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Abstract 

The use of sound to enhance both the learning and performance of motor skills has recently 

gained interest in rehabilitation and sports contexts. While the benefits of auditory information for 

motor learning have been explored, studies have commonly implemented auditory cues or auditory 

feedback only, and the effects may be task specific. For example, sequence learning in the Serial 

Reaction Time Task (SRTT) is enhanced when auditory feedback is provided in the form of 

congruent tones, yet it is unknown if auditory cues facilitate motor sequence learning with the 

same processes, or to the same extent as auditory feedback. In the present experiment, 53 

neurotypical adults (18-35years; 32 cis-females; 21 cis-males) were randomly assigned to three 

different groups in which they practiced a visual SRTT: Group 1 was supplemented with auditory 

cues; group 2 received auditory feedback; and group 3 performed without sound (control). 

Retention and transfer tests (i.e., the same sequence in the other two sensory conditions), and an 

explicit awareness test, were conducted 48 hours after the practice session. Changes in Total 

Sequence Time (TST), Constant Error (CE) and Variable Error (VE), and acquired knowledge of 

the 10-item sequence order quantified sequence learning and were assessed using a two-way mixed 

analysis of variance. A significant main effect of time was found, where performance improved 

during acquisition and was retained short-term. A group by block interaction indicated that 

learning was sequence-specific and only the auditory cue group maintained performance 

improvements when the sequence was perturbed. CE and VE outcomes showed that movement 

amplitude was generally undershot, while target midpoints in the X axis were overshot. On day 2, 

all groups performed better in the no sound transfer condition compared to the cueing transfer 

condition, indicating that participants were able to maintain performance when sound was 

removed. The explicit awareness test revealed that the cued participants were most aware of the 

sequence (72.2 %), while the feedback and no sound group recalled 40-50% of the sequence order. 

Regardless of the sound condition, all groups acquired and retained equivalent implicit knowledge, 

and did not become reliant on practice-specific sensory conditions. 
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Introduction 

Music and dance are two fundamental human behaviours that are driven by a profound 

connection between sound and movement (Chen, Penhune, & Zatorre, 2009). Indeed, merely 

observing dancers and musicians in action suggests a bidirectional relationship: Rhythmical and 

musical cues stimulate movements, and movements generate rhythmic or musical output on 

instruments as extensions of the body (Janata & Grafton, 2003). Recent behavioural and 

neuroimaging research have provided empirical evidence for the connections between the 

auditory and motor systems (Keller & Rieger, 2009). For example, neuroanatomical links exist 

between the auditory and motor cortices, as well as between respective signalling pathways at 

lower levels of the central nervous system (CNS), from the spinal cord upward to the brain stem 

and subcortical levels (for review, see Schaffert et al., 2019; Thaut et al. 2015). Given this 

interconnectivity, it is not surprising that auditory information has potent effects on motor 

processes by engaging neural structures involved in the production and coordination of voluntary 

movements (Grahn & Brett, 2007; Haueisen & Knösche, 2001).  

The field of motor control and learning (MCL) has played a critical role in advancing 

knowledge on the effects of auditory input on the motor system (Keller & Rieger, 2009). In the 

1990s, two seminal experiments demonstrated auditory-motor entrainment, where rhythmic 

auditory cues entrained movement patterns and lead to more stable and efficient movement 

performance (Thaut, McIntosh, Prassas, Rice, 1992; Todd, 1995). Importantly, this mechanism 

was found in neurological populations: Patients with Parkinson’s disease or who were post-

stroke benefitted from rhythmic auditory cues and showed improved movement kinematics and 

muscle activation during gait (Thaut, McIntosh, Prassas, Rice, 1992). These novel findings 

challenged traditional motor control theories, which had emphasized the importance of visual 
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and proprioceptive sensory input (Thaut, 2015). It paved the way for investigating rhythm and 

music as valuable tool for (re)training motor functions and enhancing motor learning in 

rehabilitation (Thaut, McIntosh, & Hoemberg, 2015, p. 256). 

Today, the body of research on auditory contributions to motor control and learning has 

grown immensely, in part driven by interdisciplinary knowledge from in the music domain. One 

way to organize the diverse literature is to discern the ways auditory information is delivered: 

Auditory cues1 are provided prior to movement initiation or during movement, while auditory 

feedback is presented after, or rather, as a sensory effect of, movement. Rhythmical and musical 

cues have been shown to lead to improvements in the temporal coordination of upper limb, lower 

limb, and whole-body movements in a variety of tapping, stepping, and goal-directed reaching 

tasks, (Repp & Su, 2013; Rose, Delevoye-Turrell, Ott, Annett, & Lovatt, 2019; Peters & 

Glazebrook, 2020). Several authors have reported improvements in spatial parameters as well, 

such as endpoint errors or the variability of movement trajectories (Ladwig, do Prado, Tomy, 

Marotta, & Glazebrook, 2019; Peters & Glazebrook, 2020; 2019). Rhythmic cues also seem to 

play a role in motor learning; for example, long-term improvements in synchronization skills 

have been noted for neurological populations with sensorimotor impairments (Johansson, 

Domellöf, & Rönnqvist, 2012; Whitall & Waller, 2013). Auditory feedback, on the other hand, is 

a commonly applied tool to facilitate the acquisition and enhance retention of novel tasks such as 

sequence tapping (Van Vugt & Tillmann, 2015) or bimanual coordination (Hatfield et al., 2010). 

The design of auditory feedback (e.g., discrete, non-melodic sounds) has also evolved to provide 

richer and more intricate information: In melodic sonification, kinematic data is transformed in 

 
1 In specific cases, sound provided prior to movement also been referred to as auditory models 

(see Auditory Models) 
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real-time into acoustic data, which has shown to improve performance and learning of dynamic 

movements and limb positioning in space (Ghai, Schmitz, Hwang, & Effenberg, 2019; 

Effenberg, Fehse, Schmitz, Krueger, & Mechling, 2016). While these findings point to the 

benefits of both auditory cues and auditory feedback for motor performance and learning, it is 

not clear whether the reported improvements emerge from the auditory stimulation in general, or 

whether the effects may be unique to either the cueing or feedback mechanism. For example, 

auditory cues have been attributed a priming effect on the motor system through which they 

facilitate movement planning (Peters & Glazebrook, 2020), while auditory feedback is thought to 

guide performance through corrective mechanisms and enhance long-term sensorimotor 

representations (Ghai et al., 2018). To my knowledge, only a meta-analysis has reviewed studies 

that examined the effects of rhythmic auditory cues and real-time sonification (feedback) on 

performance of upper limb tasks during motor recovery post-stroke (Ghai, 2018). The authors 

identified beneficial effects of training with both types of auditory inputs, while real-time 

feedback showed advantages over cues for improving scores on a stroke-specific, performance-

based impairment index (Fugl-Meyer Assessment) (Ghai, 2018). However, no controlled 

experiment has yet contrasted the effects of auditory cues and auditory feedback within the same 

task context. Thus, we do not know whether auditory cues or feedback facilitate performance and 

learning with the same processes, or to the same extent. 

A paradigm that lends itself well to compare the effects of auditory cues and auditory 

feedback is the spatial Serial Reaction Time Task (SRT). This version of the SRT task is a 

speeded-choice task in which individuals perform rapid movements in response to serial visual 

stimuli presented at different locations. From an applicability perspective, coupling spatial 

movements in the SRT task with preceding (cues) or succeeding (feedback) melodic tones 
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models precisely the role of sound in dance versus music performance (de Manzano, 

Kuckelkorn, Ström, & Ullén, 2020). More specifically, musical patterns are a particularly 

memorable instance of implicit sequence learning (Ettlinger, Margulis, & Wong, 2011; 

Rohrmeier & Rebuschat, 2012). One could argue that the implicit version of the spatial SRT task 

is a useful model for understanding how musical sequences map onto movement sequences and 

could render the implicit movement sequence memorable as well (Albarado, 2010; Rohrmeier & 

Rebuschat, 2012). So far, separate experiments with cues and with feedback in the SRT task 

suggest a beneficial effect of auditory feedback for sequence learning: Congruent or redundant 

melodic tones presented as action-effects enhance the learning of motor sequences (Hoffmann, 

Sebald, Stoecker, 2001; Stoecker, Sebald & Hoffmann, 2003), possibly by facilitating the 

chunking of individual responses into entire movement patterns during learning (Stoecker & 

Hoffmann, 2004). These findings are compelling given the evidence for strong auditory-motor 

coupling when practicing musical sequences (Bangert & Altenmüller, 2003; Engel et al., 2012; 

Engel et al., 2014; Wittfoth, Bangert, Peschel & Altenmüller, 2009), the beneficial effect of this 

associative learning on action planning in sequence performance (Keller & Koch, 2008), and the 

retrieval of sequence-specific skills (de Manzano et al., 2020; Stephan, Heckel, Song, & Cohen, 

2015). In contrast, the findings on the effects of congruent auditory cues in the spatial SRT tasks 

are ambiguous. One study found that congruent melodic tones decreased response times 

significantly, while the absence of tones and non-melodic rhythm did not (Albarado, 2010). A 

different line of research focusing on auditory interference effects showed no advantage of 

redundant audiovisual cues over unimodal visual sequence learning, only negative effects of 

incongruent cues (Robinson & Parker, 2016; Robinson & Parker, 2021). The equivocal findings 

are likely due to the limited research with auditory cues and the respective studies using varying 
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task-designs with different perceptual and motor demands. Multisensory integration research 

contradicts these findings by showing that auditory cues can be beneficial for motor planning 

processes and benefit long-term performance in tasks with spatial demands if they can be 

integrated effectively with visual cues (Diederich & Colonius, 2015; Peters & Glazebrook, 2020; 

Murray, Cappe, Romei, Martuzzi, & Thut, 2012; Stephan, Lega, & Penhune, 2018). Thus, a key 

question remains unanswered – can the supplementation of a spatial SRT task with congruent 

auditory cues improve spatial sequence learning, and are the effects identified similar to using 

congruent auditory feedback? In other words, is cross-modal memory formation of sequences 

only possible using auditory action-effects (Stephan, Heckel, Song, & Cohen, 2015; Stoecker & 

Hoffmann, 2004), or is the repeated exposure to auditory cues also conducive for incidental 

sequence learning? 

The aim of the present study was to address this question. The specific research questions 

were: Do auditory cues and auditory feedback both improve implicit sequence learning in a serial 

reaction time task? And, is that improvement specific to performing the task with the additional 

auditory input (cues or feedback respectively)? Understanding more about the effects of auditory 

cues and auditory feedback on motor sequence learning can shape the ways in which we 

supplement auditory information when teaching motor sequences. Specifically, it can inform the 

application of movement and music programs in rehabilitative, educational or recreational 

settings, and help maximise the benefits of auditory-motor training. The potential for application 

informed the selection of the implicit SRT task as an ecologically valid task that replicates 

implicit motor skill learning in natural settings, such as the incidental acquisition of skills 

required for activities of daily living.  
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In summary, the present study compared the acquisition, retention and transfer of a 

sequential task practiced with either no sound, auditory cues or auditory feedback. A mixed-

model design was used in which three groups of neurotypical adults practiced a sequential task 

(SRTT) in auditory-to-motor, motor-to-auditory or no-sound conditions. Performance 

improvements, defined by decreased response times as well as increased spatial accuracy, were 

assessed in retention and transfer tasks as well as an explicit motor recall test 48 hours later. The 

following literature review will first present several important concepts for the assessment of 

motor learning, specifically, motor sequence learning. In the second half of the literature review, 

I will discuss several approaches taken to supplement motor performance and learning with 

auditory information. Lastly, I will highlight the current state of knowledge on the effects of 

auditory cues and feedback in the SRT task.  
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Literature Review 

Motor learning 

Motor learning is an integral and lifelong process that allows us to learn and pursue novel 

activities or adapt skills to new environmental demands. It also underlies the mastering of highly 

complex skills, such as playing instruments or dancing (Wolpert, Diedrichsen, Flanagan, 2011). 

The commonality across different motor learning settings is the experience or practice needed to 

achieve relatively permanent gains in the capability to produce skilled actions (Schmidt & Lee, 

2020). That is, while initial attempts at performing a skill may be inefficient, variable, and 

require conscious effort, purposeful repetition leads to efficient and precise movements and are 

executed largely unconsciously (Weaver, 2015). A learner may exhibit improvements fairly 

quickly, sometimes with significant differences between the beginning and the end of one 

practice session while skill performance may deteriorate rapidly when not further rehearsed. 

Therefore, the definition of motor learning also places emphasis on the relative permanence of 

performance gains (Kantak & Winstein, 2012). Performance improvements are considered 

relatively permanent when a learner is capable of maintaining the level of performance after a 

non-practice period (Schmidt & Lee, 2020). This aspect dissociates motor learning from 

temporary improvements (Kantak & Winstein, 2012).  

Measures of Motor Learning 

Functional neuroimaging has shaped our understanding of the structural and functional changes 

in the CNS associated with motor learning (Weaver, 2015). However, we can reliably extrapolate 

from behavioural outcome measures such as reaction time (RT), movement time (MT), or spatial 

accuracy whether motor learning has occurred (Clark & Ivry, 2010; Magill, 2012). Compared to 

novice performance, skilled action is characterized by efficient sensorimotor processing, that is, 
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the CNS rapidly filters task-relevant information, selects appropriate responses, and scales them 

to given task demands (Schmidt & Lee, 2020, Wolpert, Diedrichsen & Flanagan, 2011). These 

stages of stimulus identification, response selection and response planning determine to a large 

part performance in the SRT task2, where an array of potential stimuli creates uncertainty about 

the possible responses to be made (Schmidt & Lee, 2020). Practice increases the efficiency of 

identifying and processing impending sensory information, including predictive mechanisms, 

which allows for more rapid action selection and action planning (Clark & Ivry, 2010). This is in 

turn reflected by shorter reaction time (RT). In goal-directed aiming movements, this also 

translates into improved spatial-temporal movement parameters, such as decreased movement 

time (MT) and increased spatial accuracy: During practice, the progressive updating of internal 

models of movement using feedforward and feedback mechanisms (i.e., comparing the expected 

sensory consequences of a movement plan to the actual state of the limb) allows a learner to 

optimize the movement plan. 

Figure 1 

Response time with subcomponents reaction and movement time 

 

 

 

 

 

 

 

 
2 Online control processes initiate in the late stage of reaching 
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Acquisition, Retention and Transfer 

Assessing motor performance at multiple time points may help identify favourable 

practice contexts and discern which task specifics benefit rapid acquisition vs. long-term 

retention. This may be particularly beneficial when assessing implicit learning where the internal 

representations of a skill change over the course of time (Schoen & Francois, 2011) and motor 

learning generally occurs over different timescales (Weaver, 2015). Further, different practice 

conditions can lead to distinct performance curves already during initial skill acquisition 

(Stoecker, Sebald, Hoffmann, 2003; Albarado, 2010). Therefore, monitoring performance during 

early provides insights into the rate of learning. At later time points, retention, transfer, and 

motor recall tasks test the relative permanence and robustness of a skill. Retention tests require 

learners to perform a skill after a no-practice interval in the same task conditions they 

experienced during practice and range from immediate tests (e.g., 10 minutes) to tests several 

days (e.g., 48 hours) after end of practice. In some instances, an immediate retention test may not 

allow for distinct practice effects to materialize, since information is consolidated in a time-

distributed process, occurring during and after practice online and offline consolidation (Press, 

Casement, Pascual-Leone, & Robertson, 2005). For example, for implicit sequence learning, a 

larger time interval between the end of practice and a delayed retention test allows for offline 

development of the skill which leads to further performance improvements (Press et al., 2005). 

Therefore, the length of retention intervals should be considered with respect to the type of 

learning and to the specific practice conditions. It may be beneficial to conduct an immediate and 

a delayed retention test to assess the time scale of learning more clearly (Kantak & Winstein, 

2012). In addition to attaining relative permanence, it is also favourable that a skill can be 

performed outside of the specific practice context (Magill, 2012; Schmidt & Lee, 2020). Transfer 
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tests are used in motor learning research to assess the capability of a learner to transfer an 

acquired skill to novel situations, including performance with a different effector (Lai, Shea, 

Bruechert, & Little, 2002). Transfer tests are not an immediate indicator of the robustness of a 

sensorimotor memory, rather, the level of transfer to different task demands or to other related 

skills is influenced by the practice context. For example, narrow, or even negative transfer, does 

not indicate the absence of a sensorimotor memory, it merely signifies that that skill learning 

may have been task specific. Different theories account for these different levels of transfer; for 

example, positive skill transfer has typically been linked to the presence of a GMP, where 

experiences with task variations has added rich information to the schema ‘rules’ which permits 

a broad application of the skill to different task contexts. In contrast, specificity of learning 

predicts that task-relevant afferent information available during practice becomes critical for skill 

performance, and removal or change of the feedback conditions are detrimental for skill 

performance – consequently, transfer to is presumed to be narrow or negative. Further, different 

types of transfer may be relevant for different motor learning purposes: Effector transfer, where a 

skill is performed with a different limb compared to the one used in practice (Lai et al., 2002). 

