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Purpose: There has been renewed interest on
the part of speech-language pathologists to
understand how the motor system learns and
determine whether principles of motor learning,
derived from studies of nonspeech motor skills,
apply to treatment of motor speech disorders.
The purpose of this tutorial is to introduce
principles that enhance motor learning for nonspeech motor skills and to examine the extent to
which these principles apply in treatment of motor
speech disorders.
Method: This tutorial critically reviews various
principles in the context of nonspeech motor
learning by reviewing selected literature from the
major journals in motor learning. The potential
application of these principles to speech motor
learning is then discussed by reviewing relevant
literature on treatment of speech disorders.

T

he plasticity of the human brain, even in adults,
is clear from animal research (e.g., Nudo, Wise,
SiFuentes, & Milliken, 1996) as well as human data
(e.g., Liotti et al., 2003; for reviews, see Doyon & Benali,
2005; Rijntjes & Weiller, 2002). Critically for clinicians,

Specific attention is paid to how these principles
may be incorporated into treatment for motor
speech disorders.
Conclusions: Evidence from nonspeech motor
learning suggests that various principles may
interact with each other and differentially affect
diverse aspects of movements. Whereas few
studies have directly examined these principles in
speech motor (re)learning, available evidence
suggests that these principles hold promise for
treatment of motor speech disorders. Further
research is necessary to determine which principles apply to speech motor (re)learning in impaired populations.
Key Words: motor learning, motor speech
disorders, conditions of practice, conditions
of feedback

behavioral treatments are known to promote brain reorganization and plasticity (e.g., Johansen-Berg et al., 2002;
Liotti et al., 2003; Nudo et al., 1996). Understanding how the
motor system reorganizes itself based on behavioral intervention can provide important insights into treatment of
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motor speech disorders (MSDs). This tutorial is designed
to fill a void in the literature by critically reviewing principles of motor learning and their potential application to
treatment of speech disorders. The focus is on behavioral
rather than neural aspects of principles of motor learning,
as it is the behavioral implementation that is most directly
relevant for clinicians working with clients with MSDs.
MSDs result from a speech production deficit arising
from impairment of the motor system (Darley, Aronson,
& Brown, 1975; Duffy, 2005). MSDs may be caused by
disruption of high-level motor commands, neuromuscular
processes, or both. MSDs include both developmental and
acquired forms of dysarthria and apraxia of speech (AOS).
Dysarthria refers to “a group of speech disorders resulting
from disturbances in muscular control” (Darley et al., 1975,
p. 2), whereas AOS is considered an impairment of speech
motor planning or programming (e.g., Ballard, Granier,
& Robin, 2000; Darley et al., 1975; McNeil, Doyle, &
Wambaugh, 2000).
Many treatments for MSDs aim to establish new motor
routines or reestablish old ones, and thus involve motor
learning. Because speech production is a motor skill, the
motor-learning literature may provide important insights
into how to enhance (re)learning/organization of the speech
motor system and, ultimately, the quality of life of individuals with MSDs. Motor skill learning is facilitated by a
number of factors pertaining to the structure of practice,
stimulus selection, and the nature of feedback, factors that
are components of all treatment programs and are thus
pertinent to clinical decisions regarding the treatment of
any individual client with an MSD. This tutorial aims to
(a) detail these factors, referred to as principles of motor
learning, and (b) review the extent to which these principles
have been or may be applied to speech motor learning,
with an emphasis on treatment of MSDs. Throughout the
tutorial, gaps in current understanding and directions for
further research will be identified.
Before we turn to the principles of motor learning, the
following background section first discusses several important caveats and concepts related to motor learning, outlines a theoretical framework that has generated much of
the motor-learning research, and relates this framework to
speech motor control and MSDs. In the final section of the
article, a number of important clinical implications are
highlighted and illustrated with a case example.

Background
The principles of motor learning discussed in this tutorial have emerged from studies involving nonspeech motor
tasks largely performed by individuals with intact motor
systems. Thus, the extension of these principles to treatment
of MSDs faces two potential limitations of generality. First,
it is unknown whether speech motor control is sensitive to
the same principles of learning as nonspeech motor control. A reasonable hypothesis is that speech production, as
a motor skill, is governed by similar principles of motor
learning. Indeed, others have advocated this approach in
articles and textbooks on treatment of MSDs (e.g., Duffy,

2005; McNeil, Robin, & Schmidt, 1997; Robin, Maas,
Sandberg, & Schmidt, 2007; Yorkston, Beukelman, Strand,
& Bell, 1999). It is consistent with an evidence-based
practice philosophy (e.g., American Speech-LanguageHearing Association, 2005) that treatment of MSDs be
guided by the best available knowledge about motor skill
learning, and that this knowledge base include evidence
from nonspeech motor-learning research. Although it is
possible that principles of motor learning affect speech and
nonspeech motor learning differently, this is an empirical
question that warrants further research.
Second, it is unknown whether impaired motor systems
are sensitive to the same principles of learning as intact
motor systems. Impaired and intact motor systems may respond differently to principles of motor learning. Again, this
is an empirical question, and in the absence of evidence to
the contrary, principles of motor learning in intact motor
systems can provide a framework for our treatment efforts.
Supportive evidence from the physical therapy literature
suggests that principles of motor learning enhance treatment
of neurologically impaired motor systems (e.g., Hanlon,
1996; Landers, Wulf, Wallmann, & Guadagnoli, 2005;
Van Vliet & Wulf, 2006; see Krakauer, 2006, for review).

