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a b s t r a c t
Although it is well accepted that working memory (WM) is intimately related to consciousness, little research has illuminated the liaison between the two phenomena. To investigate
this under-explored nexus, we used an imagery monitoring task to investigate the subjective aspects of WM performance. Speciﬁcally, in two experiments, we examined the effects
on consciousness of (a) holding in mind information having a low versus high memory
load, and (b) holding memoranda in mind during the presentation of distractors (e.g., visual
stimuli associated with a response incompatible with that of the memoranda). Higher rates
of rehearsal (conscious imagery) occurred in the high load and distractor conditions than in
comparable control conditions. Examination of the temporal properties of the rehearsalbased imagery revealed that, across subjects, imagery events occurred evenly throughout
the delay. We hope that future variants of this new imagery monitoring task will reveal
additional insights about WM, consciousness, and action control.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
Perhaps no mental operation is as consistently coupled with conscious processing as is working memory (WM; Baddeley,
2007; LeDoux, 2008). (WM has been deﬁned as a temporary, capacity-limited storage system under attentional control that
is used to intentionally hold, and manipulate, information in mind; Baddeley, 1986, 2007.) It is obvious to the scientist and
nonscientist alike that when one tries to hold or manipulate information that is not furnished by the external world, one’s
conscious mind seems to be occupied almost entirely with the task at hand (James, 1890). For instance, when holding a tobe-dialed telephone number in mind (or gargling with mouthwash for 30 s), action-related mental imagery occupies one’s
conscious mind till the number is dialed (Paivio, 1979). While many sophisticated processes can be carried out unconsciously (see review of unconscious processing in Morsella & Bargh, 2011), WM performance tends to be a conscious phenomenon (but see Hassin, 2005).
Apart from these quotidian observations, and despite that theorists have long noted that WM is intimately related to conscious processing (Baddeley, 2007; Gray, 2004; LeDoux, 2008; Oberauer & Hein, 2012), little empirical research has illuminated the nexus between the two phenomena. To address this gap in the literature, our experimental project—involving
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novel paradigms, predictions, and dependent measures—serves as a ﬁrst step to investigate the interrelations between these
two multifaceted phenomena. Before describing our synthesis of the two areas of research and delineating our experimental
project, it is helpful to ﬁrst survey the challenges and advances associated with the study of the most complicated of the two
phenomena: conscious processing.
1.1. The nature of conscious processing
How events in the nervous system give rise to our subjective experiences—the experience of pain, of afterimages, or of
actively holding a telephone number in mind—remains one of the greatest puzzles in science (Roach, 2005). Subjective experience, also referred to as ‘sentience’ (Pinker, 1997), ‘phenomenal state’ (Tye, 1999), ‘qualia’ (Gray, 2004), and ‘consciousness
of the most basic kind’ (Chalmers, 1996; Merker, 2007), has perhaps been best deﬁned by the philosopher Thomas Nagel
(1974), who proposed that an organism possesses subjective experiences if there is something it is like to be that organism—something it is like, for example, to be human and experience pain, love, or breathlessness. Similarly, Block (1995)
claimed, ‘‘‘the phenomenally conscious aspect of a state is what it is like to be in that state’’’ (p. 227). The scientiﬁc enigma
of how consciousness stems from brain processes, often referred to as the ‘mind–body’ problem, the ‘explanatory gap’ (Levine, 1983), or the ‘hard problem’ of consciousness (Chalmers, 1995), is more intractable than what the non-specialist may
surmise. Regarding this puzzle, not only do researchers not have a clue regarding how subjective experience arises from the
nervous system, they do not even possess an inkling about how consciousness could arise from any set of real (or even hypothetical) circumstances (Godwin, Gazzaley, & Morsella, 2013). For this and other reasons (cf., Chalmers, 1996), some of the
greatest scientiﬁc minds, including Nobel Laureates Leon Cooper, Francis Crick, Gerald Edelman, Eric Kandel, and Charles
Sherrington, have concluded that the puzzle of consciousness may be the greatest mystery in science.
Over the last four decades, progress regarding this puzzle has stemmed from attempts to contrast conscious and unconscious processes in terms of their cognitive and neural correlates (e.g., Baars, 1988, 2002; Boly et al., 2011; Crick & Koch,
1995; Damasio, 1989; Dehaene & Naccache, 2001; Di Lollo, Enns, & Rensink, 2000; Doesburg, Green, McDonald, & Ward,
2009; Gray, 2004; Grossberg, 1999; Kinsbourne, 1996; Laureys, 2005; Libet, 2004; Logothetis & Schall, 1989; Merker,
2007; Morsella, 2005; Shallice, 1972; Wegner & Bargh, 1998). (For a review regarding the conclusions of this contrast, see
Godwin et al., 2013.) To examine this contrast, researchers have focused primarily on perceptual processing (cf., Crick &
Koch, 2003). This research has led to several insights about conscious processing (see review in Koch, 2004), including
the differences in the brain between supraliminal stimuli (i.e., stimuli that are consciously-perceptible) and subliminal stimuli (i.e., stimuli that are consciously-imperceptible; Dehaene & Naccache, 2001; Doesburg et al., 2009; Koch, 2004; Logothetis
& Schall, 1989; Roser & Gazzaniga, 2004); and the nature of the unconscious processes preceding the subjective experience
of a perceptual representation (Di Lollo et al., 2000; Goodhew, Dux, Lipp, & Visser, 2012). Together, this research has revealed
how, for example, an unconscious representation may become a conscious one. It has been determined that such a transition
is inﬂuenced by processes that (a) are ‘bottom-up’ (e.g., stimulus salience, motion, novelty, incentive and emotional quality,
etc.; Gazzaley & D’Esposito, 2007), (b) attentional (cf., Most, Scholl, Clifford, & Simons, 2005), (c) activation-dependent (i.e.,
how activated a representation is; Kinsbourne, 1996), or (d) associated with future tasks (Morsella, Ben-Zeev, Lanska, &
Bargh, 2010).
1.2. Limitation of current approaches
The majority of the paradigms employed to study consciousness (e.g., backward masking and binocular rivalry) involve
discrete events (e.g., the presentation of a stimulus) and punctate acts (e.g., pressing a button) that are executed quickly. In
such a scenario, minimal demands are made on WM. However, many forms of cognitive control and behavioral control (‘control,’ for short) in everyday life, such as holding one’s breath or the less dramatic example of gargling strong mouthwash for
30 s, are not ﬂeeting, short-lived events, but events that unfold over time and make demands on WM, by requiring one to
