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Abstract

Stein and colleagues argue there is no yet conclusive evidence for nonconscious working memory (WM) and that is critical
to probe WM while ensuring null sensitivity to memory cues. While this stringent approach reduces the likelihood of non-
conscious signaling for WM, we discuss existing work meeting this null sensitivity criteria, and, related work on noncon-
scious cognition in keeping with WM/awareness dissociations on the basis of a functional operational definition of WM.
Further, because it is likely that WM is a nonunitary functional construct and visual awareness a gradual phenomenon, we
propose that delineating the neural mechanisms for distinct WM types across different levels of awareness may prove the
most fruitful approach for understanding the interplay between WM and consciousness.
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Stein et al. (2016) point out methodological hurdles in assessing
the scope of working memory (WM) operations over noncon-
scious input, and more generally, to bolster alternative views
that WM and awareness may be dissociable. Stein et al. argue
that it is paramount to use bias-free objective sensitivity mea-
sures and ensure that observers have null sensitivity of the
memory cues (i.e. d’ ¼ 0). Stein et al. rightly point out that the ob-
jective sensitivity measure used in prior studies of nonconscious
WM (Soto et al. 2011; Dutta et al. 2014) was influenced by the indi-
vidual decision bias in reporting (un)awareness, and therefore
was not a pure sensitivity measure but rather a pseudo-d’. The
reason for this was that these studies of nonconscious WM
aimed to compute a sensitivity measure specific for the trials
rated as subjectively unaware (i.e. using the proportion of un-
aware trials on trials without memory cue as performance hits).
Most notably, these initial studies on nonconscious WM were
not set to dissociate WM from null sensitivity to the presence of

the memory cue, but to explore dissociations between WM per-
formance and subjective measures of awareness, which, accord-
ing to recent approaches are the most relevant proxy to
conscious experience (e.g. Sandberg et al. 2010). Signal detection
theory (STD)-based sensitivity indices of stimulus processing are
excellent measures of performance. But these may not be diag-
nostic of the state of awareness, because a given level of sensi-
tivity (i.e. d’ ¼ 1) may reflect both nonconscious and conscious
processes, hence likely overestimating conscious perception
(Persaud et al. 2007; Dehaene and Changeux 2011; though see
Peters and Lau 2015). Further, it turns out that at least in detec-
tion tasks, SDT analyses cannot distinguish between sensitivity
and decision bias effects (Witt et al. 2015), which is to say that de-
cision criteria can reflect actual conscious perception rather
than mere response biases. There are grounds therefore to cast
doubt on the utility of focusing exclusively on sensitivity mea-
sures in the study of visual awareness. We also note that
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Soto et al. (2011) found no correlation between individual percep-
tual sensitivity of cue and the level of WM performance; but note
this correlation is clearly expected if WM performance was cou-
pled with cue sensitivity. A reanalyses of the data from Soto et al.
(2011) using the bias-free sensitivity approach proposed by Stein
et al. (2016) confirmed again the absence of correlation between
cue sensitivity and individual WM performance (Pearson’s corre-
lation: �0.24, t ¼ �1.08, P < 0.29). Further, it is noted that the
mean pseudo-d’ in Soto et al. (2011) was 0.311 while the d’ calcu-
lated following the Stein et al. procedure is 0.454; both were
highly correlated (Pearson’s coefficient: 0. 891, P < 0.0001).
However, this absence of correlation between WM performance
and cue sensitivity is not strong evidence of absence and hence
this issue needs to be systematically assessed by high-powered
interindividual differences paradigms and within-subject reli-
ability tests across multiple sessions.

Stein et al. (2016) also note that the above findings from Soto
et al. (2011) could be instead accounted by the operation of per-
ceptual (rather than WM) processes, wherein observers use a
nonconscious or weakly conscious perceptual representations
of the masked cue to make a conscious guess which is then
held in WM during the delay period. Note this account would
also predict a tight interindividual correlation between cue sen-
sitivity and WM performance as better cue sensitivity should
elicit conscious guesses of higher fidelity. We agree with Stein
et al. that evidence of successful WM given null sensitivity of
memory cues would strongly support the view that WM can op-
erate on nonconscious representations. Notably, however, there
are a couple of studies meeting this stringent criteria. Pan et al.
(2014) asked participants to keep in WM a face cue, which could
be conscious or nonconscious (i.e. a 10-ms masked cued associ-
ated with null detection d’ using the bias-free objective sensitiv-
ity measure proposed by Stein et al. 2016). There followed a
dichoptic display composed of colored Mondrian-like patterns
to one eye, which masked from awareness the information pre-
sented in the other eye (i.e. continuous flash suppression;
Tsuchiya and Koch 2005). The contrast of the face in the “sup-
pressed” eye ramped up gradually and participants had to de-
tect its location. Reaction times were faster when the target face
in the suppressed eye matched the initial cue held in WM, rela-
tive to the nonmatch baseline. Memory biases of awareness
were driven from both conscious and nonconscious cues, but
only when participants were instructed to retain the cues in
WM for a later recognition test, and not when participants at-
tended the face cues without memory maintenance require-
ments; hence ruling out priming accounts of the memory effect
(Soto et al. 2008). Thereby, these findings suggest that noncon-
scious cues were held in WM in order to boost awareness of a
matching face during flash suppression.