Learning Versus Performance
In the study of motor learning, it is important to consider
the distinction between performance during acquisition and
performance during retention /transfer. Following Schmidt
and Lee (2005), motor learning refers to “a set of processes
associated with practice or experience leading to relatively
permanent changes in the capability for movement” (p. 302).
This definition implies that learning should be distinguished
from temporary performance enhancement, and that learning cannot be directly observed but rather must be inferred
from changes in performance over time (cf. Schmidt, 1972).
The distinction between performance during acquisition
(practice) and retention/transfer implies that learning, a permanent change in capability for skilled movement, must
be measured by retention and /or transfer tests. Retention
refers to performance levels after the completion of practice.
An improved capability for skilled movement should not
only be observable during practice but should be retained
over time. Transfer (generalization) refers to whether practice on one movement affects related but untrained movements. A change in capability could also be evident as transfer
to similar but untrained movements. Measures of retention
and/or transfer are critical in research and clinical practice
because performance during practice may be affected by
factors that do not necessarily reflect learning (e.g., warm-up,
fatigue, attentional drift). Failure to distinguish between
performance during practice and retention/transfer has
resulted in a history of misconceptions about principles of
motor learning and their effect on skill learning (Schmidt
& Bjork, 1992). However, it is now well established in the
motor-learning literature that performance during practice
is a poor predictor for retention and transfer. This distinction between practice performance and retention/transfer
does not imply that learning processes do not occur during
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practice. In fact, the differential effects of various practice
and feedback conditions applied during the acquisition phase
provide insights into how learning occurs. The critical takehome message is that performance changes during practice
do not predict retention or transfer, and that testing after
practice has stopped is necessary to document the effectiveness of a given practice approach.
The speech-language treatment literature recognizes the
performance distinctions noted above in different terms by
exploring acquisition (performance during practice), maintenance (retention), and generalization (transfer) in treatment
studies. Given that the primary goal of treatment is not to
improve performance during the therapy session, per se, but
rather to maximize learning (i.e., retention and/or transfer
beyond the therapy session), this tutorial will emphasize
maintenance and generalization measures over acquisition
data.
To facilitate understanding of principles of motor learning, a brief outline of a prominent theory of motor control
and learning, namely Schema Theory (Schmidt, 1975,
2003; Schmidt & Lee, 2005), is presented below. Other
theories of motor control and learning exist (e.g., dynamical
systems theory; Kelso, 1995; Kelso, Saltzman, & Tuller,
1986); however, it is beyond the scope of this tutorial to
review and compare the various theories. Schema Theory
is used as an organizing framework because it has been
instrumental in driving research on motor learning in the
nonspeech domain.

A Theory of Motor Control and Learning:
Schema Theory
Schema Theory (Schmidt, 1975, 2003; Schmidt & Lee,
2005) assumes that production of rapid discrete movements
involves units of action (motor programs) that are retrieved
from memory and then adapted to a particular situation.
A motor program is an organized set of motor commands
that can be specified before movement initiation (Keele,
1968). To account for the fact that movements are never
produced exactly the same yet still maintain their essential
characteristics, Schema Theory assumes that motor programs are generalized, in that they capture the invariant
aspects of the movement. A generalized motor program
(GMP) is an abstract movement pattern that specifies relative
timing and relative force of muscle contractions, whereas
the absolute timing and force (and perhaps the specific
effectors or muscles to be used in the movement)1 are
specified by parameters (Schmidt, 1975; Schmidt & Lee,
2005). A general class of movements may be governed
by a single GMP, which can be scaled to meet the current
task demands. For example, a golf swing involves a basic
pattern of a backswing and a forward swing motion (governed by the GMP), but the overall duration and amplitude
of that movement, as well as the specific muscles to use
(parameters), may depend on the distance that the golf ball
must travel.

1
An effector is a body part or structure that can be used to execute (effect) a
movement.

To select the optimal instructions to the musculature
and control the body in a wide range of situations, the motor
system must know the relations among the initial conditions
(e.g., current position of the hands, distance between golf
ball and hole), the generated motor commands (e.g., timing
and amplitude of arm muscle contractions), the sensory
consequences of these motor commands (e.g., proprioception of arm movement, tactile sensation of the club hitting
the ball), and the outcome of the movement (e.g., whether
the ball ended up in the hole). In Schema Theory, this knowledge is captured in terms of schemas, which are memory
representations that encode the relations among these types
of information, based on past experience with producing
similar actions (those involving the same GMP). After each
movement with a particular GMP, these types of information
are temporarily available in short-term memory and are
used to update or create two different schemas, namely
the recall schema and the recognition schema. The recall
schema encodes the relations among the initial conditions,
the parameters that were used to execute the movement,
and the outcome of the movement. In order to produce a
movement, the system supplies the recall schema with
the movement goal (intended outcome) and information
about the current conditions, from which the recall schema
computes the appropriate parameters.
The recognition schema encodes the relations among
the initial conditions, the sensory consequences of the
movement, and the outcome of the movement. Given a
movement goal and the initial conditions, the recognition
schema predicts the sensory consequences that will occur
if the movement goal is reached. The recognition schema
thus allows the system to evaluate movements by comparing
the actual sensory consequences with the expected sensory
consequences of a correct movement; a mismatch between
the actual and expected consequences represents an error
signal that is used to update the recall schema. Before the
recognition schema can be used to judge the accuracy of
the movement, the system must first learn which sensory
consequences are to be considered “correct.” There is often
a clear reference of correctness (e.g., a golf ball must end up
in the hole), but there are cases in which the reference of
correctness is not directly available or interpretable to the
learner but instead depends on feedback from an instructor,
such as when learning to perform a somersault in diving.
In such cases, the learner must calibrate the expected sensory consequences with an externally provided reference of
correctness, so that the internal error signal may serve to
correct errors on future trials without external feedback.
Finally, Schema Theory assumes that a series of GMPs
that necessarily occur in a particular serial order (such as
speech or typing) may become integrated, or “chunked,”
into a single, larger GMP with large amounts of practice
(Schmidt & Lee, 2005). The notion of chunking is not
specific to Schema Theory and is also incorporated into other
models of motor programming (e.g., Klapp, 1995; Sakai,
Hikosaka, & Nakamura, 2004; see Rhodes, Bullock, Verwey,
Averbeck, & Page, 2004, for review).
The notion that motor learning establishes relations
among various sources of information allows for several
predictions. First, if any of the four types of information is
Maas et al.: Principles of Motor Learning
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unavailable following a movement, no schema updating
(learning) can occur. For example, if a learner does not know
whether the produced action was correct (no information
about the movement outcome), then the schemas cannot
be updated. Second, transfer of learning can occur to other
movements based on the same GMP, because learning
involves establishing (GMP-specific) schema rules that can
generate parameterizations even for novel situations (e.g.,
a different golf club, a different distance from the hole).
Third, experience with a wide range of parameter specifications and movement outcomes will increase the stability
of a schema rule. Finally, incorrect movements may also
provide learning opportunities and allow for development
of more precise error detection and correction mechanisms.
An incorrect movement produces the same types of information as correct movements, and thus can be used to update
the schema.