hold in mind intended action goals (e.g., to not expel the mouthwash before 30 s; Hommel & Elsner, 2009). In everyday life,
seldom is control driven wholly by representations activated only by external stimuli. Many controlled behaviors are guided
by representations that are generated internally (Miller, Galanter, & Pribram, 1960; Neisser, 1976).
One difference between representations that are activated by external stimuli and representations that are activated
internally is that the latter are usually more effortful (Farah, 2000). Accordingly, there is a performance beneﬁt of having
external stimuli sustain (or ‘scaffold’; Hoover & Richardson, 2008) the activation of internal representations. This notion
is consistent with research suggesting that mental control can be inﬂuenced by the external stimuli composing one’s current
environment (Levine, Morsella, & Bargh, 2007; Morsella & Miozzo, 2002). In such a situation, external stimuli can activate
action-related sets (Levine et al., 2007; Morsella, Larson, Zarolia, & Bargh, 2011) that can help participants hold information
in mind, making the world a kind of ‘external memory’ (O’Regan, 1992), to which some of the burden of mental control can
be relegated (Arkin, 1998; Brooks, 1991; Clark & Chalmers, 1998; Hoover & Richardson, 2008). Thus, perceptual stimuli arising from the external world (or from even one’s own body) can be used as cues that facilitate mental control and cognitive
processing more generally (Ballard, Hayhoe, Pook, & Rao, 1997; Goldin-Meadow, Nusbaum, Kelly, & Wagner, 2001; Morsella
& Krauss, 2004).
Thus, sustaining the activation of internally generated representations is an effortful process, requiring top-down activation to strengthen some mental contents (e.g., the action goal) over others (e.g., task-irrelevant stimulation). This process is a
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special case of ‘rehearsing’ (Johnson & Johnson, 2009), the executive component process in WM that maintains activation of a
just-seen or just-heard representation (Raye, Johnson, Mitchell, Greene, & Johnson, 2007). Speciﬁcally, rehearsing is a deliberate, controlled process of thinking of, or foregrounding, the representation of multiple contents (e.g., a telephone number)
or percepts repeatedly over a delay (Johnson & Johnson, 2009).
1.3. Working memory-based control
From our standpoint, many everyday cases of control are actually instances of WM-based control in which one effortfully
holds in mind an action goal (e.g., through rehearsal) while overcoming performance deﬁcits from interference. Speciﬁcally,
control often includes a delayed action phase, in which one keeps an action goal in mind but does not express it, as when
rehearsing a telephone number (Curtis & D’Esposito, 2003, 2009). This WM-related phase is then followed by an action production phase, in which the action goal is realized motorically (e.g., dialing the telephone number). Regarding the relationship
between consciousness and the delayed action phase, recent theoretical developments have revealed that WM during the
delay is intimately related to both consciousness and action control (Jordan, 1998, 2009; LeDoux, 2008; Oberauer & Hein,
2012), as is evident in the title of the book Working Memory, Thought, and Action (Baddeley, 2007), a synthesis of WM research by one of the pioneers of this area of study.
To our knowledge, Montague, Hillix, Kiess, and Harris (1970) were the ﬁrst to document participants’ subjective experience of covert rehearsal, by instructing participants to press a button every time they were ‘thinking’ about trigrams held in
mind while they completed a distractor task. Participants reported more covert rehearsal when incentivized to complete a
task, but rehearsal was not related to overall memory performance. Using the same button-pressing method, Kroll and Kellicut (1972) found that participants report more covert rehearsal while completing easier distractor tasks than while completing demanding distractor tasks. The authors concluded that the button-pressing subjective report of covert rehearsal
is a more accurate and sensitive measure of what participants were experiencing compared to indirect methods of altering
task difﬁculty and assuming participants’ increase in rehearsal follows suit. While this line of research laid the foundation for
the study of the subjective experience of WM processes, little research has since been conducted to document the subjective
aspects of WM performance.
1.4. Overview and overarching hypotheses
To begin to address this gap in the literature, we conducted a series of experiments to obtain subjective data regarding the
delayed action phase of WM-based control. Speciﬁcally, to investigate the nature of action-related mental imagery during
the delayed action phase of WM, we employed an imagery monitoring task, in which participants press a button whenever
they consciously rehearse the memoranda, in combination with interference paradigms.
When examining such subjective aspects of responding, the investigator has little choice but to rely on self-report measures, which bring with them well known shortcomings (see Section 4). Despite these limitations, substantial convergent
evidence from non-introspective measures corroborates participants’ reports about the occurrence of conscious mental content. For example, various neuroimaging studies have revealed that the occurrence of conscious content is coupled systematically with principled brain activations (Logothetis & Schall, 1989; Mason et al., 2007; McVay & Kane, 2010; Mitchell et al.,
2007; Wyland, Kelley, Macrae, Gordon, & Heatherton, 2003).
It is important to note that, because this is among the ﬁrst projects to investigate imagery during WM-based action control, we entertained only a few overarching hypotheses and focused more on collecting data that would begin to illuminate
this uncharted area of research. In addition to documenting the trial-by-trial subjective effects from our imagery monitoring
task and interference paradigms (an important corpus of data in its own right), we took the opportunity to examine the
hypothesis that, during the delay phase, participants rehearse the memoranda continuously in mind in order to perform
the task successfully. We refer to this hypothesis as the covert rehearsal hypothesis. By measuring the imagery rates that participants experienced during the delay phase, we examined this hypothesis in Studies 1 and 2. (See Section 4 for treatment of
alternative hypotheses.) More generally, we hypothesized that, for both studies, the subjective effects associated with WM
are systematic, measurable, reliable, and arise from WM processing in a principled fashion. We believe that the following
subjective data from this under-explored area of research can illuminate aspects of WM processing that may not be revealed
in traditional dependent measures such as response times or error rates (Etkin, Prater, Hoeft, Menon, & Schatzberg, 2010;
Morsella, Gray, Krieger, & Bargh, 2009).
2. Study 1
In Study 1, we investigated the amount of imagery during the delay phase of WM-based control. As mentioned above,