Additional relevant evidence comes from recent work by
Rosenthal and colleagues (2010, 2016) using a visuospatial
learning protocol in which a complex sequence of targets oc-
curred repeatedly across four placeholders (i.e. locations 1-2-3-
4). The sequence (i.e. 3 4 2 3 1 2 1 4 3 2 4 1) was based on a 12-ele-
ment second-order conditional rule. There were 4 monocular
placeholders: 1 and 2 were presented to the left eye, while 3 and
4 were presented to the right eye by means of stereoscopic pre-
sentation. This triggered binocular fusion of the 4 monocular
placeholders from left and right eyes, leading to conscious per-
ception of 2 placeholders only. Hence the four monocular loca-
tions in which the sequence was embedded were continuously
masked from visual awareness. Following the study phase, se-
quence knowledge was assessed by means of a surprise old/
new recognition test composed of trained (old) and untrained

(new) recognition sequences, which critically differed only at
the level of the (masked) monocular sequential order but were
otherwise identical when viewed at a conscious binocular level.
While participants could not perceive the monocular locations
of the sequence, as confirmed by the null sensitivity in forced-
choice location discrimination tests, performance in the recog-
nition memory test revealed that nevertheless the sequence
was learnt. In particular, memory confidence was higher for old
(trained) than for new sequences during recognition. These re-
sults demonstrate successful acquisition of nonconscious
higher-order sequence knowledge and later recognition without
awareness. Crucially, in order to learn the spatiotemporal serial
order of the 12-element sequence of targets, spatial information
had to be maintained and integrated across several seconds,
which is in keeping with the operational definition of WM. The
learned sequences also biased other cognitive processes,
namely, later memory-guided behavior and retrieval in the sub-
sequent recognition test, which also involves the interplay be-
tween WM and long-term memory systems (Baddeley 2003).

The above evidence for WM operations on nonconscious in-
put also aligns with other evidence that higher-order cognitive
processes such as executive control during conflict (van Gaal
et al. 2012), arithmetic computations (Ric and Muller 2012), and
sentence processing (Sklar et al. 2012) can be performed on in-
formation that is nonconscious, confirmed also by stringent
tests of perceptual sensitivity. Functional operations involved
in executive control, arithmetic and processing of sentences
(e.g. during reading) are also within the functional operational
definition of WM.

Stein et al. argue that it is difficult to imagine a situation in
which we are not consciously aware of the stimuli that enter
WM. However, masked distracters that go undetected can
nevertheless enter WM and modulate the fidelity of the repre-
sentations that are consciously maintained in WM (Silvanto
and Soto 2012). There are also demonstrations that conscious
awareness of WM content does not accurately track the fidel-
ity of WM contents (Bona et al. 2013), indicating that the phe-
nomenology of WM does not always reflect the actual WM
content. There are thus several lines of evidence which, taken
together, lead to a theoretical reevaluation of the putatively
close link between consciousness and WM (Soto and Silvanto
2014).

By no account, however, experimental data supporting a dis-
sociation between WM processes and conscious awareness
should be strictly taken to suggest that WM and conscious
awareness are independent cognitive systems, but that they
can be partially segregated in different contexts. Because WM is
a nonunitary psychological construct, the distinct WM types
may relate differently to conscious awareness, also, considering
that awareness is likely not an all or none phenomenon
(Kouider et al. 2010; Windey et al. 2014) and may be best con-
ceived as a gradual property. There are at least a few neural
mechanisms for WM functions, including: synaptic mecha-
nisms for information maintenance (i.e. through calcium kinet-
ics in task-relevant neural substrates) (Mongillo et al. 2008),
persistent neural firing (Sreenivasan et al. 2014), and oscillatory
network coherence (Palva and Palva 2012). One could hypothe-
size that persistent neural activity could reflect the conscious use
of memory contents for cognitive control, conscious reflection,
or manipulation of relevant memoranda. Synaptic memory
mechanisms or specific states of functional connectivity (e.g.
frequency-specific network coherence), on the other hand, can
provide alternative (silent) coding scheme for WM in the ab-
sence of persistent neural firing (cf. Stokes 2015), which could
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support the maintenance of “nonconscious” information over
short periods of time. The expression of these neural mecha-
nisms for WM and how they relate to awareness is also likely to
be modulated by the complexity of the information and/or the
computations required to solve the task. Hence, it is unlikely
there is a binary response to the question of whether WM can
operate outside awareness.