Speech Motor Control and Learning
Within a Schema Theory perspective, speech production involves GMP and parameter development that encompasses the coordination of all speech production subsystems.
However, it remains to be specified which aspects of speech
movements are to be considered GMPs and which aspects
can be considered parameters (Ballard et al., 2000). A GMP
could correspond to the motor commands associated with
a phoneme, a syllable, a word, or even a frequently produced
phrase (Varley, Whiteside, Windsor, & Fisher, 2006; cf. the
notion of chunking above). Factors such as speech rate
and degree of clarity might be considered parameters relating to absolute timing and amplitude. The specific muscle
group that will execute the movement might also be a parameter. For instance, the syllables “pie” and “tie” might both be
governed by the same GMP, differing only in the effectorparameter (labial vs. alveolar). In contrast, the syllables
“tie” and “sigh,” while sharing the same articulator, might
involve different GMPs because they differ in relative
movement amplitude (full closure vs. narrow constriction).
These suggestions predict transfer across place of articulation (same GMP) but not across manner of articulation (different GMPs), a prediction that finds some support in the
AOS treatment literature (e.g., Austermann Hula, Robin,
Maas, Ballard, & Schmidt, in press; Ballard, Maas, & Robin,
2007; Wambaugh, Martinez, McNeil, & Rogers, 1999).
Schema Theory appears to provide a viable framework for
speech motor programming. Based on the movement goal
(e.g., the spoken word “buy” that is audible to a listener) and
the current conditions (e.g., ambient noise level, distance
from listener, jaw position), the GMP associated with the
syllable /baI / is supplied with appropriate parameters (e.g.,
expiratory muscle force to regulate loudness) based on the
established recall schema. The sensory consequences of
the movement (e.g., tactile, proprioceptive, auditory information) are evaluated with the recognition schema and
compared against the success of the movement (e.g., listener’s identification of the word, the speaker’s own judgment
of an adequate signal). If the listener did not understand the
speaker, then a given parameter value must be modified on
the next attempt.

It should be noted that several key concepts of Schema
Theory (motor programs, schema-type relations) are also
incorporated in the recent DIVA model of speech production
(e.g., Guenther, 2006; Guenther, Ghosh, & Tourville, 2006;
Guenther, Hampson, & Johnson, 1998). Space limitations
prevent a detailed exposition of the DIVA model; interested
readers are referred to Guenther (2006) and Guenther et al.
(1998, 2006) for more details.

MSDs and Speech Motor Learning
Thus far, we have provided a framework for motor control
and learning in reference to intact motor systems. However,
the extent to which principles of motor learning apply to
impaired systems must also be considered. Schema Theory
emphasizes motor programming and as such appears particularly applicable to disorders of motor programming (e.g.,
AOS), though principles of motor learning apply to any
situation in which motor learning must take place. AOS may
involve a deficit in activating and/or parameterizing GMPs.
That is, either the GMP is damaged (e.g., Aichert & Ziegler,
2004; Clark & Robin, 1998), the schema that supplies the
parameter settings is impaired (e.g., Clark & Robin, 1998;
Kent & Rosenbek, 1983), or both. Alternatively, disturbances in processing somatosensory feedback may disrupt
motor programming because information about the initial
conditions is unavailable or incorrect (Ballard & Robin,
2007; Kent & Rosenbek, 1983). Damage to the recognition
schema may lead to poor error detection (Kent & Rosenbek,
1983), suggesting that augmented (clinician-provided) feedback about accuracy may be especially critical.
The principles of motor learning discussed in this article
are also relevant to other MSDs. First, there is evidence
that motor programming is disrupted in Parkinson’s disease
and ataxia (Spencer & Rogers, 2005). Second, damage to
downstream motor-control processes—that is, processes
subsequent to motor program retrieval and parameterization
(e.g., as in flaccid paralysis)—will alter the established
relations between the motor commands, sensory consequences, and movement outcomes. Thus, premorbid motor
specifications will not produce the intended movement
outcomes, nor will the actual sensory consequences match
the sensory consequences predicted from the movement
goal. As a result, the system must modify the recall and
recognition schemas to reflect the new relations to achieve
the movement goal. The physical therapy literature provides
some evidence for the potential applicability of various
principles of motor learning to lower level (noncortical)
motor impairments, such as in treating hemiparesis following stroke (e.g., Hanlon, 1996) and balance disturbance in
Parkinson’s disease (Landers et al., 2005).
As an example of how the theory may apply to MSDs
other than AOS, it has been suggested that hypokinetic
dysarthria involves a mismatch between perceived vocal
effort and perceived loudness, such that these speakers fail to
recognize that their speech is hypophonic (e.g., Dromey &
Adams, 2000; Fox, Morrison, Ramig, & Sapir, 2002). The
expected sensory consequences predicted by the recognition
schema would be poorly calibrated with respect to some
external reference of correctness (e.g., a certain minimal
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loudness level in order to be understood). Note that the actual and expected sensory consequences may nonetheless
match (these clients may achieve their expected sensory
consequences, but these expected consequences are inadequate), so that there will be no error signal that can be used
to update the recall schema for future attempts. In this case,
clinician-provided feedback would be critical in recalibrating the expected sensory consequences, suggesting that
consideration of feedback conditions is important for this
population. In addition, the recall schema will need to be
updated (e.g., to increase loudness and reduce hypoarticulation), which may benefit from practice conditions that
enhance schema learning.
In sum, we hypothesize that principles of motor learning
extend to impaired speech motor systems. Optimal conditions of practice and feedback likely depend in part on the
nature and severity of the underlying impairment and the
presence of concomitant impairments. A recent framework
for optimizing learning posits that the extent of learning
depends on the amount of information available and interpretable to the learner, which depends on factors such as
functional task difficulty (how difficult a task is for a given
learner), nominal task difficulty (how difficult the task
is, regardless of the learner), and the learner’s skill level
(Guadagnoli & Lee, 2004). This challenge point framework captures the idea that learning can only occur when
the learner is challenged, and that learning may be hampered
if the challenge is too great or not great enough. The framework suggests that each learner has a challenge point at
which availability and interpretability of information are
optimal (the optimal challenge point), and that this optimal
challenge point depends on task difficulty and the skill level
of the learner. Principles of motor learning might affect
nominal and functional task difficulty, while skill level may
relate to severity of impairment, which might influence the
optimal conditions of practice and feedback.
With this background, the remainder of this tutorial discusses several principles of motor learning. Because these
principles concern relative effects (differences between
conditions) rather than each condition’s absolute effect,
the primary focus is on those studies that have explicitly
compared different conditions. The tutorial concludes with
a discussion of the clinical implications of the evidence and
suggestions for further research.

(structure of practice) and Table 2 (nature of feedback). In
addition, because the motor-skill-learning literature typically
distinguishes between prepractice and practice, we briefly
discuss prepractice before discussing practice conditions in
more detail.

