non-conscious second-order conditional retrieval cues. The
number and six-element format of retrieval cues corresponds with established studies of
sequence learning based on the use of a visible 12-element SOC [e.g., S8]. Hence, the
recognition memory test assessed observers’ sensitivity to the non-conscious second-order
conditional properties acquired during the dichoptic sequence learning phase.

Location Awareness Test (LAT)

Visual targets were viewed through the prism-based stereoscopic setup inside the
scanner, in the same way as during the dichoptic sequence learning and recognition test
phases. The mapping between monocular targets and their appearance at the two perceived
locations was explained to the participants in order to encourage accurate trial-by-trial
forced-choice responses, and improve sensitivity to even partial knowledge of the location of
the monocular stimuli, because this could serve as a basis for accurate detection of the
location of each monocular stimulus. Forced-choice responses were performed for targets
that appeared within the left binocular location (i.e., choose between masked locations 1 and
3) and for targets that appeared at the right binocular location (i.e., choose between masked
locations 2 and 4). Targets remained on screen until a manual response was entered on the
response pad, and were separated by a 200 ms ISI. Two blocks of forced-choice probe trials
were used to test perceptual sensitivity at all four monocular locations on each block; all four
monocular locations were represented equally on the LAT.

An inability to identify masked locations provided evidence that the locations of
stimuli presented at the four monocular locations — and thus information necessary to
consciously learn the SOC associations specific across eye-of-origin — were masked from
visual awareness. More generally, for a 12-element SOC, such location information would
need to be continuously available at each of the four monocular locations in order for the
sequence to be learned in the same way as on a standard serial reaction time task, which is
typically used to investigate conventional somatomotor "implicit" sequence learning at four
visible locations [e.g., S9, S10, S11].

Functional MRI localizer for monocular locations



All participants also underwent an fMRI-based localiser scan to identify voxels in the
early visual cortex associated with stimulus input at the monocular locations, used to present
the sequences on the separate learning and recognition tests. Participants were informed that
four blocks of trials (50 trials/block, randomised) would be presented, and targets would
appear at a single monocular location during each block (200 ms ISI). Participants were
encouraged to keep their eyes fixated at the center of the placeholder, and their heads were
fixed in position with bilateral bracing with soft foam pads, as in all other stages of the
experiment. Participants were also instructed to perform the LDT counting task and respond
with a value in the same way as during the response period after each block of stimuli. The
LDT counting task was used to ensure that participants attended to the stimuli at each single
monocular location. Blocks were separated by a 30 s response period to allow a cumulative
value on the LDT counting task to be entered.

Behavioural Eyve Tracking Control Experiment: Eyve movements during dichoptic
sequence learning

To assess the role of voluntary (which countermanded the instruction to fixate) and
involuntary eye movements, we conducted a separate behavioural experiment in which eye
movements were recorded from both eyes using an infrared eye tracker, at a sampling
frequency of 1kHZ and 12 bits resolution (Jazz Novo multisensor eye tracker, Ober
Consulting; spatial resolution: 0.1°). Participants were asked to maintain central fixation in
order to discourage voluntary eye movements. The experimental design was the same as
used in the dichoptic fMRI experiment. The eye tracker was calibrated to each participant at
the start of the learning and test phases. Visual fixation was assessed by calculating the
frequency of eye movements (saccades) outside of central fixation (>1°), using a minimum
velocity criterion of 30 degrees per second. Analysis was carried out using Jazz Manager
(Ober Consulting).

Direction of saccades and relationship to the two-location perceived sequence and
monocular four-location non-conscious sequence: Eye Movement Analyses

The criteria used to mark the onset and offset of conjugate saccades are similar to
those used by other studies [S12]. The onset of the saccade was defined as the time when the
eye velocity exceeded 5% of the peak saccadic velocity and the offset was defined as the
point at which eye velocity dropped below 100/s. Eye movements with latencies longer than
1000 ms along with express eye movements with very short latencies (< 80 ms) were also
rejected.

fMRI control experiment: Experimental procedures

Participants

Seventeen undergraduate students were recruited (mean age of 23+2 years; nine
female). All participants gave informed written consent to take part in accordance with the
terms of approval granted by the local research ethics committee, the principles expressed in
the Declaration of Helsinki, and were naive to the purpose of the study. All participants
reported normal or corrected-to-normal vision, no history of neurological disease, and no
other contraindications for MRI.