In summary, the development of new psychophysical proto-
cols to probe WM processes stemming from cues associated
with null sensitivity may be useful but, notably, constraints due
to weakening the cue signal may only reduce the likelihood of
nonconscious signaling for WM and hence little WM effects on
behavioral measures. We believe that a more fruitful avenue for
future research is to take the subjective reports of awareness at
face value and test the neural differentiation of WM processes
across the different states of (un)awareness, while considering
the diversity of WM types, task contexts, and object-level do-
mains in which WM and awareness operate. In this vein, a re-
cent MEG study combined the nonconscious WM paradigm
from Soto et al. (2011) with cutting edge decoding analyses to
track moment-to-moment changes in the neural representa-
tions of conscious and nonconscious memoranda and demon-
strate the existence of qualitatively distinct, selective
mechanisms for keeping information in WM across different
states of (un)awareness (King et al. 2016).

Acknowledgements

D.S. acknowledges financial support from the Spanish
Ministry of Economy and Competitiveness, through the
“Severo Ochoa” Programme for Centres/Units of Excellence
in R&D” (SEV-2015-490).

Conflict of interest statement. None declared.

References
Baddeley A. Working memory: looking back and looking for-

ward. Nat Rev Neurosci 2003;4:829–39.
Bona S, Cattaneo Z, Vecchi T et al. Metacognition of visual short-

term memory: dissociation between objective and subjective
components of VSTM. Front Psychol 2013;4:62.

Dehaene S, Changeux JP. Experimental and theoretical
approaches to conscious processing. Neuron 2011;70:200–27.

Dutta A, Shah K, Silvanto J et al. Neural basis of non-conscious
visual working memory. Neuroimage 2014;91:336–43.

King JR, Pescetelli N, Dehaene S. Selective maintenance mecha-
nisms of seen and unseen sensory features in the human
brain. Biorxiv 2016, 040030v1.

Kouider S, de Gardelle V, Sackur J et al. How rich is conscious-
ness? The partial awareness hypothesis. Trends Cogn Sci
2010;14:301–7.

Mongillo G, Barak O, Tsodyks M. Synaptic theory of working
memory. Science 2008;319:1543–6.

Palva S, Palva JM. Discovering oscillatory interaction networks
with M/EEG: challenges and breakthroughs. Trends Cogn Sci
2012;16:219–30.

Pan Y, Lin B, Zhao Y, et al. Working memory biasing of visual
perception without awareness. Atten Percept Psychophys
2014;76:2051–62.

Persaud N, McLeod P, Cowey A. Post-decision wagering objec-
tively measures awareness. Nat Neurosci 2007;10:257–61.

Peters MAK, Lau H. Human observers have optimal introspective
access to perceptual processes even for visually masked stim-
uli. eLife 2015;4.

Ric F, Muller D. Unconscious addition: when we unconsciously
initiate and follow arithmetic rules. J Exp Psychol Gen
2012;141:222–6.

Rosenthal CR, Kennard C, Soto D. Visuospatial sequence learn-
ing without seeing. PLoS One 2010;5:e11906.

Rosenthal CR, Andrews SK, Antoniades CA, et al. Learning and
recognition of a non-conscious sequence of events in human
primary visual cortex. Curr Biol 2016;26:834–41.

Sandberg K, Timmermans B, Overgaard M, et al. Measuring con-
sciousness: is one measure better than the other? Conscious
Cogn 2010;19:1069–78.

Silvanto J, Soto D. Causal evidence for subliminal percept-to-
memory interference in early visual cortex. Neuroimage
2012;59:840–5.

Sklar AY, Levy N, Goldstein A et al. Reading and doing arithmetic
nonconsciously. Proc Natl Acad Sci USA 2012;109:19614–9.

Soto D, Hodsoll J, Rotshtein P et al. Automatic guidance of atten-
tion from working memory. Trends Cogn Sci 2008;12:342–8.

Soto D, Mantyla T, Silvanto J. Working memory without con-
sciousness. Curr Biol 2011;21:R912–3.

Soto D, Silvanto J. Reappraising the relationship between work-
ing memory and conscious awareness. Trends Cogn Sci
2014;18:520–25.

Sreenivasan KK, Curtis CE, D’esposito M. Revisiting the role of
persistent neural activity during working memory. Trends Cogn
Sci 2014;18:82–89.

Stein T, Kaiser D, Hesselmann G. Can working memory be non-
conscious? Neurosci Conscious 2016;2016:niv011.

Stokes MG. “Activity-silent” working memory in prefrontal cor-
tex: a dynamic coding framework. Trends Cogn Sci
2015;19:394–405.

Tsuchiya N, Koch C. Continuous flash suppression reduces nega-
tive afterimages. Nat Neurosci 2005;8:1096–101.

van Gaal S, de Lange FP, Cohen MX. The role of consciousness in
cognitive control and decision making. Front Hum Neurosci
2012;6:121.

Windey B, Vermeiren A, Atas A et al. The graded and dichoto-
mous nature of visual awareness. Philos Trans R Soc B Biol Sci
2014;369:20130282. 20130282.

Witt JK, Taylor JET, Sugovic M, et al. Signal detection measures
cannot distinguish perceptual biases from response biases.
Perception 2015;44:289–300.

Is conscious awareness needed for all working memory processes? | 3