Prepractice
Prepractice considerations are largely independent of the
specific training program that is employed. Prepractice is
intended to prepare the learner for the practice session (Schmidt
& Lee, 2005). Important goals are to ensure (a) proper motivation to learn, (b) an adequate understanding of the task
(including what responses are considered “correct”), and
(c) stimulability for acceptable responses (to avoid frustration due to complete inability to produce target).
Motivation may be enhanced by understanding the
relevance of the practice task for the overall goal, improved
speech. If clients understand that (and how) the treatment
activities are designed to increase communication success
(e.g., by improving speech intelligibility) and reduce the
risk of communication breakdown, they may be more motivated to engage fully in treatment tasks. Selecting functionally relevant treatment targets, and including the client
in the target-selection process, can be expected to increase
motivation (e.g., Strand & Debertine, 2000). Motivation
may also be improved by setting specific goals rather than
asking learners to “do the best they can” (McNeil et al.,
1997). For example, if the goal is to reduce speech rate in
order to improve intelligibility, one could set a specific goal
in terms of number of words per minute.
Understanding the task is important for learning. Task
instructions should not be too lengthy or complex (especially
in the case of co-occurring language disorders); overinstruction should be avoided (Schmidt, 1991). Modeling by the
clinician may be useful at this stage, so that the client can
see and hear how the target behaviors look and sound. To
ensure that the learner understands the task, he or she should
be provided with a reference of correctness (information
about which productions are acceptable and which ones are
not, and why). This information presumably enables the
learner to tune internal error-detection mechanisms. With respect to speech in particular, it is important to ensure adequate
auditory perception abilities; otherwise, the response evaluation by the client will suffer.

Principles of Motor Learning
At the outset, we note that this review is not intended to be
exhaustive; rather, representative evidence will be summarized. In addition, space limitations prevent discussion of
several more recently described factors that may be relevant
to treatment for MSDs, such as the effects of an auditory
model before the movement (see Lai, Shea, Bruechert, &
Little, 2002; C. H. Shea, Wulf, Park, & Gaunt, 2001) or
the use of self-controlled feedback (see Chiviacowsky &
Wulf, 2005; Janelle, Barba, Frehlich, Tennant, & Cauraugh,
1997).
The principles below are divided into those relating to the
structure of practice and those relating to the nature of
augmented feedback. Summaries are provided in Table 1

Structure of Practice
Practice Amount: Large Versus Small
Amounts of Practice
Practice amount refers to the amount of time spent practicing movements. A large number of practice trials provides more opportunities to establish relationships among the
various types of information associated with each movement, and is thereby thought to enhance the stability of
recall and recognition schemas. In addition, a large number
of trials requires many instances of retrieval of the motor
programs, which may automatize the activation of GMPs
on future trials.
Maas et al.: Principles of Motor Learning
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TABLE 1. Practice conditions.
Condition
Practice
amount

Options

Description

Notes

Small vs. large Small: low number of practice
trials or sessions
Large: high number of practice
trials or sessions

Potential interaction with practice
variability (high number of
constant practice trials may
be detrimental to learning)

Evidence in speech
No systematic evidence

No systematic evidence

Practice
distribution

Massed vs.
distributed

Massed: practice a given number
of trials or sessions in small
period of time
Distributed: practice a given number
of trials or sessions over longer
period of time

Practice
variability

Constant vs.
variable

Constant: practice on the same
target, in the same context
(e.g., syllable-initial /f / )
Variable: practice on different
targets, in different contexts (e.g.,
syllable-initial and final /f /, /z /, /b/ )

Practice
schedule

Blocked vs.
random

Blocked: different targets practiced
Potential interactions with practice Limited evidence for benefit
in separate, successive blocks
amount and complexity
of random practice, in
or treatment phases (e.g., treatment
unimpaired speech motor
on /f / before initiating treatment on /z / )
learning and treatment
Random: different targets practiced
Opposite effects on GMP vs.
for AOS
intermixed (e.g., practice on /f/
parameter learning
and /z / in each session)

Attentional
focus

Internal vs.
external

Internal: focus on bodily movements
(e.g., articulatory placement)
External: focus on effects of movements
(e.g., acoustic signal)

Focus must be task-related

Simple: easy, earlier acquired sounds
and sound sequences (e.g.,
plosives, CV-syllables)
Complex: difficult, later acquired
sounds and sound sequences
(e.g., affricates, CCV syllables)

Potential interactions with practice Limited evidence for benefit
schedule, feedback variables,
of targeting complex items
and learner’s skill level
in treatment for AOS

Target
complexity

Simple vs.
complex

Potential interactions with practice Limited evidence for benefit
schedule, amount, complexity,
of variable practice in
and feedback variables
unimpaired speech motor
Opposite effects on GMP vs.
learning; no evidence
parameter learning
from MSD

No systematic evidence

Difficult to define external
for speech

Note. Options that may be expected to enhance learning are indicated in bold. GMP = generalized motor program; MSD = motor speech disorder;
AOS = apraxia of speech.

TABLE 2. Feedback conditions.
Condition

Options

Description

Notes

Evidence in speech

Feedback
type

KP vs. KR

KP: knowledge of performance,
how a sound was produced
(e.g., biofeedback)
KR: knowledge of results,
whether a sound was
correct or incorrect

Potential interactions with learner ’s
error detection abilities

No systematic evidence

Feedback
frequency

High vs.
low/summary-KR

High: feedback after every
attempt at production
(regardless of accuracy)

Potential interactions with practice
variability, attentional focus,
complexity, and learner’s skill
level and error detection abilities
Opposite effects on GMP and
parameter learning

Some evidence for benefit of
reduced feedback frequency
in treatment for AOS and
speech motor learning in
hypokinetic dysarthria

Potential interactions with
attentional focus

Some evidence for delayed
feedback in treatment for
AOS and hypokinetic
dysarthria

Low: feedback only after some
attempts at production
(regardless of accuracy)
Feedback
timing

Note.

Immediate vs.
delayed

Immediate: feedback
immediately following
attempt at production
Delayed: feedback provided
with a delay (e.g., 5 s)