Methods



In the control fMRI study, four fixed sequence locations were available to visual
awareness and were presented using the same MRI-compatible display system as described
below for the main study; hence, dichoptic masking was not used. The experiment was
designed to test for commonalities and differences in the learning-related effect, as measured
by the high-level contrast between structured and pseudorandom blocks, described in the
main text and below, in relation to the analyses of the learning phase. In line with the
dichoptic learning protocol, there were three training runs, with an identical arrangement of
structured and pseudorandom sequences (see below). The only difference was that learning
runs comprised 356 volumes, and each structured and pseudorandom block lasted for 60
seconds. In keeping with to the dichoptic learning protocol, participants were exposed to a
repeating 12-element second-order conditional visuospatial sequence displayed at four visible
locations (SOC sequences were counterbalanced, and based on the same serial order as
described below in the dichoptic learning protocol). Participants were instructed to count the
number of trials with a large diameter target in order to ensure that attention was sustained to
the visible sequence of stimuli. All parameters of the LDT task were the same as on the
dichoptic sequence learning protocol. Observers were also directed to maintain central
fixation, and eye movements were monitored during scanning to ensure adherence to the
instruction to maintain fixation (XY MRI Oculomotor, Ober Consulting). Infrared reflectance
was digitized at 12-bit resolution. Acquisition rate was 250Hz. Minimum resolution in both
vertical and horizontal was 0.1 degree. Linearity was assured for 15°. The eye tracker was
calibrated before each run at fixation (central position) and 8 eccentric points. Analyses of
eye position showed that participants did not saccade to the target locations of the visible
sequence (mean = 2.3, saccades/block of trials). Hence, the learning protocols with and
without dichoptic masking were equated in terms excluding eye movements that coincided
with the structure of the SOC visuospatial sequence, and manual responses were not
performed in relation visuospatial sequence.

Functional and structural MRI data acquisition

Functional MRI series were acquired using a 3.0-Tesla scanner fitted with a 32-
channel head coil (Siemens, Verio, Erlangen, Germany) in the main study and fMRI control
experiment. The first two runs of the learning phase consisted of 504 volumes, whereas run 3
consisted of 600 volumes due to the additional sequence block. Three hundred volumes were
acquired on the recognition test and 250 volumes were acquired on the functional localiser.

Functional volumes consisted of multi-slice T2*-weighted echoplanar images (EPI)
with blood oxygenation level dependent (BOLD) contrast. We used the following scanning
parameters to achieve whole brain coverage: TR = 2500 ms, TE = 30 ms, 39 coronal slices, 3
mm slice thickness, 0% interslice gap, and FoV = 220 x 220 mm. The resulting voxel size
was 3.0 x 3.0 x 3.0 mm. To facilitate anatomical localization and cross-participant alignment,
a high-resolution whole-brain structural T1-weighted three-dimensional magnetization-
prepared rapid gradient echo (MP-RAGE) scan was acquired for each participant after the
EPI imaging (176 sagittal slices TR = 1900 ms, TE = 2.48 ms, FoV= 250 x 250 mm, voxel
size=1.0x 1.0 x 1.0 mm).

fMRI Image Preprocessing

Image preprocessing and statistical analysis of whole-brain fMRI data were carried
out using FEAT (FMRI Expert Analysis Tool; version 5.98), part of the FSL. (FMRIB



software library, version 5) [S13]. The Brain Extraction Tool (BET) was used to segment
brain matter from non-brain [S14]. The first 6 volumes of each run of the behavioural tasks
were discarded to allow for magnetic saturation effects/MR signal stabilization. Image pre-
processing involved realignment of EPI images to remove the effects of movement between
scans using MCFLIRT [S15], spatial smoothing using a 6-mm full-width-half-maximum
Gaussian kernel, pre-whitening using FILM and high-pass filter with a cut-off frequency of
1/100 Hz. Translational movement parameters did not exceed 1 voxel in any direction for any
participant or session. Images were registered to the high-resolution structural image (7
degrees of freedom) and then the standard MNI152 template, using affine registration (12
degrees of freedom) [S15]. Statistical analyses were performed in the native image space,
with the statistical maps normalized to the standard space prior to higher-level analysis.