Sensory transfer tests involve changing the afferent sensory information available during 

practice, such as occluding vision and having the learner reproduce the skill without previously 

available feedback (Lai, Shea, & Little, 2000). In other words, a transfer test assesses whether 

skill relevant features can be maintained with changing task demands.  

Memory processes 

Encoding, consolidation, and retrieval are the three memory processes associated with the 

formation of long-term sensorimotor memories (Kantak & Winstein, 2012. The processes 

overlap temporally, since encoding, consolidation and retrieval are ongoing mechanisms which 
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‘feed’ new information into the CNS, adjoin it to, and update, internal representations of a skill. 

Both during initial skill acquisition and continued practice, sensorimotor information is passed 

through three major memory systems, short-term sensory store, short-term (or working) memory, 

and long-term memory3 (Kantak & Winstein, 2012; Schmidt et al.,2020).  The accumulation and 

the processing of skill-relevant (sensory) information is described by the encoding mechanism, 

which primarily occurs in short-term sensory store and working memory. STSS is a temporary 

register which very briefly (< 1s) retains incoming information and passes filtered information to 

short-term memory (often referred to as working memory) (Schmidt, 2020). Consolidation is 

primarily associated with the retention interval after the end of practice. At this point, skill 

information is still fragile and the interval during which individuals are not engaged in practice 

allows for the time-critical stabilization of information and its transfer from working memory 

into long-term memory (Kantak & Winstein, 2012; Schmidt et al., 2020). Once a memory is 

stored in long-term memory, it can be retrieved voluntarily. That is, the sensorimotor memory is 

retrieved for skill execution, and during each trial it the updating with new skill-relevant 

information. Some authors suggest that this stage can be achieved in a timeframe of only 6 to 12 

hours (Izquierdo et al., 2006; McGaugh, 2000). Frequent retrieval not only allows for the 

refinement of a skill; the more often a sensorimotor information is retrieved from long-term 

memory, the less effortful the retrieval process becomes (Schmidt & Lee, 2020). Thus, it is 

important to note that recall performance does not infer the stability of a motor memory per se, 

rather, it is a result of retrieval processes. At times, a motor memory may be present while the 

 
3 Memory systems are not to be considered physical locations in which information is stored, but 

rather as distinct neural systems which are recruited at distinct processing stages 



AUDITORY CUEING VS. AUDITORY FEEDBACK 12 
 

retrieval mechanism is inhibited, in which case one may conclude that learning has not occurred 

(Frankland, Josselyn, & Köhler, 2019). 

Implicit and Explicit learning 

Long-term memory is thought to bears two forms of knowledge; declarative and 

procedural knowledge, which are associated with two separate learning systems: Explicit and 

implicit learning, respectively. While explicit learning is characterized by conscious awareness 

and the intention to learn, implicit learning occurs without awareness, that is, incidentally and 

through mere exposure (Stark-Inbar, Raza, Taylor, & Ivry, 2017; Zwart, Vissers, Kessels, & 

Maes, 2019). Motor skills have been traditionally classified as implicit knowledge following 

early research which showed that those with impaired explicit memory were still able to recall 

procedural skills (Clark & Ivry, 2010; Krakauer, Hadjiosif, Xu, Wong, & Haith, 2019). A more 

recent view is that both explicit and implicit processes are involved in the learning of motor 

skills to some extent (Krakauer et al., 2019). For example, while the retrieval of a learned skill 

may not necessitate conscious awareness and is fairly automatic, motor learning itself is initially 

often characterized by conscious effort and intentional modification of behaviour (Krakauer et 

al., 2019; Zwart et al., 2019). Further, implicit processes are involved in the offline consolidation 

of explicitly acquired skills (Press et al., 2005; Taylor & Ivry, 2013). Tasks may be designed to 

foster either implicit or explicit learning, for example, by providing or omitting instructions prior 

to the task (Abswoude, Buszard, Kamp, & Steenbergen, 2020). When measuring implicit and 

explicit learning, it is difficult to determine the true onset and the degree of awareness during 

learning, which limits our understanding of the contributions of explicit and implicit processes, 

such as the SRT task (Krakauer et al., 2019; Taylor & Ivry, 2013). Explicit awareness tests have 

been used to assess the degree to which explicit learning has occurred during an initially implicit 
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task (Gheysen, Van Waelvelde, & Fias, 2011). For instance, an Explicit Awareness 

Questionnaire asks participants whether they identified a fixed sequential order of stimuli in the 

task. If participants can indicate this verbally or sketch the sequence out, the motor sequence was 

at least partly acquired explicitly. 

Procedural memories distinguish from declarative memories on the neural level, as they 

engage widespread activity in perceptual-motor networks, including the basal ganglia and 

cerebellum, in contrast to rather local activity in memory systems involved in the consolidation 

and storage of declarative memories, such as the hippocampus (Reber, 2013). Further, explicit 

knowledge acquired in a SRT appears to require sleep to consolidate, while implicit knowledge 

improves during both wakeful and sleep-based offline consolidation (Albouy et al., 2013; Press 

et al., 2005). Some research suggests consolidation requires at least a period of 1 hour after 

practice (Nemeth et al., 2010), some implicitly learned sequences have shown to consolidate in 

as little as 10 minutes (Meissner, Keitel, Südmeyer, & Pollok, 2016). Offline consolidation 

processes may be a particularly relevant for implicit motor learning, since improvements for 

implicit sequence learning have been observed after 4 hours and 12 hours, but not after 1 hour 

consolidation (Press et al., 2005). The extended and steady consolidation process may account 

for the fact that implicit learning leads to resilient memories which are retained over long periods 

of time, while knowledge acquired through explicit learning declines quickly without practice 

(Masters & Poolton, 2012). By contrast, the transfer of implicitly acquired skills has shown to be 

narrow compared to explicitly learned skills, as implicit knowledge may be more specific to the 

task context in which a skill was practiced (Schwarb & Schumacher, 2010). 

Implicit learning is omnipresent in naturalistic settings. For example, everyday activities 

require us to “incidentally acquire knowledge of sequences of events and actions” (Meissner, 
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Keitel, Südmeyer & Pollok, 2016, p. 1). Therefore, sequential regularities are thought to be 

learned through mere exposure). The aim in motor learning research is to identify ways to 

promote unconscious motor learning, such that individuals may acquire the capability to perform 

skilled actions as efficiently and with as little effort as possible. A validated paradigm to measure 

implicit sequence learning is the serial reaction time task (SRTT). 

Serial Reaction Time Task (SRTT) 

The serial reaction time task is one of the most widely applied paradigms to measure 

motor sequence learning. The specific experimental designs can promote either explicit or 

implicit learning (Krakauer et al., 2019; Zwart et al., 2019), and use deterministic or probabilistic 

designs. The implicit SRT task is a speeded-choice reaction time task, where participants are 

thought to incidentally learn sequential relations within series of stimulus- and corresponding 

motor events. That is, participants are presented a series of stimuli to which they must respond as 

rapidly and as accurately as possible. For example, the original version of the SRTT was the 

SRTT was developed by Willingham, Nissen, & Bullemer (1989) and involves an array of four 

horizontal lines on a screen which present an asterisk above each horizontal line in a serial 

manner. Subjects are asked to respond to these stimuli by such as pressing a spatially compatible 

key as soon as the stimulus appears (Willingham, Nissen, & Bullemer, 1989). Studies have since 

replicated the SRT for different purposes and have expanded the paradigm from using 

predetermined effectors for each response (specific fingers placed on specific keys) to having 

participants respond with a single effector and performing overt spatial movements towards 

targets (one finger moves to touch the identified stimulus or target) (Robinson & Robinson, 

2016). This emphasis of either motor or perceptual demands in the SRT task should be 
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considered when investigating cross-modal mapping between stimuli and responses, such as in 

the present experiment (Pfordrescher, 2012). 

The primary issue in motor sequence learning is the serial order problem, in which 

successive movements must be sequenced adequately (Rosenbaum, 2013). Implicit SRT tasks 

typically present successive stimuli in a fixed, recurring order without instructing participants 

that they are exposed to a sequential pattern. Participants are thought to exploit the sequence 

structure through mere exposure to the deterministic sequence. According to Abrahamse, 

Jiménez, Verwey and Clegg (2010), performance initially requires the same information-

processing stages as a typical choice reaction time task. Repetition across practice blocks, 

however, allows the learner to increasingly shift from reactive to predictive processing while 

being unable to explicitly declare that a sequence structure was present (Andrade & 

Bhattacharya, 2015; Gonzalez & Burke, 2018). In spatial SRT task, prediction allows a 

performer to anticipate imminent visual-spatial events, therefore, allows for earlier movement 

planning and consequently rapid and accurate responses (Taylor & Ivry, 2013). Prediction is a 

strategy to decrease uncertainty regarding the number of possible responses, therefore allowing 

more time and resources to be allocated to response planning (Clark & Ivry, 2010). Thus, the 

prediction of locations of subsequent stimuli in the recurring sequence affects the rate of 

sequence learning (Moisello, Crupi, Tunik, Quartarone, Bove, Tononi, & Ghilardi, 2008). In the 

deterministic SRT task version, a block of random stimuli is inserted after a set of practice 

blocks with the deterministic sequence. The presented stimuli then no longer match the expected 

order, that is, the change from a deterministic sequence to a block with unfamiliar serial order 

results in a mismatch of information and leads to a processing cost and increase in response time 

(Gonzalez & Burke, 2018). This allows researchers to discriminate sequence-specific learning 
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from task-general skill learning (Krakauer et al., 2019). Across practice blocks, repeating a fixed 

sequential order may also result in the learner becoming aware of the recurring pattern, even 

when they were not informed about the fixed order. In order to reduce or eliminate this 

awareness, researchers have extended sequence length (Sanchez & Reber, 2012) used dual-task 

procedures (Taylor et al., 2013) or probabilistic sequence designs (Abswoude et al., 2020). The 

improvement in motor planning is evident from shorter response times and more consistent 

movements.  

Studies have manipulated complexity and length of the sequence to assess different 

sequence learning strategies, e.g., chunking of information versus learning statistical regularities 

(Koch & Hoffmann, 2000), however, the commonly applied sequence length contains 10 to 12 

elements, which seem to be not easily detectable by the performer (Abswoude et al., 2020; 

Willingham, Nissen, & Bullemer, 1989). Sequence learning in SRT tasks is thought to be 

implicit, reflected by a decrease in the time participants take to respond to the stimuli as they 

progressively acquire incidental knowledge of the sequence order, (Krakauer et al., 2019; Stark-

inbar et al., 2017). Decreases in spatial response errors (e.g., in tasks where participants press 

compatible key in response to stimulus) or increases in spatial accuracy (e.g., in tasks where 

participants move to stimulus/target) have also been used as a measure of sequence learning 

(Krakauer et al., 2019). Response time is typically measured from the time of stimulus 

presentation to action completion, i.e., a key press or the touch of a spatial target (Robinson & 

Robinson, 2016). In the latter case, response time can be separated into two components: 1) 

reaction time, indicating the time between stimulus presentation and initiation of movement, and 

2) movement time, indicating the time between initiation and completion of action (see Figure 

2). A decrease in overall response time indicates more rapid processing in all three major 
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processing stages – identifying the relevant stimulus (SI), selecting the corresponding response 

(RS) and setting up the movement plan (RP). Taylor et al. (2013) argue that “goal-selection is 

critical to success, while simple motor execution is less important” (p. 64)4: Processing stages 

prior to movement initiation (SI, RS, RP) determine to a large part the performance in an SRT 

task, and not only in those designs which use finger presses (where no goal-directed behaviour is 

required): In designs which require participants to perform aiming movements to stimulus 

locations, the quality of movement execution depends largely on the action plan. Only when 

approaching a goal, the necessary online corrections are made to mitigate discrepancies between 

the signalled motor command (planned movement) and its motor output (actual movement) 

(Elliott, 2010). An internal forward model of the expected sensory consequences of the 

movement is created concurrently with the movement plan (efference copy) and is compared to 

the reafferent sensory information about the actual state of the limb (Elliott et al., 2009). Overall, 

both prediction as well as action planning may determine performance in a spatial SRT task: 

Faster SI in the array of potential stimulus presentations allows for earlier onset of movement 

planning, resulting superior movement execution. Some authors argue that reaction time and 

movement time reflect these processes in the spatial SRT task, where foreknowledge of the 

stimulus sequence indicates declarative knowledge of sequential order, and movement time 

represents optimization of implementing the movement plan, which is largely nonconscious 

(Moisello et al., 2008). 

  In this context, an ongoing debate is what is learned in an SRT task; whether sequence 

learning is primarily perceptual- or motor-based, or both (Koch & Hoffmann, 2000). Depending 

 
4 For example, visuomotor adaptation, where execution processes are vital, and response-

selection is less relevant 
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on where associations are formed, either stimulus- or response-based sequence knowledge may 

develop, or both in parallel (Witt & Willingham, 2006). In spatial SRT tasks, stimulus locations 

are thought to be encoded and represented as an abstract “cognitive representation of order” 

(Krakauer et al., 2019, p. 641) which contains information on the order of stimulus locations. 

Some evidence supports that successive stimuli are learned during SRT practice, resulting in an 

abstract stimulus-based representation which show a high degree of transfer (Clark & Ivry, 2010; 

Keele, Jennings, Jones, Caulton, & Cohen, 1995). Other studies have argued that this perceptual 

learning is not possible when using more complex sequences, rather, complex sequences are 

learned only in conjunction with a corresponding motor sequence (Deroost & Soetens, 2006). A 

separate line of authors argue that a response-based representation is formed through associations 

between successive responses (Hoffmann, Martin, Schilling, 2003). Lastly, an assumption is that 

associations may form between individual stimuli and their corresponding motor responses, 

stimulus-response pairing (Krakauer et al., 2019), or between the responses and their ensuing 

effects (Koch & Hoffmann, 2000; Ziessler & Nattkemper, 2001). These stimulus and response 

compounds have been given minor attention, which is surprising, given the many ecological 

settings in which sensory feedback of one response triggers or determines the subsequent 

response. One explanation could be that the two separate implicit and explicit learning systems 

form a stimulus-based representation and a separate response-based representation. In explicit 

sequence learning, for example, a spatial learning process could establish the spatial 

representation early on, while sequence learning would later shift to a motor-based process 

(Gonzalez & Burke, 2018; Albouy et al., 2013). That is, with practice, motor information is 

increasingly processed to generate a representation for egocentric motor coordinates – an implicit 

long-term memory, which occurs more slowly with smaller attentional demands (Albouy et al., 
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2013). Different stages of motor sequence learning, from initial acquisition to robust skill 

retention, are also reflected by different neural correlates (Kim, Ogawa, Lv, Schweighofer, & 

Imamizu, 2015). The acquisition of novel sequences engages cortical areas such as 

Supplementary Motor Area (SMA) or pre-SMA – these areas do not seem to be relevant for the 

reproduction of previously learned sequences, indicating that encoding and consolidation recruit 

different neural circuits than retrieval. The former is mostly associated with the acquisition of 

novel sequences, the latter associated with previously established sequence representations in 

long-term memory, i.e., is relevant for retrieval (Kim et al., 2015).  

Different accounts of sequence learning have been discussed in the music context, where 

action sequences and stimulus sequences (action effects) are learned concurrently and influence 

each other reciprocally (Pfordresher, 2012). It has been argued that compounds between actions 

and their sensory effects form during practice and later facilitate motor recall (de Manzano et al., 

2020). However, it is also known that tones in musical sequences are memorized based on their 

pitch intervals, that is, based on the relations of one stimulus to another rather than their absolute 

value (Peretz & Zatorre, 2005) which would suggest associations between successive stimuli. 

Considering whether implicit sequence learning is governed by S-S, R-R, S-R, or R-S 

associations is relevant for the context of the present study for various reasons: First, added 

auditory cues or feedback would likely only benefit performance if sequence learning is at least 

partially perceptual and sensory components are taken into account (Robinson & Parker, 2021). 

Second, auditory cues linked to the visual stimulus prior to the response would be integrated in 

stimulus-response compounds, while the feedback linked to the visual stimulus after the 

response would reflect response-stimulus compounds (Pfordresher, 2012). Third, stimulus 

representations and response representations have been associated with the emergence of explicit 
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and implicit knowledge in spatial SRT task, respecticely. Lastly, extended practice of implicit 

SRT tasks may lead to effector-dependent knowledge which emerges from a response 

representation and is associated with narrow to no transfer (Müssgens & Ullén, 2015; Verwey & 

Glegg, 2005) either of which may facilitate planning of the following response (see Auditory 

Feedback and Auditory Cues in SRT tasks). 