Options that may be expected to enhance learning are indicated in bold.
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Nonspeech. There are few studies that specifically compare differential effects of amount of practice; nonetheless,
the existing literature generally shows that increasing the
amount of practice results in greater retention (e.g., Park
& Shea, 2003, 2005; C. H. Shea & Kohl, 1991). However,
this principle may interact with other conditions of practice, potentially obscuring its benefit. In particular, there is
evidence that, for constant practice (in which the exact
same movement is practiced; see the Practice Variability:
Variable Versus Constant Practice subsection below),
a large amount of practice results in poorer retention and /or
transfer than a small amount of practice, whereas for
variable practice, a large amount of practice produces greater
learning than a small amount of practice (e.g., Giuffrida,
Shea, & Fairbrother, 2002; C. H. Shea & Kohl, 1991). During
constant practice, the motor-program retrieval operations
may not be fully engaged on each trial, because the motor
program and its parameterization could be kept in a working memory buffer from trial to trial, resulting in impoverished learning (Lee & Magill, 1983, 1985). A larger
number of trials in a constant-practice condition may lead
to learning highly specific aspects of a task (producing
high accuracy during practice) but very limited transfer
(generalization).
With small amounts of practice, the learned movement
pattern and its scaling are relatively effector-independent
(e.g., practice with the left arm transfers to the right arm),
whereas a large amount of practice results in greater retention
(e.g., for the left arm) at the expense of transfer to another
effector (e.g., no additional benefits for the right arm; Park
& Shea, 2003, 2005). One interpretation is that with increasing numbers of practice trials, the specific biomechanical
properties of the effector used during practice may become
integrated in the movement representation (Park & Shea,
2003). Keetch, Schmidt, Lee, and Young (2005) have suggested the possibility that a new GMP develops for the
specific highly practiced instance that optimizes all aspects
of the task but does not transfer to other, similar movements.
Speech. Although many speech treatment programs
recommend a large number of trials (e.g., Chumpelik, 1984;
Fox et al., 2002; Rosenbek, Lemme, Ahern, Harris, & Wertz,
1973; Van Riper & Irwin, 1958; Wambaugh, KalinyakFliszar, West, & Doyle, 1998), we found no empirical data
bearing on this issue. For example, the Lee Silverman Voice
Treatment (LSVT) includes large amounts of practice as
an integral component to this efficacious speech treatment
for hypokinetic dysarthria (e.g., Fox et al., 2002; Ramig,
Countryman, Thompson, & Horii, 1995), but there are no
LSVT studies that have compared different amounts of
practice systematically. Schulz, Dingwall, and Ludlow
(1999) examined speech motor learning in individuals with
ataxic dysarthria and failed to find a difference in practice performance with 30 versus 50 practice trials (a small
amount of practice in the motor-learning literature). However, the difference in number of trials was relatively small,
and this study did not include a retention test that would be
critical to address the effects on learning.
In summary, while there are some constraints on the
power of large amounts of practice (e.g., under constant
practice conditions), in general a large number of practice

trials is beneficial for learning nonspeech motor skills. No
empirical evidence regarding practice amount is available
with respect to speech motor learning. (Note that attempts are
being made to study this variable in other communication
disorders; e.g., see reviews of aphasia treatment by Basso,
2005, and Robey, 1998.)

Practice Distribution: Massed Versus
Distributed Practice
Practice distribution refers to how a given (fixed) amount
of practice is distributed over time (regardless of whether
practice involves a blocked or random schedule; see the
Practice Schedule: Random Versus Blocked Practice subsection below). Although Schema Theory does not make
predictions about practice distribution, this principle is
included because evidence suggests that distributed practice
(more time between practice trials or sessions) results in
greater learning than massed practice (less time between
trials or sessions), with important implications for clinical
practice. Distribution across several days is encountered
frequently in clinical settings, and treatment intensity is often
debated at individualized educational plan meetings.
Nonspeech. Practice distribution can be defined in terms
of the time between trials or between sessions for the same
number of practice trials. The nonspeech evidence strongly
suggests that distributing practice over a longer period facilitates both immediate performance and retention for
different motor tasks (e.g., Baddeley & Longman, 1978;
C. H. Shea, Lai, Black, & Park, 2000; see Lee & Genovese,
1989, for a meta-analysis). Baddeley and Longman (1978)
distributed the same amount of practice on a keyboard-entry
task over 15 days (massed) or 60 days (distributed), and
found that benefits of distributed practice persisted 9 months
after training, whereas massed practice gains dissipated
shortly after training ended. One possible explanation is
that the benefits of distributed practice are due to increased
opportunity for memory-consolidation processes (Robertson,
Pascual-Leone, & Miall, 2004).
Speech. Few empirical data exist on effects of practice
distribution in speech motor learning. With LSVT, which
involves relatively massed practice (four treatment sessions per week for 4 weeks; Fox et al., 2002), long-term
benefits have been observed (e.g., Ramig, Sapir, Countryman,
et al., 2001; Ramig, Sapir, Fox, & Countryman, 2001).
Such findings are positive, but distributed practice might
have enhanced outcomes even more. A recent study by
Spielman, Ramig, Mahler, Halpern, and Gavin (2007) examined the effects of an extended (8-week) LSVT program
in 12 individuals with dysarthria secondary to Parkinson’s
disease. The number and duration of treatment sessions
was the same as in the typical 4-week LSVT program, although the extended program involved more homework.
Spielman and colleagues observed improvements, including at a 6-month retention test, comparable to those obtained in a previous study using the more traditional 4-week
LSVT program (Ramig, Sapir, Fox, & Countryman, 2001).
In other words, more distributed practice did not appear to
enhance learning relative to more massed practice. Contrary
to nonspeech findings, no differences were observed in the
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amount of learning between traditional and extended LSVT
versions. Spielman et al. (2007) noted that the extended
LSVT program increases the time commitment for both
client and clinician, in particular for unbillable preparation
time; this might support the use of the more massed, 4-week
LSVT program given that no additional gains were demonstrated for the extended program. Although this study represents an important first step in assessing practice distribution
effects in treatment of MSDs, further study is needed to
determine the optimal range of practice distribution for
various MSDs.
Given current models of treatment and the demands of
reimbursement in the current health care climate, this issue
requires careful future study. Indeed, outpatient treatments
are typically provided two times a week in sessions lasting
from 30 to 60 min. In the school environment, the size of
caseloads often prohibits more intensive models of treatment. Therefore, if more or less distribution is needed than
current practice allows, then a systematic change will be
required. The optimal degree of distribution may depend
on the specific MSD.
In sum, distributed practice facilitates both short-term
performance and long-term learning in the nonspeech
domain, but this issue requires further study in the speech
domain.

Practice Variability: Variable Versus
Constant Practice
Constant practice refers to practice on only one variant
( parameterization) of a movement (GMP), whereas variable practice targets more than one variant of a given movement (e.g., practicing a golf swing over varying distances
from the hole). Experience with a wide range of movement
outcomes, initial states, and sensory consequences for a
particular GMP should result in a more reliable schema, because practice variability highlights the relations among these
types of information for variations of a given task (Schmidt
& Bjork, 1992). In turn, a more reliable schema should facilitate transfer to other movements of the same general class,
but not to movements that require a different GMP.
Nonspeech. The benefit of variable over constant practice
has been confirmed for a variety of tasks (e.g., Lee, Magill,
& Weeks, 1985; Wulf & Schmidt, 1997; see Van Rossum,
1990, for a review). However, some research suggests that
the benefits of variable practice differ across populations
and tasks, and may interact with other principles of motor
learning (Lee et al., 1985; Shapiro & Schmidt, 1982).
For example, the effects of variable practice may be more
robust for children, who are less motorically experienced
or skilled than adults (Chamberlin & Lee, 1993; Shapiro &
Schmidt, 1982; but see Van Rossum, 1990).
Furthermore, constant and variable practice may affect
relative timing (GMPs) and absolute timing (parameters)
differently (e.g., Giuffrida et al., 2002; Lai & Shea, 1998;
Lai, Shea, Wulf, & Wright, 2000; C. H. Shea, Lai, Wright,
Immink, & Black, 2001). For example, Lai et al. (2000)
found that constant practice improved relative timing, whereas
variable practice improved absolute timing performance at
transfer (consistent with the prediction that variable practice