fMRI Statistical Analyses

Dichoptic sequence learning phase

The learning data were analyzed using voxel-wise time series analysis within the
framework of the General Linear Model (GLM). First-level general linear model analyses for
each individual run were performed with the following explanatory variables (EVs) along
with their temporal derivatives: sequence (structured) blocks and baseline (unstructured,
pseudorandom) blocks, using the FILM module of FSL with local autocorrelation correction
[S16]. The design matrix was generated with a synthetic hemodynamic response function
modeled as a double gamma function.

Sequence blocks were modeled in chunks of 48 trials (i.e., S and Sg) for the
purposes of contrast with pseudorandom baseline blocks (48 trials); the value was selected as
a multiple of 12-element unit of SOC sequence that allowed the number of trials on sequence
blocks to be equated with the baseline blocks. A 30 s interval associated with the response
period on the LDT counting task followed each sequence and baseline block. We performed
within-subject cross run (fixed-effects) analyses testing for two separate linear contrasts
(indicated by the bold text and underlined letter of the 48 trial chunk below) performed on the
first-level parameter estimates: one based on corresponding chunks of sequence blocks across
the three runs of the learning phase (i.e., run 1 [Sag Sas R Sas R Sas] <run 2 [Sag SasR Sas
R Sas] <run 3 [Sag SasR SasR Sas Sag]); the other examined the reciprocal contrast (i.e.,
1 0 -1). Each EV specified the onset and duration of each chunk block. The output of these
linear contrasts across the three learning runs (e.g., -1 0 1) was fed into a mixed-effects model
for whole-brain group analysis, using FLAME (Local Analysis of Mixed Effect) stage 1 and
2 [S17, S18], testing for consistent learning effects across participants. Group Z
(Gaussianized T) statistic images were thresholded using clusters determined by Z> 2.3 and a
corrected cluster extent significance threshold of p = 0.05, using Gaussian Random Field
Theory.

It is important to note that because the pseudorandom baseline sequences were visibly
different (i.e., at the perceived conscious level) from the repeating structured (second-order
conditional) non-conscious sequence, the contrast of BOLD responses between structured
and blocks pseudorandom during learning could reflect recognition of the difference in the
perceived serial order, rather than sensitivity to the structured non-conscious sequence, per
se. Therefore, in order to directly compare the learning effect of the structured sequence
relative to the pseudorandom baseline, we used the following mass-univariate approach.



We computed within-run statistical maps that were expected to be sensitive to the
nature of structured and pseudorandom sequences. Hence, we derived brain maps for the
repetition of the structured sequence (i.e. S3>S4: [S1-S2-R1-S3-R2-S4]) on each of the three
training runs. Correspondingly, we derived separate brain maps for the repetition of the
pseudorandom sequence during a run (i.e. R1>R2: [S1-S2-R1-S3-R2-S4]) on each of the
three training runs. The respective within-run estimates for the structured and for the
pseudorandom sequences were submitted separately to across-run within-subjects fixed
effects analyses, testing for linear modulations across the three training runs. Finally, we
performed a group-level paired t-test to assess which brain regions were associated with
increased training effects in the structured relative to the pseudorandom sequence (and vice
versa).

Notably, unlike the recognition test, attention could have acted as an enabling
condition during the learning phase, because participants could have allocated attentional
resources to the perceived L-R positions in a different manner when encountering the
pseudorandom blocks interspersed amongst the repeating non-conscious structured sequence
blocks. Therefore, this analysis allows for the direct comparison of the learning effects for
structured and pseudorandom sequences, while addressing the confound derived from fact
that the sequence types were perceptually different, because structured and pseudorandom
sequences were not directly compared at the lower-level of analysis (i.e., within a run).
Additional analyses to address this issue are presented in the main text.