Working memory 

Working memory (WM) is the memory system responsible for “temporarily storing and 

manipulating information in the mind” (Seidler, Bo, & Anguera, 2013, p. 2). As such, working 

memory is crucial for novel skill acquisition as it allows for new task-relevant information to be 

retained during performance and practice. Working memory keeps new information accessible to 

the learner while it is progressively encoded and transferred into long-term memory with further 

practice where sensorimotor memories are established (Figure 3). WM is also responsible for 

modifying previously stored information (i.e., updating internal representations). For example, 

later in practice, working memory retrieves learned skills from long-term memory and 

temporarily retains the information to allow for it to be updated through new afferent 

information. WM is not so much contingent on time (compared to sensory memory), but the 

quantity of information which must be processed at the same time. For example, the length and 

complexity of a motor sequence may affect which neural circuitries are engaged: Short and less 

complex sequential patterns are mainly processed in working memory, while motoric areas such 

as the pre-motor and motor cortex are involved in the acquisition of lengthy or cognitively 

demanding sequences (Gonzalez & Burke, 2018). Important to consider in the context of implicit 

sequence learning is whether and to which degree WM may be involved. One way of 

overcoming WM capacity limitations is the initial chunking and subsequent linking of chunks, 
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which has been observed in complex sequential skills such as musical sequence learning 

(Rohrmeier & Rebuschat, 2012; van Vugt et al., 2012). For this reason, WM is a generally a 

relevant mediator for learning novel sequence information, as multiple elements in a series of 

events must be retained and organized simultaneously. However, authors have suggested that 

implicit sequence learning occurs through statistical learning of sequential regularities, rather 

than through chunks, as chunking requires explicit sequence knowledge.  it is important to 

consider that there may be differences between explicit and procedural learning, where the latter 

likely not requires WM availability (Maxwell, Masters, & Eves, 2003). 

Multisensory integration 

One of the aims of motor learning research is to identify which sources of afferent 

sensory information enhance motor learning by facilitating the development of robust 

sensorimotor representations. Initial studies conducted experiments in unimodal conditions to 

discriminate between individual perceptual-motor processes. Today, it is widely accepted that 

redundant multimodal information is most beneficial for motor performance and learning, since 

input from multiple sources forms a more robust percept than unimodal information (Calvert, 

Spence, & Stein, 2004). For example, when auditory and visual stimuli are congruent and 

provided in spatiotemporal limits that allow for multisensory integration, audio-visual cues lead 

to shorter reaction times compared to information from a single modality (Diederich & Colonius, 

2015; Peters & Glazebrook, 2020; Murray, Cappe, Romei, Martuzzi, & Thut, 2012). One idea 

that explains the benefits of audio-visual stimuli is that either modality complements the other in 

tasks with both spatial and temporal demands (Bulkin & Groh, 2006). Vision is thought to be 

constructed optimally for processing spatial information, while audition is better suited to 

provide temporal information. For example, the auditory system has high temporal resolution, 
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that is, it rapidly and precisely extracts timing information (Thaut, 2015; Van Vugt & Tillmann, 

2015). Thus, vision may be used to meet spatial demands of the task, while the auditory modality 

is used to process temporal information. However, there is evidence that certain modalities are 

selected for task performance (Welch & Warren, 1980). Task demands may determine whether a 

learner prioritizes the visual or auditory modality depending on how they evaluate the relevance 

of temporal or spatial information for success. Lastly, some research exists that emphasizes a 

dominance of the auditory modality, such that auditory information can interfere with visual 

processing in spatial task when both dimensions are not compatible (Robinson & Parker, 2016; 

2021). 

Specificity of Practice 

It is generally not well understood if and how auditory information supplements 

performance in predominantly visual tasks. In the context of motor learning, this is relevant 

because different motor learning theories assign more or less relevance to the availability of 

sensory feedback for skill reproduction after learning. For example, the specificity of learning 

effect predicts that the most accurate source of sensory information is selected for performance 

while learning a task (Coull, Tremblay & Elliott, 2001). According to this view, auditory input 

may be selected to learn tasks with greater temporal demands, while learning of spatial tasks 

would occur primarily through visual input. Over time, the sensory input becomes an integral 

part of the sensorimotor memory, such that performers become reliant on the availability of the 

same feedback conditions – that is, transfer to different sensory conditions is detrimental to skill 

performance (Coull, Tremblay & Elliott, 2001). Part of this effect may stem from constant 

practice, since theories supporting variable practice postulate that skills can be performed in the 
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absence of feedback in open-loop fashion (e.g., generalized motor programs) (Magill, 2012; 

Schmidt, 2020). 

Auditory Stimulation in Motor Performance and Learning 

Traditionally, vision and proprioception were considered the most relevant source of 

sensory information for the online control as well as learning of goal-directed actions (Thaut, 

2015). In the early 1990s, seminal behavioural experiments in MCL revealed an inherent 

connection between the auditory and motor system (Thaut et al., 1999, Todd, 1995). Since then, 

multiple research branches have evolved to examine the effects of sound on motor performance 

and learning. From an interdisciplinary perspective, music production and neuroscience studies 

have added evidence for the value of implementing auditory-motor training in rehabilitative 

settings (Rodriguez-Fornells et al., 2012; Dhami et al., 2014). The literature on auditory 

stimulation can be categorized regarding how auditory information is delivered, either as a cue, 

or as a feedback mechanism. The following section will provide an overview of auditory-motor 

interactions as well as present the various contexts in which cues or feedback have been used to 

enhance motor control and motor skill learning. 

Auditory System 

The auditory system describes all sensory organs and neural pathways necessary to 

perceive auditory stimuli. Sound reaches the inner ear in form of sound waves which induces 

vibrations of the eardrum; Mechanoreceptors convert this mechanical into a neural signal which 

is forwarded through the auditory neuroaxis to auditory networks in the brain. As such, our 

auditory system allows us to respond to extrinsic auditory events, such as a car honk, but also 

intrinsically produced sound, such as speech. 
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Auditory stimulus properties and related neural substrates 

Auditory stimuli can refer to a range of auditory events, from simple and discrete 

acoustic signals (e.g., beep, clink), over basic sets of events, such as an isochronous rhythm, to a 

complex synthesis of different acoustic features, such as speech or music. A single auditory 

stimulus can be very unique, depending on its individual features, such as pitch, loudness, 

reverberation or spectral filtering (Peretz & Zatorre, 2005). When assembled, individual tones 

can create melodic patterns which are distinctly identifiable when accompanied by timbre, 

rhythm and metre (as cited by Maes, Buhmann, & Leman, 2016). A range of neural substrates in 

the auditory cortex are involved in the processing of auditory stimuli, determined by the to-be-

decoded stimulus features. For example, processing of pitch engages different regions than those 

needed for the processing of rhythm, which typically requires the decoding of meter and 

temporal structure alone. Therefore, more complex auditory stimulus patterns such as music, 

which comprises of melodic and rhythmic features, requires a range of computational processes. 

Neurons in both cortical and subcortical areas entrain to the rhythms of auditory patterns, 

including frontal, temporal, parietal and subcortical regions. Rhythm and beat perception occurs 

in the basal ganglia, cerebellum, and premotor cortex (Bangert et al., 2006). It should be noted 

that music may incorporate a rhythm, but not necessarily a beat. Differences in beat and rhythm 

processing have been evidenced by studies with individuals with basal ganglia lesions[5], who 

have difficulty identifying changes in beat-based rhythms, but not in non-beat rhythms (Grahn & 

Brett, 2009). Further, melodic and harmonic properties are reflected by activity in the superior 

temporal gyrus and superior temporal pole (Brown et al. 2006). When movement is involved in 

auditory processing, for example, entraining to auditory stimuli, the anterior cerebellar vermis is 

activated (Brown et al., 2006). In addition, the putamen reflects the selection and organization of 

https://cac-word-edit.officeapps.live.com/we/wordeditorframe.aspx?ui=en%2DUS&rs=en%2DUS&wopisrc=https%3A%2F%2Fumanitoba-my.sharepoint.com%2Fpersonal%2Fcheryl_glazebrook_umanitoba_ca%2F_vti_bin%2Fwopi.ashx%2Ffiles%2Ffc8a762f9e1e433983e7e4803bc1ae4f&wdpid=2812480d&wdenableroaming=1&mscc=1&wdodb=1&hid=B2564AA0-D0CA-1000-ECBF-27199C1D0D8B&wdorigin=AuthPrompt&jsapi=1&jsapiver=v1&newsession=1&corrid=68213d8d-655e-4e92-bd24-15f63e7f0506&usid=68213d8d-655e-4e92-bd24-15f63e7f0506&sftc=1&cac=1&mtf=1&sfp=1&instantedit=1&wopicomplete=1&wdredirectionreason=Unified_SingleFlush&rct=Medium&ctp=LeastProtected#_ftn5
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action segments (Brown et al. 2006), which points to the basal ganglia having another important 

function when performing sequential tasks. Further, the right putamen is highly engaged when a 

regular metric rhythm is played (Brown et al., 2006). Reduction of neural activity in brain 

regions of the dorsal auditory action stream suggests increased efficiency in neural processing of 

learned stimuli. 

Auditory-Motor connections 

Neuroimaging and behavioural studies in various scientific domains have demonstrated 

that the motor and auditory systems are connected through shared neural networks for auditory 

processing and motor planning. Chen, Penhune and Zatorre (2009) describe auditory-motor 

interaction as “a process that involves communication between brain systems mediating sounds 

and movements” (p. 15). Motor cortex excitability is inherently (without experience or practice) 

modulated by rhythmic sound: In response to external auditory rhythms, the firing pattern of 

auditory neurons adapt to tempo and structure of the external auditory reference. Motor neurons 

are triggered by the oscillatory pattern of auditory neurons and entrain in synchrony with it 

(Bangert et al., 2006). This interlocking of auditory and motor oscillation invokes in us the urge 

to move to the beat and can stimulate spontaneous body movements (Janata & Grafton, 2003; 

Maes et al., 2014). Automatic reactions are even observable on the muscular level, where passive 

music listening can entrain the timing of muscle activation patterns (Janata, Tomic & 

Habermann, 2012). Music, in particular, elicits responsive movements unlike any other 

environmental sounds (Krueger, 2014). 

The natural interactions between cortical auditory and motor areas is strengthened by 

auditory-motor training (François et al., 2015; Haueisen & Knösche, 2001). During musical 

practice, for example, the repeated association of sensory events with the actions that generated 
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them leads to excitatory links in the CNS (Maes et al., 2014). Musicians exhibit strong activity in 

motor regions when listening to practiced music pieces, such as the contralateral primary motor 

cortex (Haueisen & Knösche, 2001). Vice versa, silent tapping of familiar musical phrases has 

shown to activate auditory areas (Bangert et al., 2006; Bangert & Altenmueller, 2003). The 

authors highlight this phenomenon in musicians as “silent dexterity drills produce audible tones 

inside the head” and, “sounding music flashes right into the fingers” (Bangert, Haeusler, & 

Altenmüller, 2001, p. 425). Strong auditory-motor coupling has also been found in unskilled 

individuals after short practice periods, where days or even minutes of practice can lead to 

functional changes where cortical activation patterns between passive listening to and mute 

performance of a practiced musical piece become more similar (Bangert et al., 2001; Wittfoth, 

Peschel, Bangert & Altenmueller, 2009). This indicates that practicing coupled auditory and 

motor sequences leads to auditory-motor associations which modulate the planning of the 

respective action sequences  

Rhythmic auditory stimulation and rhythmic entrainment 

Rhythmic entrainment emerged as “the first testable motor theory for the role of auditory 

rhythm and music in therapy” (Thaut et al., 2015, p. 2). It describes the act or the process of 

entraining body movements to rhythmic auditory cues, where not the synchronization of each 

movement element to each auditory element5 is implied, but rather the overall coordination of 

movements relative to the auditory stimulus, that is, movement may be performed intermittently. 

Therefore, rhythmic auditory cues have been applied for continuous motor skills such as 

rhythmic finger tapping, toe tapping or stepping (Repp & Su, 2013; Rose, Delevoye-Turrell, Ott, 

 
5 Sensorimotor Synchronization (SMS) involves the simultaneous pacing of movements to 

auditory stimuli 
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Annett, & Lovatt, 2019), but also for discrete goal-directed reaching (Ladwig et al., 2019, Peters 

& Glazebrook, 2019; 2020). The external auditory reference is typically a metronome with an 

isochronous rhythm, but some experiments have applied complex rhythms or music (Peters & 

Glazebrook, 2021; Rose et al., 2019). Peters and Glazebrook (2020) reported that RAS improved 

the stability of both timing and spatial movement parameters. The authors concluded that, 

despite the predictions of the modality appropriateness that auditory information would primarily 

benefit temporal aspects of movement, hearing the rhythmic auditory stimuli before movement 

initiation may prime the individual. Being a consistent external reference, RAS may facilitate 

predictive processing as well as reduce a performer’s focus on the impending go signal (Figure 

2) which allows to engage in movement planning earlier. More time for he planning process 

allows for better movement planning, including more attention to be allocated towards spatial 

demands of the task during planning. Additionally, this allows for more resources to be allocated 

to the execution phase. More attention geared towards the execution of movement results in 

fewer sub-movements and reduced movement variability (Thaut et al., 2015). Thaut, McIntosh 

and Hoemberg (2015) even suggest that “foreknowledge of the duration of the movement period 

changes computationally everything in motor planning” (p. 3) such as a specification of the 

three-dimensional coordinates of a limb trajectory before movement initiation. Auditory 

entrainment has been made use of for re-training motor functions, for example, steps performed 

in response to musical or beat-based auditory cues can improve gait in Parkinson’s on a longer 

term. Apart from neurotypical individuals, RAS has been shown to benefit neurological 

populations such as individuals with Cerebral Palsy (Ladwig et al., 2019), post-stroke (Yoo & 

Kim, 2016), Parkinson’s (deDreu et al., 2012) and Down’s Syndrome (Robertson, 2002). RAS, 

therefore, appears to be an effective method of facilitating sensorimotor control, improving 



AUDITORY CUEING VS. AUDITORY FEEDBACK 28 
 

reaction and movement times, variability, and endpoint accuracy, as well as smoothing velocity 

and acceleration profiles. 

Some authors have shown that entrainment can be successful with mere beat-based 

stimuli, meaning, stimuli which lack higher-level musical content6 (Brown, Martinez, & Parsons, 

2006; Peters & Glazebrook, 2021), Rose et al. (2019) showed that music supports motor 

entrainment better than a simple metronome – especially when the task involves medium- and 

fast-paced movements. Therefore, auditory stimuli that contain melodic information may be 

more distinct than auditory stimuli that merely provide metric information (the same applies to 

auditory feedback, see more details in Movement Sonification). For this reason, entraining to 

music may be more memorable than entrainment to a metronome (Fine & Bull, 2009, as cited by 

Rose, Delevoye-Turrell, Ott, Annett, & Lovatt, 2019b), which would make melody-based RAS 

more suitable for motor tasks with the goal of acquiring and memorizing novel information. 

Indeed, Stephan, Lega, & Penhune (2018) demonstrated that auditory-motor coupling (see 

Auditory-Motor Connections) is possible using auditory cues: After training finger movements 

with a specific melody, passively listening to the learned melody evoked corticospinal 

excitability for the trained finger even before tone onset, which supported motor preparation. 

Auditory Models 

Auditory models can be categorized as a type of auditory cue; however, it differs from 

aforementioned stimulus designs in timing and structure. In this method, an auditory template is 

presented repeatedly prior to execution of a movement sequence. Based on the Suzuki method 

(1969) which demonstrated that children could successfully replicate music pieces when they  

 
6 Auditory information entering the anterior cerebellar vermis may be coarsely processed 

irrespective of how rich stimulus content is 
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were previously repeatedly exposed to a musical model, auditory models are thought to help 

reduce movement errors and movement variability in sequential tasks. Modeled auditory 

information enhances the learning of relative and absolute timing of sequences, such as the 

absolute time to complete serial key presses and the individual intervals between each key press 

(Shea, Wulf, Park, & Gaunt, 2001). Therefore, auditory models may play a role in the emergence 

of GMPs, allowing for broad skill transfer, that is, retention of skill-relevant parameters when 

general task demands change. For example, contextual interference has a detrimental effect on 

the initial acquisition of a skill, while benefitting retention and transfer (Lee, Wishart, 

Cunningham, & Carnahan, 1997). Auditory models may compensate for the contextual 

interference effect emerging from variable practice schedules, as successful retention and 

transfer of sequential skills are achieved regardless of whether learners engage in constant or 

variable practice (Lai, Shea, Bruechert, & Little, 2002; Han & Shea, 2008). Auditory models also 

have been proposed to promote the formation of generalized motor programs during learning. 

Lai et al. (2000) found in their transfer task that the auditory model allowed for effector-

independent acquisition of a key press sequence – a clear indicator of a GMP. Furthermore, the 

benefits of the auditory model were measurable during acquisition, but also emerged in the 

retention test, when no auditory template was available. 

Auditory feedback 

Alike afferent sensory information from our visual or proprioceptive systems, sensory 

feedback from the auditory modality serves to help us interact efficiently with the environment. 

For example, the clink of a glass on a table or the continuous sound of footsteps emerges as 

intrinsic auditory feedback from our own movement and is integrated to produce appropriate 

motor output. Augmented feedback, on the other hand, refers to feedback designed to 
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supplement intrinsic feedback and is commonly used in sports or rehabilitation practice to guide 

learners towards a desired goal or performance outcome (Schmidt et al., 2020). 