enhances the schema rule). Further, providing both constant
and variable practice in two successive practice phases, with
constant practice followed by variable practice (constantvariable), resulted in optimal learning of both relative and
absolute timing, as compared to constant-constant, variablevariable, and variable-constant practice conditions (Lai et al.,
2000). Lai et al. suggested that constant practice facilitates
learning of the relative-timing pattern because the learner can
focus on this aspect of the movement without having to extract
the pattern from different parameterizations. Once the GMP
is established, variable practice will enhance the schema rule
(Lai et al., 2000).
Finally, there is evidence that practice variability interacts
with other principles of motor learning such as practice
amount (see above), feedback frequency, and practice
schedule (e.g., Giuffrida et al., 2002; C. H. Shea & Kohl,
1991; Wulf & Shea, 2004). When using constant practice,
too many trials may negatively affect long-term learning.
In addition, variable practice appears to be more effective
when task variants are practiced in random or serial order
rather than in blocked order (e.g., Lee et al., 1985; Sekiya,
Magill, Sidaway, & Anderson, 1994; C. H. Shea, Lai, et al.,
2001; but see Pigott & Shapiro, 1984, for evidence that
presenting small blocks in random order benefits learning
in children).
Speech. While there has been some discussion of the
benefits of variable practice over constant practice in
textbooks on MSDs (e.g., Duffy, 2005), only one published
study has addressed this principle in normal speech motor
learning (Adams & Page, 2000). Adams and Page asked
speakers to practice the utterance “Buy Bobby a poppy”
with a specific overall movement time (utterance duration)
under either constant or variable practice conditions. A
constant practice group performed 50 practice trials of a
single utterance duration (2,400 ms, approximately twice as
slow as normal speech rate), whereas the variable practice
group performed 25 practice trials with the 2,400-ms target
duration and 25 trials with a target utterance duration of
3,600 ms (using a blocked practice schedule). Retention
testing 2 days later involved only the 2,400-ms target.
The variable-practice group had larger absolute error than
the constant group during acquisition, but the groups did
not differ at the end of the acquisition phase. Critically,
the constant-practice group had larger absolute error than the
variable group at retention testing, despite the fact that the
constant group had received twice as many practice trials
of the 2,400-ms target as the variable-practice group. These
results suggest that variable practice benefits speech motor
learning in unimpaired speakers, with respect to absolute
time parameterization, consistent with evidence from nonspeech motor learning.
Rosenbek et al. (1973) speculated on the basis of three
uncontrolled case studies that, for AOS, constant practice
may be beneficial in the early stages of treatment or when
the impairment is severe, while variable practice may be
beneficial in later stages to facilitate the transfer of skills.
This suggestion is consistent with the findings of Lai et al.
(2000) that indicate a constant-variable practice order is
optimal for learning all aspects of a movement. Although a
handful of treatment studies for AOS using well-controlled
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single-subject experimental designs have demonstrated
acquisition of targeted sounds and transfer to untrained
sounds using variable practice (e.g., training of sounds in
different phonetic contexts; Austermann Hula et al., in press;
Ballard et al., 2007; Wambaugh et al., 1998, 1999), none
of these studies compared variable- and constant-practice
conditions. Thus, further studies are required to determine
the relative benefits of variable and constant practice.
In sum, with respect to nonspeech motor learning, variable practice appears to benefit the learning of absolute
aspects of movements (schema rules), whereas constant
practice early in practice benefits the learning of relative
aspects of movements (GMPs). Some evidence from
unimpaired speakers suggests similar effects for speech
motor learning, but more research is needed to determine
how practice variability applies to impaired speakers.

Practice Schedule: Random Versus Blocked Practice
Random practice refers to a practice schedule in which
different movements (i.e., GMPs) are produced on successive trials, and where the target for the upcoming trial is
not predictable to the learner (e.g., for targets A, B, and C,
a potential random trial sequence might be ACAB, BCAC,
BCAB). Blocked practice refers to a practice schedule
in which the learner practices a group of the same target
movements before beginning practice on the next target
(e.g., AAAA, BBBB, CCCC). Practice schedule differs from
practice variability in two ways. First, practice variability
refers to the number of different movements practiced
(one for constant, multiple for variable), whereas practice
schedule requires multiple movement targets that can be
practiced in blocked or random order. Second, practice variability involves different parameterizations of one GMP,
whereas practice schedule involves different GMPs (e.g.,
Sekiya et al., 1994; Wright, Black, Immink, Brueckner, &
Magnuson, 2004). Also note that practice schedule is different from practice distribution (see above): both blocked
and random practice may be spaced closer or further apart
in time.
Nonspeech. Numerous studies have shown the benefits
of random over blocked practice schedules (for retention)
across a wide range of tasks (e.g., Lee & Magill, 1983; Lee
et al., 1985; C. H. Shea, Kohl, & Indermill, 1990; J. B. Shea
& Morgan, 1979; Wright et al., 2004; Wulf & Lee, 1993).
J. B. Shea and Morgan (1979) were first to show that blocked
practice schedules clearly enhanced performance during
practice relative to random practice schedules, but that random practice had a clear advantage during retention testing
(regardless of retention test schedule). Wright et al. (2004)
showed that random practice, but not blocked practice,
facilitates “chunking” (a relatively permanent integration
of a sequence of movements into a single unit). Lee et al.
(1985) demonstrated greater transfer following random
than blocked practice schedules. In a prior study, Lee and
Magill (1983) showed that both a random schedule and a
serial schedule (e.g., ABC, ABC) resulted in greater retention than a blocked schedule, with no differences between
the random and serial schedules. These findings suggest
that it is the trial-to-trial change of target rather than the