Dichoptic non-conscious recognition memory test

The onsets of the old and new retrieval cues were modeled as explanatory variables in
the first-level analysis to estimate within-subject differences in BOLD responses. The
duration of these EVs corresponded to the duration of each stimulus sequence (retrieval cues)
plus the 8 s period assigned for an 'old'/new" trial. Given that the retrieval cues had a long
duration (7.2 seconds), alongside the need to provide exposure to at least two stimuli to
enable the first SOC triplet to be recognised, with recognition of additional SOC triplets
triggered by further individual stimuli [S8], and masking of the salient information from
visual awareness, we elected to include the old/new response period in the model because
participants’ reflective processes during the old/new decision period may be relevant here to
guide non-conscious recognition memory.

Note that two regressors of no interest were also included in the design matrix to
control for variation in decision response time for the old/new response period and response
period associated with the confidence rating. Two contrasts of parameter estimates were
derived from the first-level analyses (old < new sequence: -1 1; old > new 1 -1), which were
subsequently submitted to a higher-level mixed effects model testing for consistent effects
across participants.

The mass-univariate analyses described above were also implemented on an
individual basis using V1 region-of-interest. Individual V1 masks were derived by combining
cortical activity maps in a functional localiser of the sequence locations (see below), with an
automatic estimate of the location of V1 from cortical folds that was obtained using
Freesurfer (http://surfer.nmr.mgh.harvard.edu/), following the method developed by Hinds
and colleagues [S19].

Functional MRI localizer for monocular locations



Each of the four monocular locations was modeled as separate EVs in the first-level
of the design matrix, along with the response period on the LDT counting task. We used
statistical contrasts for the difference in activity between the left and right monocular
locations and derived statistical maps of voxels for each individual. Finally, an individual V1
mask was derived from the intersection of voxels that exhibited activity on the functional
localiser and the V1 space delineated by Freesurfer.

Analyses of functional connectivity associated with non-conscious recognition memory

In order to assess whether functional connectivity between the hippocampus and V1
was modulated during the recognition test, we used a seed-voxel based approach based on
psychophysiological interactions (PPI) to identify signals of interest that would be missed in
standard subtraction based analyses. A mask of the hippocampus was drawn from the
responsive voxels in the old<new mass-univariate contrast, and this mask was used to define
the seed region’s time course for the PPI. We then estimated a model for each participant that
included psychological EVs for the onsets of old and new trials, EVs for the recognition and
confidence periods (as described above for the mass-univariate analysis), and, critically, for
the PPI model, a physiological regressor for the time course of the region-of-interest, and
psychological x physiological interaction EVs for the PPI. These new regressors were,
therefore, added to the previous first-level model for each participant/run. Parameter
estimates for old vs. new trials based on the PPI regressors were derived in a similar fashion
to the analyses outlined above (e.g., using both fixed-effects analysis across runs followed by
mixed-effect analysis across participants), which, here, directly compared the changes in
functional coupling associated with training. Given our a priori interests in primary visual
cortex, this analysis used a region-of-interest approach, with a target occipital mask.

Supplemental Results

Results of the LDT counting task

Mean accuracy in the LDT counting task during the sequence learning phase was
98.2% (S.E.M.= 0.83), and performance did not vary as a function of block type (sequence
vs. baseline) (F(1,17) < 0.1), or, across the learning phase (13 306y = 1.23, p = 0.24). These data
provide evidence of the ability of participants to sustain attention to the onset of targets at the
two perceived locations.

Results of post-learning phase awareness questionnaire

Immediately after the dichoptic learning phase, we administered a debriefing
questionnaire. Participants exhibited little or no knowledge about the sequence (M rating on
the awareness questionnaire = 1.5 [the sequence was “random”], S.E.M.=0.27), and the
knowledge expressed was not significantly different from random (=1) (#17) = 1.84, p>0.05).
These data are in agreement with the results from the LAT (see above, Section 1.1), and
demonstrate that ex post facto knowledge about even the overall basic structure of the
sequence was below subjective threshold.