when holding a to-be-dialed telephone number in mind (or gargling with mouthwash for 30 s), action-related mental imagery occupies one’s conscious mind during the delayed action phase. In light of this quotidian phenomenon, we employed an
imagery monitoring task to assess the frequency of imagery during the delay phase. In a fully within-subjects design (trials
per participant = 60), participants were instructed to hold in mind memoranda (a series of numbers to be dialed) for a delay
(11 s) and to press a button during the delay whenever they experienced imagery about the memoranda. Based on the covert
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rehearsal hypothesis, our primary prediction was that, during the delay, participants will rehearse the memoranda continuously to perform the task successfully.
We also took the opportunity to evaluate some secondary predictions. First, we tested whether imagery varies as a function of how much information is held in mind. In the Low Load condition (trials per participant = 30), the series was composed of only two items; in the High Load condition (trials per participant = 30), the series was composed of three times
as many items (i.e., 6). (When designing the task, one of our aims was for the task to be somewhat challenging, to avoid ceiling effects in accuracy and ﬂoor effects in imagery rates.) Consistent with a load hypothesis, we predicted that the High Load
condition would be associated with the most imagery, perhaps because of the increased rates of covert rehearsal that such a
load demands: Simply put, the more that one has to hold in mind, presumably the more imagery there will be (Baddeley,
2007). We also examined the temporal dynamics (i.e., when the imagery occurs) of the imagery during the delay phase.
As this is among the ﬁrst attempts to examine the subjective aspects of the delay phase, we also took the opportunity to
include an established interference manipulation. Research has shown that being presented with irrelevant information (distractors) while holding information in mind can interfere with WM performance. In the well-established similarity effect
(Baddeley, 2007), for example, distractors that are similar to memoranda introduce more interference than do dissimilar distractors. This may be because the similarity between the memoranda and distractors renders the two kinds of stimuli more
confusable. With this in mind, during the delay in our paradigm, participants were presented via computer screen with the
images of distractors that, with respect to the memoranda, were similar (numbers) or dissimilar (letters). Based on this classic effect, the similarity hypothesis predicted that there would be the most imagery reported for the Similar condition, due,
perhaps, to increased rates of rehearsing in the face of interference. Because of the well-established nature of the similarity
effect, this was the strongest directional hypothesis of our project.
2.1. Method
2.1.1. Participants
San Francisco State University undergraduate students (n = 41) participated for course credit.
2.1.2. Stimuli and apparatus
All stimuli were presented on an Apple iMac computer monitor (50.8 cm) with a viewing distance of approximately
48 cm. Responses by participants were inputted by keyboard. Stimulus presentation was controlled by PsyScope software
(Cohen, MacWhinney, Flatt, & Provost, 1993). Target stimuli were either 2 or 6 single digits (0–9) that were presented in blue
in order to differentiate them from the distractors, which were presented in black. Each to-be-remembered target sequence
was comprised of either 2 or 6 blue digits that appeared simultaneously on screen. Each distractor set was comprised of
either digits (0–9) or letters (A–H, J) with the letter ‘‘I’’ removed because of its similarity to the number 1. All targets were
presented in the center of the screen and occupied less than 3 square cm.
2.1.3. Procedure
Participants were run individually. At the beginning of the session, participants were told that they would be presented
with an array of numbers in blue that, after a delay, had to be recalled at the end of each trial. Participants were instructed to
indicate whenever they experienced either auditory or visual imagery of the blue target digits during the delay. Participants
were given examples of mental imagery and what it means to have visual and auditory imagery. Regarding visual imagery,
the onscreen instructions stated, ‘‘‘Take a moment to imagine what a tree looks like; Take a moment to imagine what a car looks
like. You have just experienced an example of visual mental imagery.’’’ Regarding auditory imagery, participants read, ‘‘‘Without
saying it aloud, take a moment to imagine what the word ‘HOUSE’ sounds like. Take a moment to imagine what the word ‘FLOWER’
sounds like. You have just experienced an example of auditory mental imagery.’’’ Participants were informed that other digits or
letters would appear onscreen during the delay, but to press the button only in response to the occurrence of mental imagery
about the blue digits from the beginning of the trial.
Participants completed 4 practice trials before commencing the critical trials (n = 60). As illustrated in Fig. 1, during each
trial, a ﬁxation (+) would appear (500 ms) in the center of the screen to direct the participant’s visual attention. (Participants
were instructed to attend to the ﬁxation.) Following the ﬁxation, blue target digits appeared simultaneously, in random locations across the screen. (Trials varied by load: 2 digits for the Low Load, 6 digits for High Load.) We distributed the digits
randomly across the screen to minimize the use of ‘chunking’ strategies for memorizing the digits. The duration of the presentation of the array was proportional to the number of digits in the array, with 1-s of study time per item: For Low Load,
the duration was 2 s; for High Load, it was 6 s. After the presentation of the target digits, there was another ﬁxation (500 ms)
followed by 14 distractor items that were presented in the center of the screen sequentially, one immediately after the other
(each spanning 750 ms). Distractor items were either letters (Dissimilar condition) or digits (Similar condition). During this
time, participants indicated by pressing the space bar with their left hand each moment they experienced the memorandarelated imagery. Participants were instructed to, when not pressing the spacebar, rest their ﬁngers on, and maintain contact
with, the spacebar. The total delay span was 11 s. Finally, participants were asked to ‘‘‘enter all of the blue digits that you
remember from the beginning of the trial’’’ using the keypad on the right-side of the keyboard. We took care to make sure that
the keys that participants pressed to indicate imagery during the delay were different from those pressed to report the memoranda, so that participants would never be confused about which button to press and so that participants would not press
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Fig. 1. Schematic illustration of the time course of a sample trial from Study 1. Not drawn to scale.