unpredictability of the upcoming trial that drives the benefit
over blocked practice, although there is some recent evidence that random practice does provide learning benefits
over serial practice in some cases (Osu, Hirai, Yoshioka,
& Kawato, 2004). C. H. Shea et al. (1990) further observed
that the benefits of random practice became stronger with
more practice trials, suggesting an interaction with practice
amount. Finally, random practice appears to facilitate learning of functional movement sequences in hemiparesis following unilateral stroke (Hanlon, 1996), as compared to
blocked practice.
C. H. Shea and Wulf (2005) noted that practice schedule
effects are not predicted by Schema Theory and discussed
two alternative explanations: the reconstruction hypothesis
and the elaboration hypothesis. According to the reconstruction hypothesis (Lee & Magill, 1983; Lee et al., 1985),
the benefit of random over blocked practice arises from the
repeated retrieval and construction of the response. The
elaboration hypothesis (J. B. Shea & Morgan, 1979) claims
that practicing several responses within a block (i.e., random
practice) allows for a greater elaboration of the similarities
and differences between the various responses, resulting in a
more detailed and accurate representation of each response.
The benefits of random practice may be reduced by
factors that increase task difficulty (e.g., inexperience of
the learner, greater task complexity), perhaps due to a cognitive overload (Wulf & Shea, 2002). The picture is further
complicated by findings indicating differential effects of
practice schedule for GMPs and parameters (e.g., C. H. Shea,
Lai, et al., 2001; Wright & Shea, 2001). Learning of absolute
timing appears to be enhanced by random practice (C. H.
Shea, Lai, et al., 2001; Wright & Shea, 2001), whereas the
effects of practice schedule on relative timing depend on
other factors such as the nature of error feedback, with
greater retention for blocked practice in some cases (C. H.
Shea, Lai, et al., 2001; but see Wright et al., 2004, for
evidence that random practice facilitates GMP formation).
C. H. Shea, Lai, et al. (2001; see also Lai & Shea, 1998;
Lai et al., 2000) proposed the stability hypothesis to account
for the differential effects of random and blocked practice
on relative- and absolute-timing learning. The stability
hypothesis states that factors which promote trial-to-trial
stability of performance during acquisition (e.g., blocked
practice, reduced feedback, constant practice) promote the
learning of relative-timing patterns, because the learner can
focus on the invariant properties of the movement without
having to take into account additional variation due to
different parameterizations of the pattern. Once the GMP has
been acquired, different parameterizations of the GMP can
be practiced to improve the schemas. This view suggests that
learning may be optimized by first practicing in blocked
order and then in random order (similar to the Lai et al. study
on constant vs. variable practice, discussed in the previous
section).
Speech. Only two studies have directly compared blocked
and random practice in speech (Adams & Page, 2000;
Knock, Ballard, Robin, & Schmidt, 2000). Adams and Page
examined random and blocked practice schedules in unimpaired speakers (using the same utterance-duration task).
Although the random practice group showed greater absolute
Maas et al.: Principles of Motor Learning

285

timing error during practice (except in the last acquisition
block), the critical finding was that the random practice
group was more accurate than the blocked practice group on
retention tests.
Only one study to date has compared directly the effects of random and blocked presentation on speech motor
learning in impaired speakers (Knock et al., 2000). Random
versus blocked practice was studied in 2 individuals with
severe AOS and aphasia, using an alternating treatments
design where different targets were paired with random and
blocked practice, and retention was examined 1 week and
4 weeks after treatment. They found no differences between
conditions during acquisition, but at retention both individuals showed poorer maintenance of blocked practice targets than random practice targets, which in one case continued
to improve. These differences were particularly evident at
a 4-week retention probe.
While these findings are encouraging, they require replication across individuals, disorders, target behaviors, and
contexts. Note that many recent treatment studies for AOS
incorporate some form of random practice,2 with some
authors explicitly acknowledging the potential importance of
random practice (Rose & Douglas, 2006; Strand &
Debertine, 2000; Tjaden, 2000; Wambaugh et al., 1999;
Wambaugh & Nessler, 2004). Wambaugh et al. (1999) and
Wambaugh and Nessler (2004) suggested that random
practice may reduce the occurrence of overgeneralization
(substitution of practiced sounds for other sounds) and
facilitate maintenance, perhaps by facilitating discriminatory
abilities (cf. the elaboration hypothesis described earlier).
Random practice resembles situations encountered in daily
life (e.g., conversational discourse) more closely than
blocked practice and thus may facilitate greater transfer to
other contexts (Ballard, 2001; Wambaugh, Nessler, Bennett,
& Mauszycki, 2004). Practice schedule has only been
speculatively addressed in other MSDs (e.g., Schulz, Sulc,
Leon, & Gilligan, 2000).
To summarize, there is substantial evidence that random
practice enhances motor learning as indexed by retention
and transfer tests in the nonspeech motor domain. This
conclusion is complicated by the finding that random practice primarily benefits the learning of absolute aspects of
movements (parameters) whereas blocked practice may
benefit relative aspects of movements early in practice (GMPs;
but see Wright et al., 2004), and by the finding that practice
schedule may interact with other factors. In the speech
domain, there is preliminary support for the use of random
rather than blocked practice for both intact and impaired
speech motor systems.

Attentional Focus: Internal Versus External Focus
Effects of focus of attention on motor learning have been
considered for at least a century (Cattell, 1893/1947), but
only recently have empirical studies been reported (e.g.,
The qualification “some form of” relates to the fact that blocking can be
applied at different levels, depending on how the targets are defined. For
example, Wambaugh et al. (1998, 1999) entered different sounds into
treatment sequentially (i.e., blocking by sound), but within each sound,
10 treatment words containing the sound were presented in random order.

2

Wulf, Höb, & Prinz, 1998; Wulf, McNevin, & Shea, 2001).
An internal focus involves concentrating on aspects of
movement such as kinetic, kinematic, and somatosensory
information (e.g., arm movements in a golf swing). An
external focus involves concentrating on external, but taskrelevant, aspects of movement such as the effects of the
movement (e.g., movement of the golf club) to achieve a
goal (e.g., getting the ball in the hole). The movement goal
is distinguished from the movement effect. The goal is
the same in both internal and external focus conditions;
the difference between the conditions lies in whether the
learner concentrates on internal (e.g., kinetic, kinematic,
somatosensory) aspects of the movement or on external,
but task-relevant, aspects of the movement (e.g., golf club
movement). The feedback in both conditions is also the same
(e.g., both groups can see where the golf ball lands).
Nonspeech. An external focus of attention facilitates
more accurate and less variable performance relative to an
internal focus of attention, both during practice and on
retention and transfer tests (e.g., Hodges & Franks, 2001;
Vance, Wulf, McNevin, Töllner, & Mercer, 2004; Wulf,
Lauterbach, & Toole, 1999; Wulf et al., 2001; see Wulf,
2007; Wulf & Prinz, 2001, for reviews). Using a golf-swing
task, Wulf et al. (1999) found that an external-focus group
scored better than an internal focus group during practice
and retention testing (for which no focus instructions were
provided). Wulf and McNevin (2003) further showed that
merely distracting novice learners (by requiring them to
shadow a narrative while performing the target task) did
not improve learning relative to an internal focus (see also
Beilock, Bertenthal, McCoy, & Carr, 2004). Thus, the
external focus must be related to the task to be performed.
Wulf et al. (2001) proposed the constrained-action
hypothesis to account for attentional focus effects. Under this
view, individuals who adopt an internal focus of attention
constrain or “freeze” their motor system in an attempt to
control consciously otherwise automatic motor processes.
A similar effect was observed when participants were not
provided attentional focus instructions (e.g., Wulf et al.,
1998), suggesting that learners may naturally adopt an
internal focus of attention. An external focus of attention
away from the motor system’s targeted effector would
allow for more automatically executed motor routines,
thus enhancing both acquisition and learning. Wulf et al.
(2001) provided evidence for more automatic processing
with external than with internal focus by showing that
participants’ reaction times to a secondary task were faster
when performing a primary (balance) task with an external
focus than with an internal focus. Benefits of an external
focus in a balance task have also been observed for individuals with Parkinson’s disease (Landers et al., 2005).
Finally, recent work indicates that an external attentional
focus enhances performance of a nonspeech oral-motor task
(Freedman, Maas, Caligiuri, Wulf, & Robin, 2007).
Speech. Although attentional focus effects extend to the
oral-motor system (Freedman et al., 2007), no studies to date
have examined the effects of attentional focus on speech
motor learning. If such attentional focus effects apply to
speech production, there would be important implications for
treatment of MSDs. Speakers with MSDs may benefit from
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adopting a strategy of external focus not only during practice but also in everyday communication situations. The
optimal target for external focus in speech production remains to be determined. Most studies of attentional focus
effects in nonspeech motor learning have employed tasks
that involve an instrument (e.g., golf club), such that attention may be directed to the body movement or the instrument.
While no such physically external objects are typically
involved in speech production, a focus on acoustic output
rather than speech articulators in therapy may parallel the
nonspeech techniques. Given that speech appears to be
planned in auditory space (Guenther et al., 1998), a focus
on acoustics may be closer to the effect of the movement than
a focus on the speech movements themselves.
In summary, an external task-relevant focus has a strong
demonstrated learning advantage over an internal focus
in the nonspeech motor domain, in that an external focus
promotes movement automaticity and produces greater
retention /transfer than an internal focus. Effects of attentional focus on speech motor control and learning have yet
to be explored.