Results of the signal-detection analyses of the non-conscious (dichoptic) recognition
memory test



A receiver-operating-characteristic (ROC) based analysis [S20, S21] was applied to
measure type-1 and type-2 sensitivity. In order to conduct the type-1 perceptual sensitivity
analyses (i.e., ability to distinguish stimuli), the 'signal’ and ‘noise” were defined as old and
new retrieval cues, respectively. A ‘hit’ was, therefore, a correct response (‘old’) to an old
trained (six-element sequence) retrieval cue and a ‘correct rejection” was a correct response
(‘new’) to a new untrained (six-element sequence) retrieval cue. A ‘false alarm’ was an
incorrect response (‘old’) to a new retrieval cue and a ‘miss’ was an incorrect response
(‘new’) to an old retrieval. To obtain the type-1 ROC curves, we plotted the probability of
hits as a function of the probability of false alarms for all possible decision criteria. The
different points in the ROC curve were obtained by calculating cumulative probabilities for
hits and false alarms along a recoded confidence continuum ranging from 3 (i.e., certain) to 1
(i.e.. least certain) in signal present trials (old retrieval cues), and from 3 (i.e., certain) to 1
(i.e., least certain) in noise trials (new retrieval cues). On the basis of simple geometry, we
computed the area under the ROC curve as a distribution-free measure of the discriminability
[S22].

In order to conduct the type-2 meta-d' sensitivity analyses, the area under the ROC
curve was calculated by plotting the cumulative probability of correct responses (either hit or
correct rejection) and the cumulative probability of incorrect responses (either false alarm or
miss) across the different levels of confidence. The area under the ROC curve was estimated
as distribution-free measure of metacognitive ability [S23]. Type-1 d' and meta-d' were
computed [S24]. Meta-d' is a parametric estimation of type-2 sensitivity predicted from the
type-1 signal detection theoretic (SDT) model, computed by fitting a type-1 SDT model to
the observed type-2 performance data and estimating the type-2 ROC curves. It corresponds
to the efficacy with which the observers’ confidence ratings discriminated between their own
correct and incorrect stimulus classifications. All data processing and analyses were
completed using R (version 3.2.2) [S25] and Matlab (The MathWorks Inc.).

The results are depicted in Figure S3, which includes plots of the area under the type-
1 and type-2 curves, including an illustration of the type-2 ROC and also type-1 d’ and type-2
meta d’ (see below). Table S1 (see above) shows the proportion of ‘old’/’new’ responses for
old(trained) and new(untrained) retrieval cues. Table S2 (see above) also shows the
proportion of responses for each confidence rating.

Results of the location awareness test (LAT).

All participants who took part in the fMRI study were administered the LAT on
completion of the dichoptic non-conscious recognition memory test. Performance on the
LAT was first assessed by calculating a measure of perceptual sensitivity, d' [S26]. Each
response was scored as follows: one of the responses (e.g., ‘1') was treated as signal present
and the other response (e.g., ‘3’) as signal absent. Thus, responding with ‘1’ to targets at
position 1 was labeled as a, hit, whereas responding with 1 to targets at position 3 was
recorded as a, false alarm. The same procedure was applied in the case of ‘right’ side
perceived targets at positions 2 and 4. In this way, we obtained the probability of hits — P(H)
— and false alarms — P(FA) — to calculate, d'".

There was no evidence of conscious access to the information that could support
accurate identification of the monocular locations, when the proportions of correct responses
were analyzed. In particular, participants were at chance (0.5) when identifying the locations
of monocular targets that appeared at locations 1 and 3 (i.e., location information in perceived



left targets; Mean (M) proportion correct responses = 0.48, S.E.M. = 0.02; £17)=-0.63, p =
0.53) and at locations 2 and 4 (i.e., location information in perceived right targets; M = 0.47,
S.EM. =0.02, t17,=-1.49, p = 0.15). These results are depicted in Figure S1. Repeated
measures t-tests indicated that sensitivity scores for perceived left targets (¢17)=-0.41, p =
0.68) and for perceived right targets (17 = 0.58, p = 0.57) did not differ from chance (d' = 0),
despite extensive perceptual training and information about the mapping between the four-
monocular locations and two perceived locations, before responding on the LAT.