the button indicating the experience of imagery when reporting the memoranda or vice versa. All 60 trials were presented
randomly. Target numbers and target locations were chosen randomly. Distractor items were chosen randomly and presented in random order.
The experimenter, who observed the entire experimental session, checked that this instruction was followed correctly on
each trial. To assess participants’ knowledge about the hypothesis at hand and verify aspects of their task performance, we
had participants ﬁll out a funneled debrieﬁng form (following the procedures detailed in Bargh & Chartrand, 2000) after
completing the critical trials. Speciﬁcally, participants were asked: (a) What did you think the purpose of this experiment
was? (b) What do you think the experiment was trying to study? (c) Did you have any goals or strategies used while completing
this experiment? If so, please brieﬂy describe them. (d) If you reported having any visual or auditory imagery (by pressing the
spacebar), please describe what you experienced. (e) If you experienced imagery (reported by pressing the spacebar), did you experience the imagery in brief moments or did you experience it in a sustained fashion (for example, experiencing the image UN-interrupted throughout the whole trial)? (f) Was there anything that interfered with your performance on the task? The data from two
participants were removed from analysis because the participants did not follow instructions. Of the remaining 39 participants, only one participant did not report experiencing any mental imagery during the delay. On the other hand, 38 of the
remaining 39 participants reported experiencing some memoranda-related mental imagery during the delay periods, thus
lending support to the rehearsal hypothesis. The proceeding analysis includes only those 38 participants who reported experiencing mental imagery at some point during the study.
2.2. Results
2.2.1. Error rates
Regarding trial-by-trial recall performance, the mean error rate per participant was .08 (SEM = .01). As revealed in Table 1,
Load had a main effect on error rates, F(1, 37) = 11.22, p = .0019, but Similarity had no effect, F(1, 37) = .20, p = .66; there was
no interaction between the two factors, p > .99. Similar to the ﬁndings of Montague et al. (1970), covert rehearsal rate was
not associated with accurate recall, F(1, 5) = 1.63, p = .257.