Using auditory (intrinsic or extrinsic) feedback for novel skill learning may be advantageous for 

two reasons. First, the visual modality, as the dominant sensory source for the CNS, may block 

processing of other information and lead to reliance on visual input. For example, when vision is 

reduced, participants can benefit more from sound stimuli such as RAS (Peters & Glazebrook, 

2020). Second, augmented feedback typically leads to feedback dependency and has detrimental 

effects on retention performance when withdrawn (Schmidt & Lee, 2020). Learners supplied 

with augmented auditory feedback, however, have shown to develop less dependency (Han & 

Shea, 2008). Most importantly, the auditory modality allows the learner to process more intrinsic 

sensory feedback, such as proprioceptive information. In fact, auditory feedback may even 

facilitate proprioception and by this, enhance the learning of accurate positioning of limbs (Ghai, 

Schmitz, Hwang, & Effenberg, 2018). This effect was also robust to a retention and effector-

transfer test, indicating that intermodal integration (in this case, auditory and proprioceptive) 

may have enhanced “spatial knowledge of the body in space” (Ghai & Ghai, 2019, p. 58). 

In a reciprocal tapping Fitts’ task, Hatfield, Wyatt & Shea (2010) added auditory 

feedback at target acquisition and found that the kinematic parameters of the movements became 

more stable with the addition of auditory feedback. The improvements in movement 

performance indicated a significant change in movement efficiency. In other contexts, auditory 

feedback can improve temporal parameters of movement. Van Vugt & Tillmann (2015) found 

that auditory feedback resulted in less variability in sequence tapping. Also, the sound-supported 

learning generalised to novel sequences, which points to positive skill transfer, that is, the 
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generalizability of sound-supported sequence learning to everyday tasks (Van Vugt & Tillmann, 

2015). 

Movement Sonification 

Movement Sonification is a type of real-time auditory feedback that has been 

increasingly applied in rehabilitation and sports research (Schaffert et al., 2019, Maes, Buhmann 

& Lehmann, 2016). The term sonification describes the “transfer of data, and data relationships, 

into non-speech audio for the purpose of communication and interpretation” (Maes et al., 2016, 

p. 1) and derives from findings in psychoacoustic sciences which demonstrate that humans 

perceive and respond distinctively sounds. The most evident example is music: Certain features 

are inherently associated with certain aspects of motion, such as a musical tempo invoking more 

rapid or slower movements when listening. Movement sonification makes use of this 

phenomenon by mapping action features onto artificially generated auditory signals. Spatial 

elevation is transferred into pitch, while amplitude or force is reflected by sound volume. As 

highlighted in a review by Schaffert et al. (2019), research in this area has demonstrated 

optimization of movement control and execution. Various publications have also shown long-

term benefits for the (re)learning of motor skills as a type of reinforcement (for review, see 

Maes, Buhmann & Lehman, 2016). When learning with real-time auditory feedback, internal 

representations store information on the sensory outcomes of an action (Maes et al., 2014). 

Similar to playing an instrument, the predicted (desired) auditory outcome is used as an action 

goal. That is, the internal model predicts the auditory outcome of the motor command for “X” 

action (efference copy) and compares it in real-time with the current state of the body, i.e., 

monitors whether the ongoing motor command will result in the desired auditory output 

(Novembre & Keller, 2014). This can also aid the execution of an action, e.g., the intention of an 
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individual to generate a sound (auditory goal/target) triggers the action. Presumably, auditory 

sensory feedback is integrated into the emerging internal sensorimotor representations enhance 

the internal models the efficacy of motor learning (Effenberg, Fehse, Schmitz, Krueger, & 

Mechling, 2016). 

Sonification can enhance and may even substitute for proprioceptive information (Danna 

& Velay, 2017), and these beneficial effects are sustained for up to 24 hours after the real-time 

auditory feedback is removed (Ghai et al. 2019). The visual learning of sequential upper limb 

skills can be supplemented, possibly even substituted by sonification, as auditory information 

helps distinguish action patterns when the visual modality is not available (Vinken et al., 2013). 

Movement sonification has also been shown to support visuomotor learning in complex tasks 

(Sigrist, Rauter, Marchal-Crespo, Riener, & Wolf, 2014). It is still unclear, however, at which 

point multi- or bimodal feedback (such as combined visual and auditory feedback) may become 

detrimental to learning due to processing overload. Effenberg, Fehse, Schmitz, Krueger and 

Mechling (2016) argue that real-time sonified movement information can be integrated 

effectively together with information from the visual and proprioceptive modality. In particular, 

“music making [is] a domain of motor behavior with excellent subtle and unambiguous feedback 

about the precision and the quality of motor control” (Effenberg et al., 2016, p. 2). Thus, melodic 

sonification may be a particularly effective type of sonification. Its potential for reflecting 

movement in a multidimensional way allows learners to receive feedback which is rich in 

information (Maes, Buhmann & Leman, 2016). For example, melodic transformation of 

movement dynamics results in superior performance compared to mere rhythmic transformation 

(Effenberg et al., 2016; Dyer, Stapleton, & Rodger, 2017).  
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Auditory Feedback and Auditory Cues in SRT tasks 

Both the effects of auditory feedback and auditory cues have been investigated in the 

spatial SRT task. Overall, evidence suggests that implicit motor sequence learning is improved 

when participants are exposed to congruent auditory feedback throughout practice, indicated by 

lower response times compared to mute or incongruent auditory conditions (Hoffmann, Sebald, 

& Stoecker, 2001; Stoecker, Sebald, & Hoffmann, 2003; Stoecker & Hoffmann, 2004). These 

findings are supported by action-perception coupling mechanisms identified in music research: 

The ideomotor theory postulates that actions and their sensory consequences share a common 

code, that is, a shared internal representation for the movement plan, movement execution and 

movement perception (Maes et al., 2014). According to this, motor sequences in music are 

encoded and consolidated jointly with their corresponding auditory effects (de Manzano et al., 

2020). This sequence-specific mapping of auditory and movement information during practice 

may facilitate both the learning and retaining of sequential information. Stephan, Heckel, Song, 

and Cohen (2015) demonstrated that a finger movement sequence was better recalled when 

movements generated a unique pattern of tones during practice. Since the experiment featured 

non-musicians, it was concluded that the encoding of novel motor sequences could be fostered 

by auditory information alone, without pre-existing auditory-motor associations. The experiment 

suggests that adding spatially compatible auditory feedback to a sequential task could help 

retrieve the associated actions. The positive effect, however, occurs only when tones and 

responses are compatible and contingent (Keller & Koch, 2008; Stoecker, Sebald, & Hoffmann, 

2003). However, the positive effects are absent when tones are presented in random fashion 

(non-contingent), which aligns with the idea that the compatibility of stimulus and response 

facilitate response selection in tasks with increased uncertainty (Schmidt & Lee, 2020).  
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Due to the representational overlap of planning, execution and perception, hearing series 

of learned melodic stimuli can generate sequence-specific representations in motor networks 

related to the planning of precisely those actions that produced the melodic tones (de Manzano, 

Kuckelkorn, Ström, & Ullén, 2020). Response-effects generated by one response could also 

automatically trigger the next response (de Manzano et al., 2020; Keller and Koch (2008) 

suggest that, during sequence acquisition, attention shifts to the auditory “goals” of the response 

sequence, not the response sequence itself. Auditory effects become the task goal, and the 

intention to achieve an auditory ‘target’ or produce a desired auditory event facilitates action 

planning (Novembre & Keller, 2014). That is, the anticipation of the to-be-produced auditory 

events could then facilitate response-selection and planning of movements, making performance 

more efficient compared to mute sequence learning (Keller, Dalla & Koch, 2010; Keller & Koch, 

2008). Auditory imagery could help set up the entire motor pattern or sequence chunks (Keller, 

Dalla & Koch, 2010). Overall, recurring exposure to auditory action-effects during practice 

forms robust sensorimotor representations, which facilitates the recall of the sequential skill. A 

question here would concern whether the benefit of auditory action effects persists when 

auditory effects are not present, such as performing the motor sequence in mute conditions. 

According to the specificity of practice hypothesis (Coull, Tremblay & Elliot, 2001), 

performance relies on the availability of precisely the feedback which was available during 

practice. Open-loop performance (where the associated auditory response-effects are not 

available) would only be possible if the motor sequence was governed by a central motor 

program which does not rely on the previously learned auditory effects (Schmidt & Lee, 2020). 

Intuitively, one may assume that spatially compatible tones also have a positive effect on 

sequence learning when they are provided as a cue mechanism in an SRT task. In addition to 
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general priming mechanisms, which are thought to underlie the benefit of auditory cues in goal-

directed reaching (Ladwig et al., 2019; Peters & Glazebrook, 2020), linking unique pitch values 

to each spatial location could provide an additional criterion for the target movement, which 

would facilitate response selection. Audio-visual information should alert and draw attention to 

the specific target location. Indeed, a few studies have used tones (Robinson & Robinson, 2016; 

2021) or tones and rhythm (Albarado, 2010) as a cueing mechanism in the SRT task. However, 

the findings are ambiguous, potentially due to the limited research with auditory cues and the 

respective studies using varying task-designs with different perceptual and motor demands. 

Melodic patterns make for an ideal medium to study the effects of auditory-motor 

coupling in an implicit sequence learning such as the SRT. First, music is a highly memorable 

instance of sequence learning, and second, acquisition of music often occurs through exposure 

alone(i.e., incidentally; Rohrmeier & Rebuschat, 2012). Musical sequences provide a distinct 

scaffold with both temporal and melodic patterns that a learner can easily map individual action 

units to during acquisition (Bangert & Altenmüller, 2003). Thus, melodic and congruent audio-

visual cues, as well as congruent melodic feedback, should enhance implicit motor sequence 

learning. 
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Objectives 

The first objective was to determine whether implicit sequence learning supplemented 

with auditory cues and auditory feedback is superior to learning without sound condition. The 

second objective was to investigate if auditory cues and auditory feedback present during 

acquisition would improve short- and long-term retention of the motor sequence compared to 

practice without sound. The third objective was to investigate whether auditory cueing and 

auditory feedback practice conditions would be beneficial for transfer performance in the other 

auditory conditions (sensory transfer), including the no sound condition to assess how well 

sequence learning was retained when sound was removed. The primary dependent variables 

included: Total Sequence Time (TST), Constant Error (CE) and Variable Error (VE). 
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Hypotheses 

For Total Sequence Time (TST), I hypothesized that both auditory groups would show 

greater decreases in the acquisition phase compared to the no sound group. I hypothesized that 

all three groups would show an increase of TSTs in the perturbation block as an effect of 

sequence-specific learning. I also hypothesized that TST would be decreased in short- and long-

term retention for both auditory groups compared to the no sound groups. Due to the known 

priming effects of cues, it was hypothesized that all groups would show shorter TSTs in the cued 

transfer condition compared to the no sound transfer condition, where no additional auditory 

input facilitated response planning. Finally, I hypothesized that the constant, uninterrupted 

practice with auditory cues would lead to a specificity of learning effect where TSTs would 

increase significantly for both auditory groups in the no sound transfer condition. 

For Constant Error (CE), I hypothesized that both auditory groups would exhibit smaller 

spatial bias, and for Variable Error (VE), I hypothesized that both auditory groups would exhibit 

smaller endpoint variability during acquisition compared to the no sound group due to improved 

movement planning processes. I hypothesized that CE and VE would increase in all three groups 

during the perturbation block. Further, I hypothesized that both auditory groups would retain 

improvements in CE and VE in short- and long-term retention compared to the no sound group. 

In accordance with the expected benefits of cues for TST, it was hypothesized that all groups 

would also show reduced CE and VE in the cued transfer condition compared to the no sound 

transfer condition. Similarly, I hypothesized that uninterrupted practice with auditory cues or 

feedback would lead to a specificity of learning effect and result in increased CE and VE for 

both auditory groups in the no sound transfer condition. 
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Method 

The following section outlines the participant sample, the materials and the procedure 

utilized in the experiment. All procedures were in accordance with university guidelines and the 

Declaration of Helsinki (DoH, 2013), and were approved by both the Research Ethics Board 1 

and the Covid Recovery Research Team at the University of Manitoba. 

Participants 

An a priori power analysis was calculated using G*Power 3.1.9.7 (Faul, Erdfelder, Lang, 

& Buchner, 2007) to determine the required sample size. Alpha was set at 0.05 and power set at 

0.95, while the number of groups was set at 3, and the number of measurements at 8. The 

correlation among repeated measures was set conservatively at 0.5 and an estimated effect size 

of η2 = 0.25 was included. Sample size was calculated to be 54 in total. 

In accordance with the sample size calculation, fifty-three neurotypical adults (mean 

27.5, SD 4.6) years were recruited to participate in the study. Participants were recruited 

primarily from the University of Manitoba community and externally, using word of mouth. In 

addition to word-of-mouth, the research opportunity was shared: 1) on posters in the Faculty of 

Kinesiology and Recreation Management (FKRM); 2) electronically with FKRM students and 

on FKRM social media; and 3) in-person in FKRM undergraduate classes.  

The inclusion criteria to participate were young adults who were: 18-35 years of age, had 

normal, or corrected-to-normal vision, and normal, or corrected-to-normal hearing. The specific 

exclusion criteria were: Orthopaedic or neurological injuries of the upper body within the last 6 

months; cognitive, visual, auditory, or somatosensory impairments that may have limited the 

individual from understanding instructions or successfully completing the task.  
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Participants completed a demographics questionnaire prior to the first session (Table 1). 

Written, informed consent was obtained from all participants, however, they were not informed 

about the primary purpose of the experiment. This deception was necessary since the implicit 

SRT paradigm requires participants to be unaware of the repeating sequence when they begin the 

task. Immediate debriefing was offered to any interested participants, as well as a summary of 

the results upon request (available on the consent form).  

Design 

A mixed between-within design was used to assess the effects of three different sound 

conditions on acquisition, retention, transfer, and motor recall performance of a serial reaction 

time task (SRTT). Specifically, the mixed between-within design included a between-group 

factor for the auditory condition, and repeated measures for acquisition, retention and transfer 

trials. Participants were allocated to the following groups: Auditory cues (AC), in which 

participants’ responses were cued by auditory tones; auditory feedback (AF), in which 

participants produced auditory tones with their responses; and no sound (NS, control), in which 

participants completed the SRTT in silence. Group allocation was pseudorandom. Specifically, 

participants were randomized to group using the blocked randomization technique where 

randomization was carried out with blocks of 3 or 6 with the goal of balancing the groups 

according to the gender. 

The experiment took place on two days, with a 48-hour retention interval in between. On 

day 1, participants completed a familiarization session and the acquisition phase in their 

respective auditory condition. On day 2, a retention and two transfer tests were administered, as 

well as a motor recall test. The sessions were scheduled so that the required 48-h retention 

interval corresponded with participants’ preferred time of day. 
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Figure 2 

Within-between group study design 

 

 

 

 

 

  

  

 

  

  

  

 Note. Groups performed the SRTT in each auditory condition in the experiment. Transfer task 

conditions were counterbalanced 

Apparatus 

A laptop-tablet computer (Dell Precision 5540, 15.6-inch screen, 3840 x 2160) equipped 

with the software E-Prime 3.0 (Psychology Software Tools, Inc.) was used to deliver the 

experimental tasks and to record touch data. For all sessions, participants used a wooden laptop 

stand to tilt and secure the screen back to a 115° angle measured from the keypad in the 

horizontal plane. A custom E-Prime program displayed instructions specific to each trial block in 

all experimental sessions (see Procedure). Additional verbal instructions were provided by the 
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experimenter (PI or trained RA) during the videocall on a separate device, which, if feasible, was 

set up so that the experimenter could view participants’ responses on the experimental screen. 

Procedure 

The procedure was designed to make data collection as comprehensive as possible while 

accommodating for public health restrictions during the COVID-19 pandemic. A demographics 

questionnaire, an informed consent form and a COVID-19 consent form were delivered in paper 

form together with the laptop, charging cable and laptop stand (participants had also received 

these forms electronically on the day the sessions were scheduled). As indicated above, 

participants connected virtually with the experimenter on a separate device.  

Over the first weeks of data collection, participants accomplished all testing sessions 

from the comfort of their own homes, where testing equipment was dropped off and picked up 

by the Principal Investigator (PI) or the Research Assistant (RA). The experimenter guided all 

testing sessions remotely via video-call. Participants were to provide a table, a chair, a device to 

meet virtually with the experimenter via videocall (Zoom), and preferably, a quiet space. 

Throughout the data collection period, we received approval to conduct testing in the Perceptual 

Motor Integration Laboratory on the University of Manitoba campus following the COVID-19 

Recovery Research Team (CRRT) protocol. Participants could then choose to complete the 

experiment from home or in the university lab. For each session, participants were asked to place 

the tablet-laptop on their table at a distance that allowed them to comfortably sit and touch upper 

and lower half of the screen with the index finger of their dominant hand, while both feet were 

placed on the floor and their non-dominant arm was resting to the side of the tablet-laptop.  