In keeping with standard criteria for the absence of visual awareness, namely d’=0
[S27], the null sensitivity observed in the LAT indicates that observers could not identify the
monocular locations that specified the SOC sequence. This was predicted because our
experimental protocol provided continuous masking of the monocular sequence locations
through binocular fusion. Moreover, these data also broadly align with ceiling performance
on the LDT counting task, which provides an independent source of data regarding the
stability of binocular fusion inside the scanner, because ceiling performance is dependent on
stable fusion [S3, S4]. Finally, the results from the LAT also align with phenomenological
reports from the participants who consistently reported in the post-test debriefing and
dichoptic calibration sessions that two target locations were experienced in their visual field.

In a revised version of the LAT, inclusion of a confidence rating after each response
could be used to assess whether such ratings align with the null sensitivity found on
proportion correct and d'. Importantly, if confidence ratings or type-2 sensitivity were
diagnostic of item location in the presence of null d’, this would arguably be consistent with a
process that is dissociable from visual awareness [S28, S29], given that d' was null when
probing location information on the LAT. Such a pattern would indicate that non-conscious
coding of location information, as well as non-conscious coding of more complex (SOC)
associations, are both capable of yielding insight into higher-order non-conscious recognition
processes.

In summary, these results suggest that our dichoptic experimental protocol was
effective at masking the location information associated with the non-conscious sequence
from visual awareness, and, are consistent with our previous behavioural studies [S3, S4].

Results of the eye tracking control experiment

A separate control behavioural experiment was conducted to test whether eye
movements were associated with the non-conscious sequence. In the same way as in the main
fMRI experiment, participants were instructed to maintain central fixation, and did not
perform manual responses during the dichoptic learning and test phases. We examined
whether the structure of voluntary and involuntary motor responses (eye movements that
violate the instruction to fixate) were correlated with the non-conscious visuospatial sequence
specified at the four masked monocular locations or with the visible two-location sequence
appearing at the two perceived locations. This question was highly relevant to understanding
whether dichoptic sequence learning protocol did, in fact, operate in the absence motor-based
learning mechanisms. Notably, the results from the eye movement data cannot exclude a role
for responses based on covert reorienting of visuospatial attention, because it remains
conceivable that the structure of covert reorienting of visuospatial attention coincided with
the perceived or masked visuospatial sequence. Future studies based on analyses of the
structure of microsaccades during dichoptic presentation may provide further insight into this
issue [S4, S30].



The results demonstrated that participants' maintained visual fixation. Even when
involuntary eye movements occurred (despite the instruction to fixate), their direction, and,
thus structure, was uncorrelated with the structure of the perceived two-location sequence or
with the non-conscious sequence presented at the four monocular locations. The frequency of
saccades (i.e., eye movements that violated the instruction to maintain central fixation) during
the learning phase did not differ as a function of run or block type (repeated measures
ANOVA, p=0.9, and, p=0.89, respectively), and there was no significant interaction between
run and block (F<1). These results rule out the possibility that the reported learning effects
were caused by differences in eye movements between sequence and baseline blocks.
Furthermore, neither the direction of saccades and appearance of stimuli at the four
monocular locations, nor, the appearance at the two perceived locations were significant
correlated (monocular: 7=0.13, p>0.05; perceived: =0.05, p>0.05). Therefore, the results
from this proxy for the allocation of attention, based on the recording eye movements during
dichoptic presentation [S31], suggest that sequence learning in our paradigm operated
without motor learning based mechanisms, because motor responses were uncorrelated with
the structure of the four-location non-conscious or two-location perceived visuospatial
sequence.
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