Table 1
Descriptive statistic for conditions of Study 1.
Condition

Low load, dissimilar (letters)
Low load, similar (numbers)
High load, dissimilar (letters)
High load, similar (numbers)

Error rates

Imagery rates

Mean

SEM

Mean

SEM

.04
.04
.12
.12

.01
.01
.03
.02

5.32
5.66
6.79
7.53

1.26
1.22
1.25
1.32
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2.2.2. Subjective measure: Imagery rates
The average number of times that participants pressed the spacebar to indicate imagery of the memoranda during the
delay phase per trial was 6.35 (SEM = 1.23). As revealed in Fig. 2, there was a main effect of Load on imagery,
F(1, 37) = 18.18, p = .0001 (g2P ¼ :33), in which more imagery was reported for High Load than Low Load. In addition, a trend
arose where similar distractors led to more covert rehearsal than did dissimilar distractors, F(1, 37) = 3.11, p = .0859
(g2P ¼ :08). There was no interaction between the Load and Similarity factors, F(1, 37) = 2.19, p = .15. Planned comparisons
revealed that all the contrasts between the four cells presented in Fig. 2 are signiﬁcant (ts > 2; ps < .05) except for the contrast between the two Low Load cells, that is, between Letters versus Numbers (see Table 1 for descriptive statistics). Our
pattern of results may be explained by a trending interaction, in which there is a ﬂoor effect for Similarity in the Low Load
condition, but a detectable effect of this factor in the High Load condition. Consistent with such an interpretation, for the
High Load condition, the effect arose in 26 out of 38 subjects, which would be signiﬁcant in a sign test, p = .034. In addition,
the planned comparisons between Similar and Dissimilar for the High Load condition revealed a signiﬁcant effect. However,
for the Low Load condition, the effect arose in 22 out of 38 subjects, which would be nonsigniﬁcant in a sign test, p = .42.
Future research can assess whether the present pattern of results reﬂects a weak interaction rather than a weak main effect
of Similarity. One could argue that, because the direction of the Similarity effect is well established in the literature, a directional test should have been adopted and implemented for this factor. It is worth noting that such a test would have revealed
a signiﬁcant main effect. Because the similarity effect had never been tested in the present paradigm, we believed that such a
test would be somewhat unconservative. Nevertheless, the present data should not be interpreted as being at odds with the
classic similarity effect.
See Figs. 3A and B for a schematic depiction of the temporal properties of the imagery events across two sample trials. To
further investigate these temporal properties, we divided the delay phase into three time spans (Beginning [0–3499 ms],
Middle 2 [3500–6999 ms], and End 3 [7000–10,500 ms]) and examined the rate of imagery as a function of segment. An ANOVA including this partitioning of the imagery data and the factors of Load and Similarity revealed no main effect of Span,
F(2, 74) = 2.10, p = .13 (g2P ¼ :05), a main effect of Load, F(1, 37) = 18.14, p = .0001 (g2P ¼ :33), a trending effect for Similarity,
F(1, 37) = 3.13, p = .085, (g2P ¼ :08), and no interactions among any factors, Fs < 2.2, ps > .14. Importantly, Fig. 4 reveals that
the pattern of results from the factors of Load and Similarity are comparable across the three time spans of the delay phase.
In a by-subject analysis, there was a signiﬁcant correlation between imagery in the two Load conditions, r = .95, Fisher’s r to
z, p < .0001. This was the only correlation of note involving imagery rate and the other dependent measures.
Consistent with the imagery rate data, in response to the funneled debrieﬁng question, ‘‘‘If you experienced imagery (reported by pressing the spacebar), did you experience the imagery in brief moments or did you experience it in a sustained
fashion (for example, experiencing the image UN-interrupted throughout the whole trial)?’’’, a group of 33 of the 38 participants who answered the question reported that they experienced imagery about numbers throughout the delay phase.
Examination of the funneled debrieﬁng data also revealed that the vast majority of participants (all but 3 participants) reported that, for each trial, they implemented some kind of intentional, rehearsal strategy in order to perform the task. Examination of the answers to the funneled debrieﬁng questions also revealed that, consistent with the introspections made
during WM performance, both in everyday life and in countless laboratory experiments, people consciously rehearse information when holding it in WM. Thus, our hypothesis and ﬁndings possess face validity.
2.2.3. Discussion
The data are consistent with the primary prediction that rehearsal occurs throughout the delay phase. In this task, it
seems that participants do not consolidate the information, experience imageless thought, and then bring conscious memoranda-related contents to mind only when cued to do so, without performing any form of covert rehearsal during the interim between encoding and test. Regarding the secondary, Load prediction, the High Load condition led to more imagery than
the Low Load condition, as hypothesized. In addition, consistent with the secondary, Similarity prediction, more imagery

Fig. 2. Imagery rate as a function of Load (2 items versus 6 items) and of the nature of distractors: Similar items (numbers) versus dissimilar items (letters)
(Study 1). Error bars indicate SEMs.
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Fig. 3. Schematic representation of the temporal properties of conscious, memoranda-related imagery during four sample trials (A = Low Load condition
[Study 1]; B = High Load Condition [Study 1]; C = Neutral condition [Study 2]; D = Response Interference condition [Study 2]). Vertical lines indicate points
in time at which participants reported conscious imagery.

Fig. 4. Imagery rate as a function of memoranda load (low [2 items] versus high [6 items]), the nature of distractors (similar [numbers] versus dissimilar
[letters]) and span during the delay (beginning, middle, and end) (Study 1).