The visual component of the SRTT was designed as follows: Participants began by 

pressing the space bar on the instruction slide, which switched the screen to a fixation cross with 
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a random duration of 1500 – 1800 ms for each block. Subsequently, an array of 5 coloured 

square outlines with a size of 2cm by 2 cm were displayed at the top of the screen, from left to 

right in the order red (1), blue (2), yellow (3), green (4) and purple (5)7. At the bottom of the 

screen, there was a centered black home button (see Figure 5). Participants were instructed to 

place the index finger of their dominant hand on the home button at the start of each block. This 

triggered the first visual stimulus in the sequence, that is, one of the target outlines filled in 

opaque. Participants were supposed to respond as quickly and as accurately as possible to the 

stimulus by moving towards and touching the opaque target with their index finger. This, in turn, 

reverted the opaque target to the coloured outline. That is, the target touch made the visual 

stimulus disappear. Participants then returned to the home button, which triggered the next 

stimulus in the sequence. Therefore, the spatial sequence consisted of the coloured outlines 

filling in opaque, one at a time, and participants moving from home button to each target, until 

10 consecutive stimuli had appeared. The response-stimulus interval (RSI) was determined by 

the participants, and only moved into the next element in the sequence once a response was 

made.  

Day 1 

After a short introduction of the task participants of all groups completed a 

familiarization phase. The familiarization phase was completed in a no-sound condition and 

consisted of 20 target touches in a random order, with no replication of the deterministic 

sequence. The purpose of the familiarization phase was to help participants become familiar with 

 
7 For reference purposes, the array of keys from left to right were assigned the numbers 1, 2, 3, 4, 

5 
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the equipment and basics of the task. After the familiarization phase, the acquisition phase took 

place over 6 practice blocks. Unbeknownst to participants, the visual stimuli were now presented 

as a deterministic sequence, that is, they followed a repeated pattern. The sequence had the order 

of targets: Red (1), green (4) purple (5), blue (2), green (4), yellow (3), red (1), purple (5), blue 

(2), yellow (3). In each practice block, the sequence was presented 8 times, therefore, blocks 

consisted of a total of 80 trials (10-item sequence x 8 sequences per block). After blocks 1-4 with 

the repeating pattern, block 5 was used as a perturbation block which consisted of 80 random 

visual stimuli. The last practice block 6 once again contained the deterministic sequence. Using 

this perturbation design of the SRTT, we can evaluate whether performance improvements 

occurring throughout the acquisition phase were sequence-specific and not related to general 

improvements. 

Figure 3 

General task setup 

 

  

  

  

  

  

 

 

Note. The array of slides shows how participants interacted with the laptop touchscreen. Targets 

turned opaque through home button touch or reverted to coloured outline through target touch 
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For the auditory groups AC and AF, each target was assigned a fixed (invariable) 

auditory tone on the C major scale. In accordance with previous literature linking congruent 

tones to visual stimuli in SRTTs, the five discrete tones were mapped onto the targets according 

to their pitch value from lower to higher pitch from left to right: Red = C (1), blue = D (2), 

yellow = E (3), green = F (4), and purple = G (5). All tones had a default duration of 200 ms, 

however, the actual duration of the stimulus during the SRTT was contingent on the response 

time of the participant, that is, the auditory stimulus was terminated early if the succeeding 

response was performed <200 ms. For AC, the tones were triggered through the touch of the 

home button, that is, the auditory stimuli co-occurred with the respective visual stimuli prior to 

responses. For AF, the tones were triggered by the target touches, that is, they were presented 

after responses were made to the respective visual stimuli. The NS group practiced in mute 

conditions and only with the visual cues. While all groups completed their practice blocks in 

their specific auditory contexts, the stimulus and corresponding motor sequences were identical 

for all groups. 

Day 2 

Retention, transfer, and motor recall tasks were administered 48 hours after the end of the 

day 1 sessions. The retention test and two transfer tests each consisted of 1 block of 80 trials (8x 

10-item sequence) and varied in task conditions. The retention test was identical to those of each 

participants’ practice condition on day 1. In the transfer tests, all groups performed in each of the 

other auditory conditions they had not experienced during practice. All three conditions were 

counterbalanced in the transfer tasks to avoid effects of task order. For example, half of the 

participants in AC performed the task in AF conditions first, followed by the NS condition; the 
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other half first completed the NS condition, followed by AF. The same procedure applied to AF 

(AC, NS or NS, AC) and NS (AC, AF; AF, AC). 

The motor recall test was conducted after the transfer tasks to assess whether participants 

gained explicit knowledge about the sequential order of stimuli. The Explicit Awareness test is 

typically completed as a questionnaire in paper form (Gheysen et al., 2011). However, to remain 

consistent with the task set up, the present study allowed participants to complete the test using 

the same interface presented in E-Prime. Specifically, the square outlines were displayed in their 

usual colours but did not fill in opaque, and no tones were presented during the test. Therefore, 

participants were required to reproduce the sequence without visual cues and without sound 

support. The test was terminated after 20 trials, which allowed a maximum of 2 attempts at 

performing the sequence. Immediately prior to the explicit motor recall test, participants were 

asked “Did you notice anything particular about the target-touching task?” which allowed us to 

determine whether participants may have been aware of the presence of a spatial sequence but 

were not able to recall the sequence motorically. 

Between all practice and test blocks on day 1 and 2, there were mandatory 60 second 

breaks. Participants were reminded at the start of each block to respond as quickly and as 

accurately as possible. Notes were taken during the sessions to allow for later cross-referencing 

with participants’ data in case of unforeseen technical issues or interruptions during the task. 

Dependent variables 

E-Prime recorded and stored temporal and spatial data of all screen touches during the 

experiments. Millisecond time stamps were recorded at three specific time points: When the 

index finger arrived on the home button, when it released the home button, and when it arrived 
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on a target. From this, Total Sequence Time (TST) was calculated from each first home button 

touch in the sequence to the final target touch in the sequence. 

CE in both the X and Y axes were calculated to assess whether participants’ responses 

were biased in movement direction (horizontal X axis) and/or movement amplitude (vertical Y 

axis), such that they under- or overshot target midpoints within the target areas. For the Y axis, 

CE error was calculated in pixels using the deviations of response locations in relation to the 

target midpoints in the Y axis, averaged across trials within each block. For the X axis, CE was 

calculated in pixels using the deviations of response locations in relation to the target midpoints 

in the X axis, averaged across trials within each block. Additionally, VE in X and Y axes was 

calculated to assess whether participants’ response locations within the target area were 

consistent or whether response locations were variable across trials in each block. VE in X and Y 

axes error were calculated in pixels using the within participant standard deviations (i.e., the 

difference between the respective error scores in each trial and the participants’ CE). 

In order to assess whether participants were aware of the presence of a sequence, explicit 

awareness was analysed using the dichotomous Yes/No outcomes of the question: “Did you 

notice anything particular about the target-touching task?”. Explicit Motor Recall was measured 

by comparing the recorded location of each target touch with the correct answer key and 

calculating the total number of correct responses, including the number of correct triplets (i.e., a 

pattern of three correct target locations in a row, regardless of the specific sequence location). 

Data Analysis 

Data from 53 participants were included in the primary data analysis. For each 

participant, TSTs were calculated for each sequence repetition in each trial block on day 1 and 

day 2, resulting in 8 TST data points per block (sequence was repeated 8x per block). Median 
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TSTs were calculated for each block using the 8 raw TST data points. CE in the Y axis was 

calculated using the equation CE = Ʃ(Ytrial – Ymidpoint)/N. Positive values equated overshooting 

and negative values equated undershooting. CE in the X axis was calculated using the equation 

CE = Ʃ(Xtrial – Xmidpoint)/N. The middle target (yellow) was excluded from this analysis because, 

depending on the direction of approach, responses in the left and the right half of the middle 

target could be defined as both under- or overshooting in the X axis. Since two targets were 

located to the left and two targets were located to the right of the home button, yet pixels in the X 

axis were measured continuously from left to right on the screen, negative CE values for the two 

left targets (red, blue) indicated overshooting (and positive values undershooting). For the two 

right targets (green, purple), negative CE values indicated undershooting (and positive values 

overshooting). For statistical analysis of CE in the X axis, the sign for the two left targets (red, 

blue) was reversed, so that all positive values indicated overshooting, and all negative values 

indicated undershooting. VE in X and Y axes was calculated with the equation VE = √Ʃ(CEtrial – 

CE2)/N using the values in X and Y axis, respectively. To be consistent with the CE calculations, 

the yellow target was excluded from analysis in the X axis as mentioned above. 

For the statistical analyses of TST, CE and VE, a series of two-way mixed analyses of 

variance were performed using IBM SPSS (IBM SPSS Version 28.0) with the motor learning 

timescale (acquisition, perturbation, retention, transfer) as the within-subjects factor and the 

auditory condition (AC, AF, NS) as the between-subjects factor. The acquisition phase was 

assessed for the first 4 blocks using a 3 group x 4 blocks ANOVA, while the effects of the 

perturbation block 5 were assessed with a 3 group x 3 blocks (4 – 6) ANOVA. Retention and 

transfer were assessed in a separate 3 group x 3 blocks ANOVA (retention and transfer to both 

other auditory conditions). To test for differences between immediate retention (block 6) and 
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delayed retention (1st block day 2), a 3 group x 3 block ANOVA was conducted. Differences in 

the no sound transfer were assessed using a One-Way ANOVA. Prior to the analyses, TST, CE 

and VE, data was visually assessed for outlier values that may have resulted from technical or 

data entry errors. All data points were considered natural and a result of human movement input. 

Further, median as a measure of central tendency for TST was considered robust against outliers, 

and TE outliers were constrained by nature of the task (participants had to arrive within the 

present target area to proceed – if at all, a target touches outside of the target boundaries would 

have resulted in longer TST, not led to outliers in CE or VE). Therefore, no TST, CE or VE 

outliers were removed. Further, as the ANOVA is a parametric test, the dependent variable 

should ideally be: 1) continuous; 2) normally distributed, and; 3) have homogenous variances 

between groups. However, the ANOVA is considered sufficiently robust against violations of 

normality when sample sizes are equal (Refinetti, 1996). The continuous TST, CE and VE data 

was tested for normality and for equality of variances using the Shapiro-Wilk test and Levene’s 

test, respectively. The assumption of normality was violated in some cells of the design, for 

example, TST data of all groups was not normally distributed in practice blocks 1, and AC and 

AF group data was not normally distributed in practice blocks 2-5. Since group sizes in the 

present experiment were nearly identical, and the assumption of equal variances was satisfied as 

well as the variable being continuous, data analysis was carried out using the parametric 

ANOVA. Non-parametric alternatives (such as the Friedman Two-Way Analysis of Variance by 

Ranks) were not considered to sacrifice statistical power. The significance level (α-level) was set 

to 0.05 for all statistical tests. In cases where a significant difference was found (p ≤ 0.05), 

planned comparisons of main effects were conducted using Bonferroni post-hoc tests. Due to 

limitations of SPSS with regard to computing post-hoc tests for mixed ANOVAs with within and 
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between interactions, post-hoc tests were calculated manually for any interaction effects 

(Tukey’s HSD). 

Explicit awareness outcomes were coded as “No” and “Yes” and analysed using a Chi 

Square Test of Independence. For motor recall, all target touch locations in the X-axis were 

compared with the target boundaries of each target on the X-axis (the Y-axis was the same for all 

five targets). Further, the frequency distribution of the correct number of triplets was reported. 
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Results 

Acquisition 

TST 

The 3 (group) x 4 (blocks 1 – 4) ANOVA revealed a significant main effect of block on 

TST during the first four blocks of practice. Mauchly’s test of sphericity indicated that sphericity 

was violated for the repeated measures variable, χ²(5) = 159.88, p<0.001, therefore, corrected 

values from the Greenhouse-Geisser test were interpreted, F(1.18, 58.99) = 20.54, p < 0.001. 

Bonferroni pairwise comparisons showed that all groups improved significantly (i.e., from block 

1 to block 2 (p = 0.001), and from block 3 to block 4 (p = 0.001). No effects of group, F(2, 50) = 

0.005, p = 0.96, or group-by-block interactions, F(6, 150) = 0.44, p = 0.68, were identified. 

Overall, the significant effects of block on TST indicates that performance improved over the 

course of acquisition, and improvement was equivalent for all sound conditions. 

Figure 4 

TST Acquisition blocks on day 1 
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CE in X axis 

The 3 (group) x 4 (blocks 1 – 4) ANOVA did not produce any group-by-block 

interactions; sphericity was violated for the repeated measures variable, χ²(5) = 23.19, p<0.001, 

therefore, corrected values from the Greenhouse-Geisser test were interpreted F(4.48, 111.96) = 

0.81, p = 0.53. No main effect of block, F(2.24, 111.96) = 1.02, p = 0.37, or main effect of 

group, F(2, 50), = 0.001, p = 1, were found. Therefore, neither sound conditions, nor practice 

blocks, had a significant effect on CE in the X axis during acquisition. 

Figure 5 

CE X axis in Acquisition blocks on day 1 
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CE in Y axis 

The 3 (group) x 4 (blocks 1 – 4) ANOVA did not produce any group-by-block 

interactions; sphericity was violated for the repeated measures variable, χ²(5) = 37.65, p = 0.00, 

therefore, corrected values from the Greenhouse-Geisser test were interpreted F(3.88, 96.99) = 

2.37, p = 0.06. No main effect of block, F(1.94, 96.99) = 0.6, p = 0.55, or main effect of group, 

F(2, 50), =  0.46, p = 0.63, were found. Therefore, neither sound conditions, nor practice blocks, 

had a significant effect on CE in the Y axis during acquisition. 

Figure 6 

CE Y axis in Acquisition blocks on day 1 
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VE in X axis 

The 3 (group) x 4 (blocks 1 – 4) ANOVA did not produce any group-by-block interactions, F(6, 

150) = 1.41, p = 0.22. No main effect of block, F(3, 150) = 0.51, p = 0.68, or main effect of 

group, F(2, 50), =  0.30, p = 0.74, were found. 

Figure 7 

VE X axis in Acquisition on day 1 

 

 

 

 

 

 

 

 

 

 

 

 

VE in Y axis 

The 3 (group) x 4 (blocks 1 – 4) ANOVA did not produce any group-by-block interactions; 

sphericity was violated for the repeated measures variable, χ²(5) = 16.9, p = 0.005, therefore, 

corrected values from the Greenhouse-Geisser test were interpreted F(5.12, 128.07) = 0.49, p = 
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0.79. No main effect of block, F(2.56, 128.07) = 1.16, p = 0.33, or main effect of group, F(2, 

50), =  0.93, p = 0.40, were found. 

Figure 8 

VE Y axis in Acquisition on day 1 

 

 

 

 

 

 

 

 

 

 

 

 

Perturbation 

TST 

A significant main effect of block on TST was found, F(2,100) = 19.90, p < 0.001, but no 

main effect of group was identified, F(2,50) = 0.57, p = 0.57. However, there was a significant 

group by block interaction, F(4,100) = 3.24, p = 0.02. Tukey’s HSD post-hoc tests were 

calculated manually by comparing mean changes between blocks to the critical value CV = 

q*√(Mse/n). Using the studentized range q-table with 3 independent groups and α = 0.05, q was 
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set to 3.38 as a midpoint between dof = 60 = 3.40 and dof = 120 = 3.36, since true dof = 100. 

Mean squared error was 170818.21, and n = 17. Between block 4 and the perturbation block, the 

calculated CV was 338.81. The CV was reached by groups AF (443.28) and NS (371.44) from 

block 4 to the perturbation block (block 5). Between the perturbation block and the final practice 

block, all groups AC (390.08), AF (689.42), and NS (437.09) reached the CV, with shorter TST 

in the final block (block 6). This indicates that the AF and NS group responded to the 

perturbation block with an increase in TST, while the AC group was not affected by the random 

stimuli. 

Figure 9 

TST Perturbation blocks on day 1 
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CE in X axis 

The 3 (group) x 3 (blocks 4-6) ANOVA did not produce any group-by-block interactions. 

F(4, 100) = 0.22, p = 0.93, and no main effect of group was found, F(2, 50), = 1.7, p = 0.19. 

There was main effect of block, F(2, 100) = 5.83, p = 0.04, where all groups produced 

significantly lower CE in the final sequence block compared to the perturbation block (p = 

0.006). 

Figure 10 

CE X axis in perturbation on day 1 

 

 

 

 

 

 

 

 

 

 

 

 

CE in Y axis 

The 3 (group) x 3 (blocks 4-6) ANOVA did not produce any group-by-block interactions, 

F(2, 100) = 2.43, p = 0.053, and no main effect of block, F(2, 100) = 0.38, p = 0.69 was found. 
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However, a main effect of group was identified where the AC group undershot the target 

midpoint by a significantly larger margin than the AF and NS groups, F(2, 50), =  3.98, p = 0.03. 

Therefore, cues seemed to have an effect on movement amplitude in the perturbation block. 