tended to occur in the presence of similar distractors than in the presence of dissimilar distractors, which is consistent with
what is known regarding the similarity effect in WM (Baddeley, 2007). (We should add that this effect was only a statistical
trend, p = .085.) In synthesis, support was found for the hypotheses of covert rehearsal, load amount, and, to some extent,
similarity.
3. Study 2
In this experiment, we examined whether distractors associated with an incompatible response lead to more covert rehearsal. Such a ﬁnding would be consistent with ﬁndings showing that, in response interference paradigms such as the classic
Stroop (Stroop, 1935) and ﬂanker (Eriksen & Eriksen, 1974) tasks, effects on consciousness (e.g., ‘‘urges to err’’) are strongest
when visual distractors are not only different in appearance from targets but are associated with an incompatible response.
For example, in the ﬂanker task (Eriksen & Eriksen, 1974), one must respond to a visual target and disregard ﬂanking ‘distractors.’ In one version of the task (Eriksen & Schultz, 1979), during ﬂanker training, participants are ﬁrst trained to press one
button with one ﬁnger when presented with the letter S or M and to press another button with another ﬁnger when presented with the letter P or H. Participants are then instructed to respond to the letter presented in the center of an array
and to disregard the ﬂanking letters (the ‘distractors’). Interference (e.g., increased response times and trial-by-trial urges
to err) is stronger when distractors and targets are associated with different actions (response interference [RI]), as in the case
of SSPSS, than when distractors and targets look different but are associated with the same response (perceptual interference;
Eriksen, 1995; Morsella, Gray, et al., 2009; Morsella, Wilson, et al., 2009), as in the case of SSMSS. (To obtain these subjective
effects, participants are asked after each trial to introspect and rate on an 8-point scale ‘how strong the urge was to make a
mistake’ [cf., Morsella, Gray, et al., 2009; Morsella, Wilson, et al., 2009]. In this scale, 1 signiﬁes ‘‘‘no urge’‘‘ and 8 signiﬁes
‘‘‘strong urge.’‘‘) (Shortest RTs and decreased urges to err occur in the Identical condition [e.g., SSSSS, target underscored].)
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As discussed in Section 3.2.1, that RI is associated with the most perturbations in consciousness is consistent with the
hypothesis that incompatible skeletomotor plans must trigger detectable changes in subjective experience (Morsella,
2005). (See quantitative review of the subjective effects from a plethora of interference paradigms in Morsella, Berger, &
Krieger, 2011.) More generally, this research on the subjective aspects of performance has revealed insights that may not
be learned from behavioral measures alone (Etkin et al., 2010; Molapour, Berger, & Morsella, 2011).
3.1. Method
3.1.1. Participants
San Francisco State University undergraduate students (n = 39) participated for course credit.
3.1.2. Stimuli and apparatus
All stimuli were presented on an Apple iMac computer monitor (50.8 cm) with a viewing distance of approximately
48 cm. Stimulus presentation was controlled by PsyScope software (Cohen et al., 1993). The target stimulus was a letter
(i.e., S, M, P or H) presented in the center of the screen in 100-point Chicago font. Distractor letters were presented in the
center of the screen in 300-point Chicago font. Participants responded by pressing buttons on a PsyScope Response
Box (ioLab Systems; UK). The yellow and green buttons for reporting the memoranda were on the top, horizontal plane
of the box; the button for reporting imagery during the delay was colored black and on the side of the button box. Thus,
the buttons for reporting imagery were different from the buttons for reporting the memoranda.
3.1.3. Procedures
Participants were run individually. During training (n = 64 trials), participants learned to press one button on the button
box for two target letters (i.e., to press with their right middle ﬁnger the green button for letters P and H) and to press another button for two different target letters (i.e., to press with their right index ﬁnger the yellow button for letters S and M).
Participants were instructed to, when not pressing the buttons, maintain light contact with them. Participants could move
onto the next trial only after responding correctly to the target letter (e.g., press yellow button for target letter S). After training, participants performed 8 practice trials that contained a delay after the target letter was presented but before they could
respond. Participants were instructed to make a decision as to their intended response while viewing the target letter, but
not to act on their response until they were cued at the end of the delay (14 s). During the delay, participants were instructed
to press with their left hand a button every time that they experienced mental imagery of the target letter, corresponding
response, or any possible connection between the target letter and the response. Participants were given examples of mental
imagery and what it means to have visual or auditory imagery. Regarding visual imagery, the onscreen instructions stated:
‘‘‘Take a moment to imagine what a tree looks like; Take a moment to imagine what a car looks like. You have just experienced an
example of visual mental imagery’’’. Regarding auditory imagery, participants read: ‘‘‘Without saying it aloud, take a moment to
imagine what the word ‘HOUSE’ sounds like. Take a moment to imagine what the word ‘FLOWER’ sounds like. You have just experienced an example of auditory mental imagery’’’.
Critical trials (n = 64) were identical to the aforementioned practice trials except that distractor letters were now presented during the delay period. Each critical trial began with a ready prompt (?) that allowed the participant to initiate
the trial by pressing the space bar. Directly after the participant initiated the trial, a ﬁxation (+) would appear (500 ms) in
the center of the screen, followed by the target letter (500 ms). Another ﬁxation (+) was presented (500 ms) before the delay
period. During the delay, 28 distractor letters were presented sequentially over a period of 14 s, each for a duration of
500 ms. Out of the 28 distractor letters presented in the RI condition, 8 were letters that were associated with a different
button-response than the target letter (e.g., letter P [green button] was presented as a distractor letter when the target letter
was S [yellow button]). In the Neutral condition, the distractor letters did not have any association with the task (the letter N
was discarded due to similarity with M). Participants were instructed to ignore the distractor letters, and to continue
responding via button-press every time that they experienced mental imagery of the target letter, corresponding response,
or any possible connection between the target letter and the response. After the delay, a cue ( ; 1.3  1.3 cm) was presented
and remained onscreen until a response was made (i.e., yellow or green button). Participants were instructed to press the
imagery button only for the reporting of imagery. The experimenter, who observed the entire experimental session, checked
that this instruction was followed correctly on each trial.
At the conclusion of every trial, participants were presented with a question about their mental imagery: When you experienced imagery, how often did you feel that the imagery was caused automatically? Participants were instructed to respond via
keyboard using a scale from 1–8, in which 1 indicates that the imagery was not at all automatic, and in which 8 indicates that
the imagery was completely automatic. In addition, to assess participants’ knowledge about the hypotheses at hand and verify aspects of their task performance, we had participants ﬁll out a funneled debrieﬁng form (following the procedures detailed in Bargh & Chartrand, 2000) after completing the critical trials. Speciﬁcally, participants were asked: (a) What did you
think the purpose of this experiment was? (b) What do you think the experiment was trying to study? (c) Did you have any goals or
strategies while completing this experiment? If so, please brieﬂy describe them. (d) Was there anything that interfered with your
performance on the task? (e) When you pressed the button to indicate that you experienced imagery, what type(s) of imagery did
you experience? Please describe the type(s) of imagery brieﬂy. (f) When you experienced task related imagery, did you experience
the imagery in brief moments or in a sustained fashion? The data from 2 participants were excluded from analysis because, ﬁrst,
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it was obvious to the experimenter that these participants did not follow instructions, and, second, because these participants yielded excessive error rates: a 50% error rate for one of the participants and a 39% error rate for the other participant.
The data from another participant were excluded from analysis because the participant discerned the hypothesis at hand
and, on the experimental trials, intentionally responded according to the hypothesis.
3.2. Results
More covert rehearsal occurred in the RI condition (M = 9.24, SEM = 1.61) than in the Neutral condition (M = 8.88,
SEM = 1.53), t(35) = 2.33, p = .026. See Figs. 3C and D for a schematic depiction of the temporal properties of the imagery
events across two sample trials. Error rates between the Neutral (M = .07, SEM = .01) and RI (M = .07, SEM = .01) conditions
were comparable, t(34) = .68, p = .50, as were the response times (excluding response times <200 ms and >2 s) to targets in
both conditions (MNeutral = 755.31, SEMNeutral = 40.70; MRI = 777.17, SEMRI = 40.96), t(34) = .87, p = .39. Mean ratings of automaticity, too, were comparable across the conditions (MNeutral = 5.20, SEMNeutral = .29; MRI = 5.17, SEMRI = .29), t(35) = .46,
p = .65. Interestingly, these ratings were not toward the lower-end of the range and were signiﬁcantly different from zero,
ts > 17, ps < 0001.
3.2.1. Discussion
As predicted, more covert rehearsal (and the associated increased entry into consciousness) occurred in the RI condition
than in the Neutral condition. One could argue that, in both Studies 1 and 2, the increased imagery rate reﬂected, not that
participants increased rehearsal rates to thwart the inﬂuence of distractors, but that the distractors activated the memoranda in a passive manner. For example, it could be that participants did not intentionally rehearse the memoranda but that
the distractors ‘primed’ the memoranda, thereby inducing conscious imagery. We believe that such an account could not
account for several empirical observations. First, examination of the funneled debrieﬁng data revealed that the vast majority
of participants (e.g., all but 3 participants in Study 1 and all but 4 in Study 2) reported that, for each trial, they implemented
some kind of intentional, rehearsal strategy for performing the task. Second, data from other studies reveal that conscious
rehearsal of the memoranda occurs even when there are no distractors presented during the delay. We found this in a pilot
study (n = 6), in which, though no distractors were presented during the delay, participants experienced conscious imagery
of the memoranda. Speciﬁcally, when holding four items in mind, the mean imagery rate was 2.7 per 10-s delay period
(SEM = 2.7). Moreover, in another study (Jantz, Tomory, Gazzaley, & Morsella, 2013), the average number of times that participants (n = 23) pressed the space bar to indicate imagery of the memoranda during the delay phase (7 s) was 3.83
(SEM = .86). These data corroborate the idea that our effect cannot have arisen solely from the priming effects of distractors.
It seems that covert rehearsal can occur to some extent without such priming effects. The degree to which our effect was
caused by endogenous processes is worthy of future investigation.
One framework that is consistent with the present RI ﬁnding is the hypothesis that people are most likely to be conscious
of mental processes involving competition for control of the skeletal muscle system (Morsella, 2005), as occurs in RI. From
this theoretical standpoint, the primary function of consciousness is to integrate such incompatible skeletomotor intentions
(see quantitative review of evidence in Morsella et al., 2011). From this standpoint, conscious conﬂicts stem from incompatible skeletomotor intentions, such as when one suppresses a prepotent response, diets, suppresses emotions, holds one’s
breath while underwater, or inhibits a conﬂicting or prepotent response in a laboratory interference paradigm such as the
Stroop task or ﬂanker task (Morsella, 2005; Morsella, Gray, et al., 2009; Morsella, Wilson, et al., 2009; Morsella et al.,
2011). Accordingly, incompatible skeletomotor intentions (e.g., to point right and left, to eat and not eat, to inhale and not
inhale) produce strong, systematic changes in consciousness. For example, in a paradigm in which participants are trained
to introspect conﬂict-related aspects of cognition while sustaining compatible intentions and incompatible intentions (e.g.,
to point left and right with the same ﬁnger), participants reported stronger systematic changes in subjective experience
when sustaining incompatible than compatible skeletomotor intentions, even though participants were always in a motionless state (Gray, Bargh, & Morsella, 2013; Morsella, Gray, et al., 2009). (See examination of the neural correlates of such conﬂicted states in Gray et al., 2013.) Such subjective effects are also obtained when the conﬂicting representations are triggered
by external stimuli (e.g., as in the ﬂanker task) or, relevant to the current study, when the representations are actively held in
mind during a WM task (Hubbard, Rigby, Godwin, Gazzaley, & Morsella, 2013).
4. General discussion
Although theoretical developments and anecdotal evidence strongly suggest that WM is intimately related to consciousness (Allport, 1989; Baddeley, 2007; Hamker, 2003; James, 1890; Jordan, 1998; Jordan, 2009; Morsella, 2005; Oberauer &
Hein, 2012), little research has examined the liaisons between the two phenomena. To address this issue, we examined
the subjective aspects of WM-based control in a series of studies. Using an imagery monitoring task, we focused on the subjective aspects of the delayed action phase of WM-based control. In Study 1, we examined covert rehearsal as a function of
load and the similarity of distractors; in Study 2, we examined whether such rehearsal is inﬂuenced by the nature of the
responses associated with the distractors. It was anticipated that, as an initial foray into an uncharted area of research, each
study would present its own strengths and weaknesses.
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Regarding strengths, our paradigm is one of the ﬁrst to use imagery rate (during a delay) as a dependent measure. The