Figure 11 

CE Y axis in perturbation on day 1 

 

 

 

 

 

 

 

 

 

 

 

 

VE in X axis 

The 3 (group) x 3 (blocks 4 – 6) ANOVA did not produce any group-by-block interactions, F(4, 

100) = 0.4, p = 0.81. No main effect of block, F(2, 100) = 3.01, p = 0.054, or main effect of 

group, F(2, 50), =  1.6, p = 0.21, were found. Therefore, neither sound conditions, nor practice 

blocks, had a significant effect on VE in the X axis during perturbation. 
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Figure 12 

VE X axis in perturbation on day 1 

 

 

 

 

 

 

 

 

 

 

 

 

VE in Y axis 

The 3 (group) x 3 (blocks 4 – 6) ANOVA did not produce any group-by-block interactions, F(4, 

100) = 0.29, p = 0.89. No main effect of block, F(2, 100) = 0.81, p = 0.45, or main effect of 

group, F(2, 50), =  0.45, p = 0.64, were found. Therefore, neither sound conditions, nor practice 

blocks, had a significant effect on VE in the Y axis during perturbation. 
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Figure 13 

VE Y axis in perturbation on day 1 

 

 

 

 

 

 

 

 

 

 

 

 

Transfer 

TST 

The 3 (group) x 3 (transfer condition) ANOVA to assess performance in each of the other 

auditory conditions produced a significant main effect of transfer condition on TST, 

F(1.35,67.71) = 8.09, p = 0.003. The significant difference was identified between the cueing 

condition and the no sound condition (p < 0.001), where all groups produced significantly lower 

TST without sound (mean 8943.84, SE 217.31) compared to with auditory cues (mean 9860.24, 

SE 249.46). No significant main effect of group was found, F(2,50) = 0.85, p = 0.43. There was 

no group by transfer condition interaction, F(2.71, 67.71) = 0.586, p = 0.61. 
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Figure 14 

TST Transfer tests on day 2 

 

 

 

 

 

 

 

 

 

 

 

   

CE in X axis 

The 3 (group) x 3 (transfer condition) ANOVA did not produce any group-by-block 

interactions; sphericity was violated for the repeated measures variable, χ²(5) = 18.19, p = 0.006, 

therefore, corrected values from the Greenhouse-Geisser test were interpreted F(3.36, 84.11) = 

0.77, p = 0.53. No main effect of block, F(1.68, 84.11) = 1.28, p = 0.28, or main effect of group, 

F(2, 50), = 1.07, p = 0.35, were found. Therefore, neither sound conditions, nor practice blocks, 

had a significant effect on CE in the X axis during transfer. 
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Figure 15 

CE X axis in transfer tests on day 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

CE in Y axis 

The 3 (group) x 3 (transfer condition) ANOVA did not produce any group-by-block 

interactions, F(4, 100) = 0.91, p = 0.99. No main effect of block, F(2, 100) = 1.43, p = 0. 25, or 

main effect of group, F(2, 50), =  0.75, p = 0.48, were found. Therefore, neither sound 

conditions, nor practice blocks, had a significant effect on CE in the Y axis during transfer. 

 

 

 



AUDITORY CUEING VS. AUDITORY FEEDBACK 62 
 

Figure 16 

CE Y axis in transfer tests on day 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

VE in X axis 

The 3 (group) x 3 (transfer condition) ANOVA did not produce any group-by-block interactions, 

F(4, 100) = 1.31, p = 0.27. No main effect of block, F(2, 100) = 0.28, p = 0.75, or main effect of 

group, F(2, 50), =  0.31, p = 0.74, were found. Therefore, neither sound conditions, nor practice 

blocks, had a significant effect on VE in the X axis during transfer. 
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Figure 17 

VE X axis in transfer tests on day 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

VE in Y axis 

The 3 (group) x 3 (transfer condition) ANOVA did not produce any group-by-block 

interactions; sphericity was violated for the repeated measures variable, χ²(5) = 11.01, p = 0.004, 

therefore, corrected values from the Greenhouse-Geisser test were interpreted F(3.33, 83.25) = 

2.3, p = 0.07. No main effect of block, F(1.67, 83.25) = 0.07, p = 0.9, or main effect of group, 

F(2, 50), = 0.51, p = 0.61, were found. Therefore, neither sound conditions, nor practice blocks, 

had a significant effect on VE in the Y axis during transfer. 
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Figure 18 

VE Y axis in transfer tests on day 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Immediate vs. Delayed Retention 

TST 

To measure the effects of a 48-h consolidation interval on retention performance, a 3 

(group) x 3 (block 4, immediate retention (block 6), delayed retention (1st block day 2)) ANOVA 

was performed. A main effect of block was found, F(1.2, 59.9) = 5.13, p = 0.02; Bonferroni 

pairwise comparisons showed that TST decreased significantly between block 4 and immediate 

retention (p = 0.004), and TST increased significantly from immediate retention to delayed 
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retention on day 2 (p = 0.03). No main effect of group was found, F(2, 50) = 0.12, p = 0.88. 

There was no group by block interaction, F(2.4, 59.95) = 1.03, p = 0.37. This indicates that all 

groups, regardless of sound condition, showed improvement in immediate retention after the 

perturbation block, while they performed significantly worse in a delayed retention test. 

Figure 19 

TST in immediate and delayed retention between day 1 and day 2 

  

  

 

 

 

 

 

 

  

  

 

 

CE in X axis 

The 3 (group) x 3 (blocks 4, immediate retention (block 6), delayed retention) ANOVA revealed 

no group by block interaction effects, F(4, 100) = 1.44, p = 0.26, no main effect of block, F(2, 

100) = 2.63, p = 0.08, or main effects of group, F(2, 50) = 0.10, p = 0.34. Therefore, neither 
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sound conditions, nor practice blocks, had a significant effect on CE in the X axis during 

retention. 

Figure 20 

CE X axis in immediate and delayed retention between day 1 and day 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

CE in Y axis 

The 3 (group) x 3 (blocks 4, immediate retention (block 6) ANOVA produced no 

significant main effect of block, F(2, 100) = 0.39, p = 0.68, and no main effect of group, F(2, 50) 

= 2.60, p = 0.08. However, there was a significant group by block interaction, F(4, 100) = 3.67, p 

= 0.008. Tukey’s HSD post-hoc tests were calculated manually as described above (CV = 2.663), 
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which revealed that CE in the Y axis decreased significantly between immediate and delayed 

retention in the AC group in (2.978), whereas the AF (1.773) and NS (1.941) group did not. 

Figure 21 

CE Y axis in immediate and delayed retention between day 1 and day 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VE in X axis 

The 3 (group) x 3 (block 4, 6, delayed retention) ANOVA did not produce any group-by-block 

interactions, F(4, 100) = 0.55, p = 0.70. No main effect of block, F(2, 100) = 0.83, p = 0.44, or 

main effect of group, F(2, 50), =  1.62, p = 0.21, were found. Therefore, neither sound 

conditions, nor practice blocks, had a significant effect on VE in the X axis during retention. 



AUDITORY CUEING VS. AUDITORY FEEDBACK 68 
 

Figure 22 

VE X axis in immediate and delayed retention between day 1 and day 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

VE in Y axis 

The 3 (group) x 3 (blocks 4, immediate retention (block 6), delayed retention) ANOVA 

did produced a significant group-by-block interactions, F(4, 100) = 1.02, p = 0.40. No main 

effect of block, F(2, 100) = 0.65, p = 0.53, or main effect of group, F(2, 50), = 0.16, p = 0.86, 

were found. Therefore, neither sound conditions, nor practice blocks, had a significant effect on 

VE in the Y axis during retention. 
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Figure 23 

VE Y axis in immediate and delayed retention between day 1 and day 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Performance in No Sound Condition 

Since our interest lay in assessing whether the groups could maintain sequence 

performance when the supplemented auditory information was removed, a separate one-way 

ANOVA was performed in the no sound transfer condition on day 2. This analysis revealed no 

significant differences between the groups, F(2, 50) = 2.38, p = 0.10. 
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Figure 24 

Performance of all groups in No Sound condition on day 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acquired Explicit Knowledge 

The Explicit Awareness Question revealed that in the AC group, 13/18 participants 

reported that they recognized a pattern; in the AF group 9/18 participants; in the NS group 10/17 

participants. In other words, almost three quarters of participants who received auditory cues 

recognized a recurring pattern (72.2%), half of the participants receiving feedback (50%), and 

just over half of the participants who practiced in silence (58.8 %) were aware of a pattern at the 

end of day 2. The Chi Square test of Independence produced a chi square value of χ2 = 0.8640, 
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where p = 0.39. Thus, the present data does not provide sufficient evidence for an association 

between the auditory practice conditions and the development of explicit knowledge. 

Explicit Motor Recall 

In order to assess whether participants were not only able to express that there was a 

sequence, but also whether they could reproduce any segment of the sequence, participants were 

asked to perform the SRT task without visual cues or auditory guidance. The computer motor 

recall test led to data measurement errors, resulting in the exclusion of data from 12 participants, 

leaving 41 participants for the present analysis: 15 of the AC group, 12 of the AF group and 14 

of the AC group. Two approaches were taken to report explicit awareness: In absolute correct 

responses, the AC group recalled on average 42.35% of the sequence, the AF group 48.35%, and 

the NS group 51.05%. However, this disregarded that correct responses could be made 

arbitrarily; therefore, the number of triplets produced during the 20 key presses in the test were 

considered (Stoecker, Sebald, & Hoffmann, 2003). A frequency distribution with the lowest 

number of triplets 0 and the highest 18 showed that the majority of participants (n = 22) could 

reproduce 1-4 triplets, where six participants could not reproduce any triplets, and two 

participants achieved high values of 14, and 18 triplets. The average triplet score was 3.83 

triplets.  
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Figure 25 

Frequency distribution of correct triplets in motor recall test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All groups produced on average 3.83 triplets, where the AC group recalled 3.07, the AF 

group 3.67, and the NS group 4.79 triplets. While this indicates that the NS group reached the 

highest number of triplets on average, the high score of 18 was included in this group. Some 

observable trends were that the AC group produced several low (0-1) and several higher scores 

(9) at the same time, while the NS frequencies were more equally distributed from low to high 
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scores. Overall, no group exceeded the other in recalling markedly high numbers of triplets with 

all three averaging around the same scores as the overall average of 3.83. 

Table 1 

Frequencies of correct triplets in motor recall test 
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Discussion 

The present study investigated the effects of auditory cues versus auditory feedback on 

motor sequence learning in neurotypical adults. For this, an implicit spatial SRT task was 

practiced over a series of acquisition blocks in one of three assigned auditory practice conditions 

(auditory cue, auditory feedback and no sound). After a 48-h retention interval the SRT task was 

repeated in the same condition that was practiced (i.e., retention) and the two other auditory 

conditions (i.e., transfer), as well as in an explicit motor recall test. With this design, we aimed to 

test for performance differences elicited by the different auditory conditions during acquisition, 

retention, and transfer. Our primary aim was to assess the rate of sequence acquisition during the 

initial practice blocks and how robust any performance gains were in the short-term and long-

term retention and transfer conditions.  

The SRT task is a well-established paradigm to measure motor sequence learning, and 

both the effects of auditory feedback (Hoffmann et al., 2001; Stöcker et al., 2003) as well as 

auditory cues (Albarado, 2010; Robinson & Robinson, 2016) on spatial sequence learning have 

been investigated. However, this research is still sparse, and the studies assessed the effects of 

feedback or cues alone, where between-group comparisons were made only to no sound control 

groups or groups that received altered stimulus content (e.g., compatible feedback vs. non-

compatible feedback). The present study was the first to compare auditory cues and auditory 

feedback in the SRT in a controlled experiment. Our results are partially consistent with previous 

research, while other expected effects did not emerge. 

The findings are consistent with previous literature where participants who practiced a 

repeated sequence in a SRT task implicitly acquired knowledge of the sequence over time as 

evidenced by their performance becoming increasingly more efficient over blocks of practice. In 



AUDITORY CUEING VS. AUDITORY FEEDBACK 75 
 

the present study, all groups decreased their TST as a function of block, thus, demonstrating the 

key mechanism of implicit sequence learning following repeated practice of a spatial SRT tasks 

(Willingham et al., 1989). However, based on the well-known benefits of multisensory audio-

visual cues (Calvert, Spence, & Stein, 2004; Duna, 2016; Peters & Glazebrook, 2020), auditory 

models (Lee et al., 1997), and auditory feedback (Hoffmann, Sebald, & Stoecker, 2001; 

Stoecker, Sebald, & Hoffmann, 2003), it was hypothesized that both sound-supported groups 

(AC and AF) would benefit from additional auditory stimulation and show superior performance 

compared to those practicing with visual cues only (NS). It was also hypothesized that there 

would be a priming effect of redundant cues in the AC group that would result in better response 

selection and planning, leading to more rapid sequence acquisition on day 1, but reduced 

performance on day 2. In contrast, it was predicted that AF group would develop a robust 

internal representation on day 1 and perform better than the AC and NS groups in retention, 

transfer and recall tests. 

Overall participants in all groups showed evidence of acquiring the motor sequence over 

the series of practice blocks. However, the results did not show any main effects nor interaction 

effects of group, indicating that participants did not perform differently as a result of their 

assigned auditory condition, or as a result of the condition combined with practice. Accordingly, 

the results in the present experiment could not support the hypotheses that the addition of 

auditory information improves sequence acquisition as the addition of auditory stimuli did not 

appear to benefit spatial sequence learning compared to practicing with visual cues only, neither 

as feedback nor as cueing mechanism. It should be noted that the lack of positive effects in the 

AC group is consistent with results of studies on auditory interference in SRT tasks, where 
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congruent auditory cues did not lead to improvements compared to learning by visual cues only 

(Robinson & Parker, 2016; Robinson & Parker, 2021). 

Acquisition and Perturbation 

The main effect of time during acquisition indicated that all participants gradually 

acquired implicit knowledge of the sequence. Regardless of sound condition, participants 

showed an abrupt improvement in performance in block 2 compared to block 1, reflecting a 

common initial familiarization with the task. While no statistically significant effect of time was 

found between block 2 and block 3, all groups showed significant improvements from block 3 to 

block 4. As expected, TST then significantly increased during perturbation and then decreased 

when the sequence was resumed in block 6. After the perturbation block participants did not 

return to their level of performance prior to perturbation but showed further improvement when 

encountering the final (6th) practice block. The fact that participants were exhibiting processing 

costs only in block 5 signifies that motor learning was sequence-specific and did not merely 

reflect task-general improvements such as increased movement efficiency (Müssgens & Ullén, 

2015). A notable effect was observed in the AC group, which was not affected by the 

perturbation block. This may indicate that, while cues did not facilitate rapid implicit acquisition 

of sequence knowledge, the priming characteristics of cues (Diederich & Colonius, 2015; 

Murray, Cappe, Romei, Martuzzi, & Thut, 2012; Peters & Glazebrook, 2020) helped attenuate 

any processing costs when encountering the random stimuli, such that participants maintained 

their performance gains during the perturbation block. Although the lack of the sequence-

specific learning effect from block 4 to perturbation could be interpreted as absence of sequence-

specific learning, the fact that the AC group further improved TST after perturbation (compared 
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to both perturbation AND block 4) suggests that sequence knowledge was present and that the 

expected response delays were attenuated by the cues. 

Constant and Variable Error in Acquisition and Perturbation 

The results of the spatial accuracy analysis (CE and VE) showed no significant changes 

throughout acquisition and no differences between groups. This means that all groups were 

equally accurate and consistent in both the amplitude (Y axis) and direction (X axis) of 

movement, and that accuracy remained consistent across practice blocks. This is important to 

note as it indicates that there was no speed-accuracy trade-off during acquisition (Stoecker, 

Sebald, & Hoffmann, 2003). That is, no participants sacrificed spatial accuracy or precision to 

respond more rapidly. However, it also shows that the supplemented auditory information did 

not have a positive effect on spatial accuracy and precision during acquisition. Overall, there was 

a tendency of all groups to overshoot in movement direction (left/right), while undershooting in 

movement amplitude. Potentially, the initial movement phase was carried out predominantly in 

the vertical direction as they could leave the home button in the general direction of the targets, 

meaning participants were moving against gravity. When approaching the height of the targets, 

the second movement phase could have begun once the specific target was selected, and 

participants may have overcompensated the horizontal movement since they were no longer 

counteracting gravity. That is, the change of direction towards the left or right could have 

resulted in undershooting of midpoints in the Y axis and overshooting the midpoint in the X axis. 

Furthermore, while all groups also overshot target midpoints in the X axis during the 

perturbation block, they did so significantly less in the final sequence block compared to the 

perturbation block. This speaks to the implicit sequence learning effect where the movement 

plans established prior to perturbation can be acted upon when participants re-encountered the 
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familiar sequence. In the Y axis, where all groups generally undershot target midpoints, the AC 

group undershot the midpoints significantly more than the AF and NS groups, i.e., AC stayed 

closer to the home button. Together with decreased TST in the perturbation block, this could 

indicate that cues compelled participants to complete their responses more rapidly by performing 

an early “touch down” in the target areas, that is, maintain shorter movement amplitudes. 