imagery rate data (including the time-course analysis of the imagery) were consistent with the covert rehearsal hypothesis,
in which one rehearses action-related memoranda (e.g., an unfamiliar, to-be-dialed telephone number) during a delay. Our
ﬁndings seem inconsistent with a less plausible, alternative hypothesis: the consolidate-then-recall hypothesis. This hypothesis proposes that, after being presented with the stimuli to-be-remembered, participants tend to consolidate the information in memory, experience no imagery during the delay (perhaps a form of imageless thought; Woodworth, 1915), and then
simply recall the information when cued to do so. (For neural evidence suggesting that such a sequence of events may occur
under some experimental conditions, see Clapp, Rubens, Karlsson, Zanto, & Gazzaley, 2008.)
Exploration of the temporal dynamics of the imagery revealed that imagery is constant throughout the delay phase and
that, importantly, the effects of condition (e.g., Load and Similarity) on imagery is similar across the time spans occurring
within the delay phase (Fig. 4). It seems that imagery is experienced as a repetitive, punctate (discrete) event. Just as the
mental imagery of the lyrics of a song are experienced one lyric at a time, the memoranda of the action-related information
seem to be rehearsed effortfully (Farah, 2000) one bit at a time, but in a reiterative fashion. The discrete nature of the subjective experience of rehearsal is of particular interest in light of recent research indicating that regions associated with
working memory processes are continuously active during the delay phase of a WM task (Miller & Cohen, 2001). Future
research may more precisely home in on the nature of this dynamic, reiterative process.
In Study 1, we also took the opportunity to examine additional, secondary hypotheses and found that (a) more memoranda-related imagery was associated with the High Load condition than the Low Load condition, and (b) the presence of
similar distractors tended to increase the rate of rehearsal, which is consistent with what is known regarding the similarity
effect in WM (Baddeley, 2007). In Study 2, imagery rates were higher in the RI condition, in which the distractors were associated with an incompatible response, than in the neutral condition, in which the distractors were of the same category of
stimuli (letters) but were not associated with an incompatible response. As mentioned above, this ﬁnding is consistent with
the hypothesis (Morsella, 2005) that people are most likely to be conscious of mental processes involving competition for
control of the skeletal muscle system, as occurs in response interference. The theoretical approach is also consistent with
the more general observation that conﬂicts occurring at perceptual levels of processing (e.g., intersensory conﬂicts as in ventriloquism) are not as subjectively taxing as those occurring at response selection levels of processing, whether in approachavoidance conﬂicts (Livnat & Pippenger, 2006; Miller, 1959) or the delay of gratiﬁcation (Metcalfe & Mischel, 1999; Morsella,
2005). As stated in Morsella, Wilson, et al. (2009), people tend not to experience any subjective, mental strife while observing
a ventriloquist, but such is apparently not the case while people perform the ﬂanker task or otherwise exert some form of
self-control (Baumeister & Vohs, 2004; Morsella, Wilson, et al., 2009; Preston & Wegner, 2009).
4.1. Limitations and future directions
It was anticipated that, as an initial foray into an uncharted area of research, these new paradigms and experiments
would be coupled with several shortcomings. We delineate a handful of the many limitations of our empirical approach.
Due to the inherent limitations associated with self-report methodologies, one could question whether participants in either
study were actually experiencing conscious mental imagery. Due to the systematic changes in subjective reports as a result
of condition, it seems unlikely that participants did not follow directions and rather, for instance, chose to randomly indicate
the experience of conscious imagery. This could be clariﬁed by coupling the paradigm with neuroimaging techniques that
would allow one to detect neural markers of imagery (see preliminary psychophysiological evidence in Samaha, Morsella,
& Geisler, 2012). As mentioned above, extant neuroimaging evidence corroborates that, in other paradigms, participants
are in fact accurate about reporting the incidence of conscious mental contents (cf., Logothetis & Schall, 1989; Mason
et al., 2007; McVay & Kane, 2010; Mitchell et al., 2007; Wyland et al., 2003).
As in the case of the original ﬂanker task (Eriksen & Eriksen, 1974), which contained only one interference condition (RI),
Study 2 contained only one form of interference (RI). Future investigations may include a condition in which distractors look
different from targets but are associated with the same response as targets, as in perceptual interference (Eriksen & Schultz,
1979; Morsella, Wilson, et al., 2009), which is weaker and more difﬁcult to detect than RI. Future research may also combine
our paradigm with neuroimaging technologies, to assess the neural correlates of these WM-related imagery phenomena, or
with eye-tracking technology, to better monitor participants’ degree of visual focus on the distractors. Regarding eye-tracking technology, in our paradigm, participants were instructed to always focus on the ﬁxation cross presented at the center of
the screen, and the experimenter checked on every single trial that participants were paying attention, following instructions, and not, say, closing their eyes or looking away from the screen. Nevertheless, tighter monitoring of participants’
eye movements would be obtained from eye-tracking technology.
Research on both prospective memory (McDaniel & Einstein, 2007) and dual mechanisms of cognitive control (Braver,
Gray, & Burgess, 2007) have revealed that different situational conditions (e.g., attentional demands, length of delay, instructions) favor different strategies for retrieving information after a delay. It could be the case that the paradigm used in both
studies was calibrated in such a way that it would result in participants relying on the use of a rehearsal strategy rather than,
say, a consolidate-then-recall strategy (cf., Clapp et al., 2008). Likewise, the act of reporting mental imagery (or of even simply hearing the instructions about reporting such imagery) may have inﬂuenced participants’ rehearsal frequency, choice of
memory maintenance strategy, or overall performance on our task. These limitations could be addressed in future investi-
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gations in which the nature of the instructions and of the method by which participants report imagery are manipulated
experimentally.
5. Conclusion
Despite these limitations, we believe that these experiments reveal that the subjective effects associated with WM-based
control (including memoranda-related imagery) are systematic, measurable, and arise from processing in a principled fashion. We hope that these initial data and novel paradigms will serve as a foundation for further explorations on the liaison
between WM and consciousness, an under-explored nexus whose investigation is likely to reveal many insights about
WM, action control, consciousness, and executive processing.
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