Immediate and Delayed Retention 

The immediate retention test (6th practice block) indicated that all groups retained the 

sequence short-term; in fact, TST in immediate retention not only improved compared to the 

perturbation block, but also improved compared to block 4. It can be concluded that practice 

alone led to short-term retention, and sequence knowledge was retained throughout the 

perturbation block such that groups outdid their ‘baseline’ performance and improved further in 

immediate retention compared to block 4. The 48-h retention interval had a negative effect on 

performance of all groups, indicated by significantly longer TST times in the delayed retention 

test compared to immediate retention. Therefore, practice time did not allow for the sequence 

representation to become robust enough to withstand a 48-h practice break, resulting in 

performance detriments at the time of delayed retention. In other words, the sequence 

representation may have been consolidated offline during the initial phase of the 2-day practice 

break, but the significantly worse performance in delayed retention compared to immediate 

retention signifies that the sequence representation was not robust enough to tolerate continuing 

absence of practice. Potentially, additional acquisition blocks, or a shorter retention interval, 

could have revealed some offline consolidation of skill-relevant information. 
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Transfer 

Performance did not differ between groups on day 2 as a result of assigned practice 

condition. However, all groups performed better in the no sound condition compared to the 

cueing condition. Given the potential of sound to prime responses better than visual cues only 

(Diederich & Colonius, 2015; Murray, Cappe, Romei, Martuzzi, & Thut, 2012; Peters & 

Glazebrook, 2020), one may have rather expected the opposite – that all participants show 

superior sequence performance in the cueing condition, regardless of their group membership 

during practice (since the cues alone would have accelerated responses). However, faster 

response times in the no sound condition were not surprising in light of technical challenges 

pertaining to interference of audio and image files in the E-Prime software (discussed later in this 

section). Furthermore, slower TST in the cueing condition for all groups may reflect the 

mechanism of auditory interference, where auditory cues supplemented in the SRT task have the 

potential to lead to in response delays (even though interference is mitigated when cues are 

redundant and not random) (Robinson & Parker, 2016; 2021). Although the comparison between 

groups in the no sound conditions during day 2 did not show any significant differences in TST, 

the results suggest that both auditory groups did not become reliant on the auditory information 

available during practice. Additionally, the AC group showed a strong trend towards shorter 

response times compared to the NS group. If the NS group had also performed better in silence 

on day 2, one may argue that the rapid responses were only possible in the no sound condition 

due to aforementioned technical issues; however, the fact that the AC and AF group showed 

decreased response times indicates that supplemented cues and feedback during practice may 

allow for positive skill transfer when auditory information is withdrawn. This stands in contrast 
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to the specificity of learning effect (Coull, Tremblay & Elliot, 2001) which would predict that 

the removal of the auditory cues should be detrimental to performance.  

Two possible explanations could account for this unique outcome: First, redundant cues 

may not be integrated into the skill representation during acquisition; therefore, the presence of 

auditory cues was not as relevant for skill transfer. Indeed, providing auditory templates during 

practice has not shown to inhibit effector transfer (Lai, Shea, & Little, 2000). Second, if auditory 

cues indeed interfered with visual processing during practice (although only to a degree that was 

not detrimental, since tones were congruent/redundant), this could have created a type of 

contextual interference, which is thought to be disadvantageous for acquisition, but helpful for 

retention and transfer tests (Lee et al., 1997). This idea could be supported up by the fact that the 

AC group showed a trend of producing overall the lowest TST times compared to the AF and the 

NS group in all three auditory conditions on day 2, meaning that the sequence learning 

conditions on day 1 may have posed an advantage when the task context changed on day 2. 

Explicit Awareness and Motor Recall 

Despite all groups showing implicit sequence knowledge, not all participants developed 

awareness of the sequence, and there appeared to be no connection between the practice 

conditions and the emergence of explicit knowledge. This is common in implicit SRT tasks, 

where decreases in response times indicate implicit sequence learning, while little explicit 

knowledge emerges (Koch & Hoffmann, 2000; Willingham, Nissen, & Bullemer, 1989). With 

regard to differences between the auditory groups and the visual-only group: The explicit 

awareness question did not differentiate between an awareness of a visual and/or auditory 

sequence, therefore, a “Yes” from participants may have referred to either the visual or auditory 

modality (or both). Comments from participants clearly pointed to explicit knowledge of the 
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auditory sequence, and some inferred from this that the targets must have also shown a visual 

sequence since the tones were contingently linked. Few individuals recognized the contingent 

link between the location of targets and pitch value, and others becoming aware that tones were 

spatially compatible from low to high from left to right. This is not surprising considering the 

acquisition of musical patterns is an implicit process, where conscious attention is not required in 

order to learn pitch relations in auditory patterns (Ettlinger, Margulis, & Wong, 2011). The lack 

of difference between groups may have also resulted from the fact that, methodologically, the 

question was asked after participants had completed the transfer blocks. Therefore, all 

participants had experienced the SRT at least once in all auditory conditions. Had we asked the 

question after the acquisition phase, we may have observed other results (Willingham et al., 

1989). For example, the NS group may have remained unaware of the sequence on day 1, while 

the AC and AF group may be aware due to practice with the auditory tones. The brief exposure 

to sound on day 2 may have made the sequential pattern evident for the no sound group. 

However, some participants in the AC (n = 5) and AF (n = 9) groups remained unaware of the 

sequence even after 6 acquisition blocks with sound. 

While explicit motor recall has been performed on a separate paper questionnaire (Duna, 

2016; Stoecker, Sebald, & Hoffmann, 2003), the present experiment recorded touch data within 

E-Prime, that is, with the same task set up participants were familiar with from practice. 

Unfortunately, this method led to the exclusion of some data: There were two different slides in 

the E-Prime procedure on which spatial locations were recorded (when the index finger arrived 

on the home button and when it arrived on a target). However, the spatial locations of touches for 

the answer key were stamped on the latter (when finger should arrive on a target). If and at any 

time participants double-tapped the screen, E-Prime shifted to recording arrival on the home 
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button (or vice versa, switched back to recording arrival on target). Data from these participants 

was excluded. While the AC group expressed the highest amount of explicit awareness (72.2 %), 

the explicit motor recall showed that only about 40-50% of the sequence was remembered by all 

groups. Overall, participants correctly identified only very few segments of the sequence, where 

all groups were able to reproduce between 3 and 4 triplets. Therefore, all groups showed little 

ability to recall the sequence motorically. Both absolute correct responses and triplets were 

highest in the NS group, potentially reflecting the distraction participants in both auditory groups 

mentioned, which inhibited the emergence of explicit sequence knowledge. Further, sequence 

learning is thought to become gradually motor-based, that is, skill reproduction during explicit 

motor recall may have been mediated by a response-based sequence representation rather than 

being able to explicitly recall stimulus-based sequence knowledge of correct spatial locations 

(similar to being able to input a password/code on a keypad by recalling a key press movement 

sequence rather than the order of digits).  

Auditory feedback and auditory cues in SRT tasks 

Studies using feedback in the SRT task have found that practicing sequences with 

auditory action-effects resulted in better retention and transfer performance than practicing with 

visual cues only (Hoffmann, Sebald, Stoecker, 200; Stoecker, Sebald, & Hoffmann, 2003). These 

findings are plausible from an ideomotor perspective and have been supported by music studies 

testing both musicians and non-musicians in sequence learning: Sensorimotor representations of 

musical skills jointly encode the action sequences and their associated sensory effect sequences 

(common code). That is, actions are represented by their sensory effects. Retrieval is based on 

the to-be-produced sensory goal (auditory effect) and the mere intention to produce desired 

auditory events facilitates the retrieval of the sequence memory in retention and transfer tasks (de 
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Manzano, et al., 2020). However, the AF group in this experiment did not show significant 

performance differences (both TST and RE) compared to AC and NS, despite the same type of 

stimulus design (congruent and contingent auditory tones). Therefore, our study could not 

replicate previous findings of SRT tasks using auditory feedback (Hoffman, Sebald, Stoecker, 

2001; Stoecker, Sebald, Hoffmann, 2003). One reason for this could be the task design and 

outcome measures used, which will be discussed in following sections, such as that the present 

study: 1) included spatial movements to targets instead of simple key presses, 2) did not include 

a RSI interval, and 3) may not have allowed separate representations for spatial and response 

locations to emerge. 

Despite some previous evidence for the benefits of auditory cues for performance and 

learning in tasks with spatial demands, including the SRT task (Albarado, 2010), a positive effect 

was not identified in the AC group. Some SRT task studies that have examined the effects of 

auditory interference have indeed reported this absence of positive effects of congruent tones 

(Robinson & Parker, 2016; 2021). However, the evidence is sparse and comes primarily from 

auditory interference research, which is focused on investigating whether auditory stimuli can 

interfere with, and not benefit, visual processing, it. The findings also do not align with accounts 

of multisensory integration, where audio-visual cues show benefits over unimodal visual cues in 

that they lead to shorter reaction times (Diederich & Colonius, 2015; Peters & Glazebrook, 

2020). Additionally, if the auditory stimulus is informative, such as tones that are compatible 

with the visual stimuli, targets are expected to be detected more accurately (Lippert, Logothetis, 

& Kayser, 2007). If participants had benefitted from auditory cues during acquisition, we would 

have observed superior performance (as a main effect or over time) on day 1 compared to NS 

and AF. Overall, the lack of benefits of auditory feedback does not align with previous evidence, 
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according to which we would expect superior retention, transfer and recall performance of the 

AF group compared to the AC and NS group. 

Dominating and competing stimuli 

According to the Modality Appropriateness Hypothesis (Welch & Warren, 1980), the 

CNS selects the most reliable (i.e., suitable) sensory input available to successfully complete a 

task. For example, the visual modality is more suitable for processing spatial information, while 

the auditory modality more reliably processes temporal information. Therefore, in a task with a 

spatial goal, the visual modality will likely guide goal-directed movements, even when other 

modalities are available. In this context, many studies have argued for the modality dominance of 

vision. The present SRT task was spatial, therefore, the visual modality would have delivered the 

task-relevant information and would have been critical for sequence-learning. In contrast, while 

the auditory stimuli in both AC and AF groups were task relevant, the stimuli were not necessary 

to successful task performance. All groups may have primarily relied on the visual cues and 

visual processing dominated performance, resulting in no differences between groups. This 

would also explain why no significant differences were found between the AC and AF group – if 

performance was dominated by the visual modality and vision was equally available for all three 

groups, it did not matter whether auditory stimuli were delivered as cueing or as feedback 

mechanism. In addition, the fact that the task was quite simple, and the acquisition phase was 

short, adds to the effect that there was limited opportunity for auditory information to benefit 

sequence learning at all (Albarado, 2010). Participants may have attained their best performance 

level – given the limitations of the task design – regardless of the added sound. Thus, the lack of 

significant between-group differences, specifically during the acquisition phase, may have 
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resulted from a ceiling effect (Robinson & Parker, 2016) and/or preference for the more spatially 

accurate visual information.  

An alternate perspective is that auditory information potentially interfered with or even 

dominated performance in the spatial SRT task (Robinson & Parker, 2021). According to 

Robinson & Sloutsky (2013), sensory modalities may compete for attention if/when they share a 

common pool of attentional resources: Participants may automatically allocate their attention to 

the auditory stimuli first, because they are “usually transient and dynamic” (Robinson & Parker, 

2016, p. 5). Diverting attention from visual stimuli in spatial SRT tasks (which is the primary 

modality for sequence learning) may attenuate learning of the stimulus sequence, as suggested by 

the detrimental effects of dual tasking in SRT tasks (Keele et al., 1995). In the current 

experiment, visual and auditory stimuli were presented concurrently in the cueing group; thus, 

some participants may have used this strategy and allocated their attention to the auditory input. 

Attention to the auditory modality (at least when presented as cueing mechanism) may have 

interfered with visual processing, rather than provided a benefit (Robinson & Parker, 2021). 

However, several aspects contradict this interpretation: 1) When using redundant auditory cues, 

the interference effect is mitigated (although still no positive effects were observed) (Robinson & 

Parker, 2016; 2021); 2) multisensory integration predicts that auditory information alerts and 

draws attention to the target location; 3) in the present study, the removal of sound did not result 

in detrimental effects for the AC group in the no sound transfer condition compared to the NS 

group – this is an important indicator that sequence acquisition was not impaired by the presence 

of the auditory cues during practice. Specifically, participants benefited from cue-supported 

practice in that their TST improved. 
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Participants’ comments and reports align well with this suggestion, since most 

individuals reported being “distracted” by the auditory stimuli. Their impression was that they 

felt slower in the auditory conditions compared to the other conditions (when they did the 

transfer tests). Their subjective experience aligns with Robinson & Parker (2016) results where 

irrelevant (random) auditory tones hampered sequence learning. Although it should be noted that 

these effects were attenuated after the participants had more time to become familiar with the 

visual task. In contrast, our data provides a different account. Given the present auditory cues 

and feedback were congruent with the target location, it would be expected that there would be 

some benefit. The present results support both positive and negative influences of the auditory 

stimuli. Perhaps the presence was distracting to the primary task of practicing the visuomotor 

sequence, but the fact that the cues were congruent meant that sequence learning was not 

impaired (although it was notably also not improved). 

Differences between cue processing and feedback processing 

As mentioned, despite modifications to try to make the tasks unique, the experimental 

design was generally not sensitive to detect differences between auditory cues and feedback. A 

factor which could have added to the insensitivity of the experimental design to detect 

differences between cues and feedback is the inherent difference in processing between self-

produced sounds and those that emerge externally: Intrinsically produced sounds are suppressed 

in the human brain compared to those occurring externally, as they are known/predicted by the 

individual (Martikainen, Kaneko, & Hari, 2005). Baess, Horváth, Jacobsen, & Schröger (2011) 

propose an adaptive internal prediction mechanism which helps discriminate unforeseeable 

external, and predictable stimuli in the environment. Further, the AC group self-produced their 

cues since these were triggered by the touch of the home button; thus, the auditory cues may not 
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have been processed as an external stimulus. Rather, if auditory cues were processed as a type of 

intrinsic feedback, behavioural differences to the AF group may not have emerged. 

Limitations 

Perceptual versus Motor Learning 

Many SRT studies have used the traditional version of the SRT, which requires 

participants to rest their fingers on the buttons of a response box and press the corresponding 

button that was associated with the target on the screen (Duna, 2016; Hoffmann et al., 2001; 

Stoecker, et al., 2003). Given the low motor demands in this commonly applied version of the 

SRT task, it is not surprising that sequence learning in the SRT has been primarily considered 

perception-based and not motor-based learning. For example, there is evidence that sequence 

information is stored in an abstract internal representation that contains sequence information 

about the stimuli (spatial locations) rather than the specifications of the motor responses (Keele, 

Jennings, Jones, Caulton, & Cohen, 1995). This stimulus-based sequence representation has been 

thought to reflect explicit, transferable knowledge that is accessible by different limbs or 

completely different response systems such as speech (Keele, Jennings, Jones, Caulton, & 

Cohen, 1995). This generalizable stimulus representation is proposed to reside in a module type 

of storage. Sequence knowledge should also be transferable to different task contexts, such as 

performing in other auditory conditions or in silence. Other authors postulate that two different 

internal representations are established, one response-based and one stimulus-based one (Berner 

& Hoffmann, 2008; Hikosaka, Nakahara, Rand, Sakai, Lu, Nakumara, Miyachi, & Doya, 1999), 

where the response representation reflects implicit motor-based sequence knowledge which is 

established over extended time and shows narrow to no transfer (Berner & Hoffmann, 2008). 

Our custom-made SRT task involved spatial movements from a home button at the bottom of the 
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screen to targets at the top of the screen, and vice versa. Therefore, this SRT task version 

involved greater motor demands than the traditional SRT task design using key press responses. 

This may be a relevant factor, since the SRT tasks reporting benefits of auditory feedback 

implemented response buttons (Hoffmann et al., 2001; Stoecker & Hoffmann, 2004; Stoecker, et 

al., 2003), and from the SRT tasks using auditory cues, only those reported benefits that 

implemented this same design (response buttons) (Albarado, 2010); the other publications used 

goal-directed reaches, and observed no effects (Robinson & Parker, 2016; 2021).  

One potential explanation could be that the latter does not dissociate between stimulus 

locations and response locations. This could inhibit the emergence of separate sequence 

representations for stimuli and responses, or confound the explicit learning of the stimulus 

sequence, which in turn could decrease the role of the auditory stimuli linked to the targets. 

Indeed, results showed that all participants primarily gained implicit sequence knowledge (a 

decrease in TST), despite the fact that they could not express or demonstrate notable explicit 

knowledge about the spatial sequence. Auditory stimuli, being a sensory component of the 

stimulus sequence, would likely only benefit learning if participants were learning the stimulus 

sequence - the fact that no benefits of auditory cues or feedback were observed would align with 

the idea that the response sequence was learned (Robinson & Parker, 2021). Lastly, the lack of a 

response-stimulus interval (0 s) has shown to inhibit the emergence of explicit sequence 

knowledge, while a lengthy RSI increases explicit knowledge (Destrebecqz & Cleeremans, 

2001). Thus, the emergence of a stimulus-based sequence representation, which is considered the 

declarative component of the sequence knowledge (Moisello et al., 2008), may been limited. If 

we interpret that all three groups mostly acquired implicit response-based knowledge (rather than 

stimulus-based knowledge), the rapid TST in the no sound condition is unexpected, since 
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transfer of implicitly learned sequences is thought to be rather narrow (Müssgens & Ullén, 2015; 

Verwey & Glegg, 2005). Superior performance of all groups in no sound may not be due to the 

availability of stimulus-based sequence knowledge, but could be partly explained by a technical 

constraint, which is further discussed in the limitation section (see Processing of audio- and 

image objects in E-Prime). Other reasons have already been addressed in the chapter Transfer. 

Participants across all groups commented that the auditory sequence was salient, and they 

could identify and remember the tones better than the visual sequence. They explained that 

focusing on the targets made it difficult to predict the next visual stimulus, yet they could replay 

the melody ‘in their head’, and with the auditory goal, predict and select the corresponding 

action. The pattern of recalled auditory goals then determined their response sequence, which 

aligns with ideas postulated by Keller & Koch (2008). It should be considered the congruent and 

unaltered pitch values from left to right – simply remembering whether a tone was higher or 

lower than the other would help predict which of the targets may be the correct one. The saliency 

of the auditory pattern may have contributed to the lack of differences found between groups. 

Potentially, the auditory pattern forced participants to shift to a slower pace instead of 

performing each element of the sequence as quickly and as accurately as possible. Some authors 

in SRTT studies have applied a fixed interval between responses and the subsequent visual signal 

(e.g., 150 ms) which could not be manipulated by participants (Hoffmann et al., 2001; Stoecker 

et al., 2003). Contrarily, in the present SRT task, the successive auditory stimuli emerged as an 

immediate result of participants’ responses (home button touch for AC group and target touch for 

AF group). This may have led to two effects: First, with the progressive perception of a sound 

pattern, participants may have been attracted towards performing the auditory goal rather than 

focusing on the target touches. This nonconscious attention to the auditory pattern may have led 
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to a shift in response timing to achieve movement intervals which naturally complemented the 

pitch sequence rather than as fast as possible. While this would have led to decreased temporal 

variability between responses, and not to a progressive decrease in TST (and we did see 

progressive TST decreases for the auditory groups), it may have contributed to the fact that 

benefits of cues and feedback failed to materialize (e.g., higher rate of learning). Further, the 

absence of the RSI may lead to insufficient time to anticipate the succeeding stimuli, which 

diminishes the benefit of auditory feedback in sequence learning (Hoffmann et al., 2001). In fact, 

specific pitch intervals may have even played a role in response times: Ammirante & Thompson 

(2012) showed in a continuation tapping task that pitch value may influence the speed of taps 

and lead to variations in inter-tap-intervals. Larger pitch differences unconsciously led to faster 

responses while smaller pitch intervals lead to slower responses (Ammirante & Thompson, 

2012). In the present experiment, the S-S transitions, a smaller auditory S-S interval (e.g., 

between target 1 and target 2) in the sequence could have led to a slower R-R interval, and a 

larger auditory S-S interval (between target 1 and target 5) would have led to faster movements. 

Both of these mechanisms have affected RT to be either more regular in general, or to be faster 

or slower depending on the pitch associated with the present target. 

Processing of audio- and image objects in E-Prime 

The setup of the task (software) inherently posed problems. Specifically, the use of audio 

files rendered the standardization across all groups challenging. E-Prime procedures are 

programmed in a way that does not allow for the continued playing of sound files when 

subsequent actions are made (sound cannot overlap into the next object). For example, when a 

sound was triggered through the target touch (feedback) or home button touch (cue), the 

subsequent action (lifting index finger off the screen) would terminate the sound file if the 
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lifting-off motion occurred before the sound file could be played entirely. Each sound file was 

set to 200ms, since a shorter duration would have severely altered the piano-like tone we were 

aiming to replicate. Since 200 ms exceed average reaction and movement to target, a rapid 

reaction and lift-off the screen (<200 ms) terminated the sound file, with extremely short reaction 

times even muting it. These issues were more apparent depending on the strategy participants 

adopted for responding to the visual stimuli. For example, we did not explicitly instruct to 

remain with the index finger on either home button or target until moving to the next location 

(home button or target). Therefore, each participant applied their own strategy to their 

appropriately (double-touches because visual target did not disappear, cutting off sound file,…), 

which may have changed throughout the blocks of trials. 

Individual response strategies 

Since we did not implement a fixed R-S interval, participants were able to trigger each 

tone at their own pace, either at target touch or at return to home button. Hearing the tones and 

progressively becoming aware of a tonal pattern could have compelled participants 

(unconsciously) to perform their responses at a steadier rate. Producing regular inter stimulus 

intervals may feel more natural since this resembles playing a melody more than when responses 

are performed “as quickly as possible”, which produce rapid and random inter stimulus intervals. 

Specifically, the auditory feedback group could have experienced the task as playing a piano or 

xylophone, which could have led to more consistent movements between home button and 

target. Further, the custom design of this SRT may not have been sensitive enough to expose 

differences between groups, that is, it may have not allowed for tones to be processed differently 

as a cue or feedback. We did not use fixed RSIs, and participants could pace their return time to 

the home button. Thus, the time between a response and the preceding or subsequent auditory 
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stimulus was contingent on the response strategy of each individual, which may have interfered 

with how participants processed the auditory stimulus. If the cueing and feedback mechanisms 

were weakened, differences between AC and AF group would be distorted, or positive effects of 

added auditory stimulation in general could have been diminished. 

Fatigue and Boredom 

The SRT requires a consistently high level of attention and motivation, and this may be 

difficult given the monotonous nature of the task. While participants were reminded of their goal 

before each block (“respond as quickly and accurately as possible”), this verbal instruction may 

not have been sufficient to motivate individuals to reach peak performance in each block. Those 

studies reporting benefits of auditory feedback in SRT tasks have provided knowledge of results 

(KR) after each block (Stoecker, Sebald, & Hoffmann, 2003) which may promote a more 

consistently high level of motivation across blocks in the acquisition phase. It is of question 

whether performance would have been affected positively if participants had received an 

incentive to achieve best times in each practice block. Further, many participants mentioned that 

the rapid vertical arm raises from home button toward the targets were exceedingly tiring. 

Participants felt the need to rest, stretch or massage their dominant arm during the experimental 

sessions. In the original version of the SRT, only button presses are performed, which would not 

lead to decreased performance overall. 

Future directions 

Shorter or longer retention interval 

The length of the retention interval may play an important role for retention of 

information and, by extension, transfer performance due to offline consolidation processes in 

implicit learning. In the literature, delayed retention tests for motor sequences learned with 
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modeled auditory information typically involve 24 hour intervals (Lai et al., 2000; Lee et al., 

1997; Shea, Wulf, & Park, 2001), while procedural memories become stabilized with increasing 

time (Robertson, 2004) and may not be stabilized within 48h. Including a longer retention 

interval in the future would help to explore this question. 

Dissociation of Reaction and Movement times 

TST was calculated as a measure of sequence learning in this experiment, yet reaction 

and movement times were documented separately during data collection. By dissociating 

reaction from movement times, future projects could investigate in more detail: 1) whether cues 

or feedback had a greater impact on stimulus identification and response selection, or movement 

planning processes, 2) whether the internal sequence representation contained information about 

the stimulus sequence, which would be represented by RT, or whether the response sequence 

was learned, represented by MT. To empirically test the assumption that the timing of 

movements may have become more consistent across practice as participants shifted to non-

conscious movement control for producing the auditory effects at a steady rate (instead of 

responding as quickly as possible), an analysis of the variability of movement time and the return 

movement times could be conducted.  

Additional learning of a temporal sequence 

In this version of the SRT, stimuli were presented as a result of the return action to the 

home button. This is an ecological approach to sequence learning, as in many everyday 

activities, stimuli present as an immediate consequence of our interactions with the environment, 

and therefore, the timing of each new stimulus is contingent on the timing of our preceding 

response. However, skills often require specific spatial-temporal patterns, where not only spatial 

parameters, but also the relative timing of each segment in the skill is relevant for performance. 
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Learning of spatial and temporal dimensions in a sequence may occur, to a degree, independently 

from one another. However, in SRT tasks, sequence learning is enhanced when two spatial and 

temporal sequences are aligned and learned concurrently (Shin & Ivry, 2002). Future studies 

could examine whether the effects of auditory cues or feedback on sequence learning could be 

enhanced by combining pitch and timing as two important dimensions of music (Palmer, 2005). 
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Conclusion 

The present thesis aimed to add to our knowledge on auditory-motor sequence learning 

by examining whether sequence learning supplemented with redundant tones would lead to 

superior performance compared to learning through visual stimuli only; and whether delivering 

the congruent tones as cueing or feedback mechanism would have different effects on sequence 

learning. While participants in all groups should evidence of learning the sequence, the 

experiment did not provide evidence for differences in sequence learning when supplemented 

with auditory stimuli, nor were differences found between cueing and feedback mechanisms. 

While this aligns with some previous research showing that congruent auditory cues did not lead 

to performance improvements in the SRT task (Robinson & Parker, 2016; 2021), it did not 

replicate previously identified benefits of auditory feedback (Stoecker, Sebald, Hoffmann, 2001), 

or the results of one study that did in fact observe positive effects of congruent tones (Albarado, 

2010). This discrepancy suggests that the absence of positive effects in the auditory groups 

should be interpreted in consideration of factors such as: 1) Differences in the experimental 

design, since most studies use button presses and not spatial movements to targets; 2) the 

selected outcome measure TST, as the return time may have skewed sensitive outcome measures 

RT and MT; 3) technical challenges, where participants may not have exploited their response 

speed (e.g., double taps on target when finger was lifted too early from home button), or the use 

of the auditory feedback or auditory cues fully (terminated sound when responding < 200 ms). 

The observation that the AC group maintained improved performance when the auditory cues 

were removed, as well as the resilience to sequence perturbation while retaining some sequence 

knowledge, suggest that some benefit of audiovisual cues was present. This aligns with accounts 
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of multisensory integration – however, the exact mechanism occurring in this experiment 

remains unclear. 

Future research should focus on identifying under what task conditions, and for which 

individuals, can auditory cues and feedback help or hinder sequence learning. The aim of MCL 

is to identify how the acquisition of skills (i.e., the rate of learning) can be facilitated; most 

importantly, what practice conditions will promote the long-term retention and positive skill 

transfer from rehabilitative and/or educational settings to activities of daily living. The degree to 

which task-specific learning generalizes to other contexts is relevant since in rehabilitation 

settings “the aim is to achieve maximal transfer from the training performance to activities of 

daily living (which typically are not accompanied by auditory cues or feedback)” (Floris T. Van 

Vugt & Tillmann, 2015, p.61). Furthering our knowledge in this area will inform how we 

efficiently implement dance (cues) and music (feedback) practices in motor learning 

environments. Auditory-motor training appears to be a promising and enjoyable method to 

enhance the learning of motor skills (Sonification lit. etc.), thus, there is value in understanding 

how auditory-motor training can be designed to reach maximum benefits. In particular, we know 

about the positive effects of mapping serial movements and congruent melodic tones as 

feedback, but we still do not know whether individuals also benefit from mapping movements 

onto congruent melodic cues.  
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Appendix A 
 

INFORMED CONSENT 
 

Research Study: Understanding the relationship between auditory cues and 
movement performance 

 

 
PRINICIPAL INVESTIGATOR:  Elena Broeckelmann 

Master’s of Science student 
Faculty of Kinesiology & Recreation Management  
University of Manitoba 
(431) 338-0883 
broeckee@myumanitoba.ca 

 

SUPERVISOR:    Dr. Cheryl Glazebrook, PhD 
  Faculty of Kinesiology & Recreation Management 
                        University of Manitoba 
                        (204) 474-8773 

cheryl.glazebrook@umanitoba.ca 
 
RESEARCH ASSISTANT:  Avery Sims 
 
 
 
This consent form, a copy of which will be left with you for your records and reference, 

is only part of the process of informed consent. It should give you the basic idea of 

what the research is about and what your participation will involve. If you would like 

more detail about something mentioned here, or information not included here, you 

should feel free to ask. Please take the time to read this carefully and to understand 

any accompanying information. 

 

 

PURPOSE: The purpose of this study is to examine if and how sound influences how we 

perform a series of movements. 

 

DESCRIPTION:  For the study, you will complete two, approximately 30-45 minute sessions  
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on two different days. You can select whether you would like to complete these sessions at a 

convenient and preferably quiet location within your own home or on the University of 

Manitoba campus (Perceptual Motor Integration lab, 233/234 Investors Group Athletic 

Centre). On the first day, you will complete a familiarization session during which you will 

have the opportunity to practice the motor task. The task includes responding to visual 

targets on a computer-tablet screen by touching the target on the screen when they light up. 

Sometimes you will complete the task with the visual targets only, sometimes you will hear 

sounds that accompany the visual targets. After the familiarization session, you will also 

complete a practice phase on the first day. On the second day, you will complete a shorter, 

slightly modified version of the task you performed on the first day. Prior to all tasks, you will 

be asked to fill out a brief demographics questionnaire that asks about the following 

information: Sex, age, handedness, whether you wear glasses or contact lenses, hearing aids, 

whether and how often you participate in video or computer games, whether you have 

previous experience with the experimental task and whether and how often you participate 

in physical or musical activities. You will also complete another, task-related questionnaire 

after the last session. 

 

RISKS AND BENEFITS:  There are minimal risks inherent in the tasks you will perform. Some 

of the tests may become repetitive and you may experience boredom and/or mild muscle 

fatigue in your upper limbs. The experimenter will provide multiple breaks throughout the 

testing sessions. You may also take a break whenever needed by pausing your movements. 

 

Participation in this experiment will not directly lead to any health benefits. You will gain 

knowledge of current research in perceptual-motor behaviour. Participation in this 

experiment will contribute to our understanding of how humans process sound when they 

perform actions and how delivering sound may influence motor learning. 

 

COSTS AND PAYMENTS:  There are no fees or charges to participate in this study.  You will 

receive a $15 e-mailed gift card for Amazon.ca to thank you for your time. 
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CONFIDENTIALITY:  Your information will be kept confidential.  Once you begin the study 

your name, information, and results will be referred to by a code number. Data that will be 

analyzed will not contain any identifying information. All files containing identifying 

information will be stored on a secure, password protected, and encrypted drive with your 

code number.  The Principal Investigator, Elena Broeckelmann, and other investigators will 

have exclusive access to identifying information.  Your files will only be accessible by the 

investigators and will be destroyed by Dr. Glazebrook seven years after the completion of 

the study (approximately August 2029).  All documents containing personal information 

will be destroyed and all electronic files containing personal information will be deleted. 

Only Dr. Glazebrook and the other investigators listed will access any lists that contain 

identifying information. Dr. Glazebrook will only access the consent forms if audited for 

compliance or when it is time to destroy the consent forms. 

 

Results will be presented in Ms. Broeckelmann’s Master’s thesis, at academic conferences, 

invited presentations (including community organizations), and published in peer-reviewed 

academic journals. De-identified data (final data tables) will also be deposited in Dataverse 

and may be made available to other researchers upon request. All presented, published, or 

shared data will not contain any identifying information. 

 

Identifying information (name and email) will be submitted to the Faculty Financial Assistant 

for the purpose of financial record keeping. This  information does not contain any of your 

data other than name and email and access is restricted to the purpose of financial record 

keeping. 

 

DEBRIEFING: Upon completion of the study, the experimenter will describe the research 

questions being considered. If you would like to know the results of the study, please indicate 

‘yes’ on the consent form where indicated and the student research assistant will contact you 

with a summary of the findings in approximately 4 months
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VOLUNTARY CONSENT:  Participation in this study is strictly on a voluntary basis, and the   

participant can withdraw from the study at any time during the study or by contacting the 

PI or student research assistants in person, by phone, or email. If you do not wish to 

participate in the study or wish to withdraw from the study, you are free to leave without 

consequence at any point in time and we thank you for your consideration. If you decide to 

leave at any point in the study, you will still receive the $15 gift card. 

 

Your signature on this form indicates that you have understood to your satisfaction the 

information regarding participation in the research project and agree to participate as a 

subject.  In no way does this waive the participants legal rights nor release the researchers, 

sponsors, or involved institutions from their legal and professional responsibilities. You are 

free to withdraw from the study at any time, and /or you may refrain from answering any 

questions you prefer to omit, without prejudice or consequence. Your continued 

participation should be as informed as their initial consent, so you should feel free to ask for 

clarification or new information throughout your participation.  If you choose to withdraw 

from the study, you will still receive the $15 gift card for the time you have participated. The 

University of Manitoba may look at your research records to see that the research is being 

done in a safe and proper way.  

 

A copy of this consent form has been given to you to keep for your records and reference. 

This study has been approved by the Research Ethics Board at the University of Manitoba, 

Fort Garry campus. If you have any concerns or complaints about this project, you may 

contact any of the abovenamed persons or the Human Ethics Coordinator (HEC) 474-7122 

or humanethics@umanitoba.ca 

 

 

Participant’s Name ______________________________ 
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Participant’s Signature __________________________________________ Date ___________ 

 

Researcher/ Delegate’s Signature __________________________________Date___________ 

 

 

 

FINDINGS FROM THE STUDY:  I wish to receive a summary of the findings of the current 

study by email, mail, or phone call upon completion of the current study. 

 

(check one)   YES         NO 

If “YES”, this is my preferred method of contact (please fill one): 

 

Address: _____________________________________________ 

   

Email:    _____________________________________________ Phone No.:___________________________________ 