Movement Complexity: Simple (Part) Versus
Complex (Whole)
Motor skills typically involve multiple components. It is
intuitively appealing to split a complex movement into its
component parts during practice so that the learner can
concentrate on a single aspect of the skill. This approach is
thought to minimize the cognitive load and avoid unnecessary practice on task aspects already mastered. This partwhole approach is common in many speech-remediation
protocols and has been examined in the motor-learning
literature.
Nonspeech. For tasks requiring rapid spatiotemporal
coordination of different effectors, acquisition of the part
may not transfer to the whole task, because performing the
overall task may change the nature of the required motor
control, especially if the whole movement is governed by a
single GMP (Schmidt & Lee, 2005). For example, Lersten
(1968) reported that practicing components of a rapid twocomponent movement did not transfer to performance of
the whole movement. More recently, Hansen, Tremblay,
and Elliott (2005) compared part practice and whole practice
for relatively short movements. Although they did not find
any differences between the conditions, the number of
practice trials was small, and the movements consisted of
relatively easily separated serial components, suggesting
that the movement may not have been governed by a single
GMP but rather by a sequence of GMPs.
There is some evidence that movements involving discrete, separable components might benefit from part practice
(e.g., Mané, Adams, & Donchin, 1989; Newell, Carlton,
Fisher, & Rutter, 1989; Park, Wilde, & Shea, 2004). Park
et al. (2004) examined the effects of part practice versus
whole practice using a serial-timing task involving 16 movement segments. A part-whole group practiced the first 8 elements on the first day of practice and all 16 elements on the
second day, whereas a whole-whole group practiced the
entire 16-element sequence on both days. Results revealed

no group differences for retention of the entire sequence nor
for transfer to the first 8 elements separately. However, the
part-whole group outperformed the whole-whole practice
group on a transfer test involving the last 8 elements of the
sequence, indicating that the whole-whole group was less
flexible than the part-whole group in breaking the movement
sequence into subsequences.
However, a recent study examining the application of part
versus whole practice to learning a complex surgical motor
skill consisting of several relatively separable components
showed that practice on the whole task resulted in greater
learning than did part practice (Brydges, Carnahan, Backstein,
& Dubrowski, 2007). This study thus suggests that even complex skills consisting of multiple components may benefit
from whole practice.
Speech. Evidence has begun to emerge suggesting that
targeting complex behaviors promotes learning relative to
targeting simple behaviors (Ballard & Thompson, 1999;
Gierut, 2001, 2007; Kiran, 2007; Kiran & Thompson, 2003;
Maas, Barlow, Robin, & Shapiro, 2002; Schneider & Frens,
2005; Thompson, 2007; Thompson, Ballard, & Shapiro,
1998; Thompson & Shapiro, 2007). This evidence mostly
relates to linguistic processing such as phonology (Gierut,
2001, 2007; Morrisette & Gierut, 2003; Rvachew & Nowak,
2001, 2003), syntax (Thompson et al., 1998; Thompson
& Shapiro, 2007), and semantics (Kiran, 2007; Kiran &
Thompson, 2003), rather than to speech motor control.
These studies demonstrate that targeting complex behaviors
(defined in terms of phonological, syntactic, or semantic
structure) facilitates transfer to theoretically related simpler
behaviors (e.g., Morrisette & Gierut, 2003; Thompson,
Shapiro, Kiran, & Sobecks, 2003; but see Rvachew &
Nowak, 2001, 2003), suggesting that the often-used treatment progression from simple to more complex behaviors
may be less efficient than targeting more complex items early
in treatment. This suggestion is consistent with the fundamental idea behind the challenge-point framework (Guadagnoli
& Lee, 2004) that learners must be challenged in order for
learning to occur.
The issue of complexity effects in speech motor learning has received little attention, yet it is especially relevant to
the current debate about the use of nonspeech oral-motor
exercises to improve speech production (Clark, 2003),
and the common treatment approach of progressing from
simple to complex tasks. Nonspeech oral-motor exercises
may include repeated tongue elevations, lip-rounding, and
tongue-strengthening exercises (Clark, 2003), the rationale
being that these movements are shared with and therefore
generalizable to speech production. However, such movements require much more extensive coordination across
systems and effectors in speech production than in isolation.
Thus, improvements in the control of such oral movements
in isolation are unlikely to transfer to speech production
(Clark, 2003). In the absence of evidence to the contrary,
it seems that if the goal is to improve speech production,
the behaviors selected for treatment should involve actual
speech or speech-like productions. This approach can be
expected to maximize both the learner’s motivation and
learning of the intricate and fine-tuned multisystem coordination necessary for speech.
Maas et al.: Principles of Motor Learning
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Regarding treatment of MSDs, arguments have been
made to begin with relatively easy sounds and progress to
more difficult ones in the treatment of MSDs (e.g., Rosenbek
et al., 1973). However, to date only two studies have directly
examined the effects of speech movement complexity on
speech motor learning in individuals with MSDs (Maas et al.,
2002; Schneider & Frens, 2005). One difficult issue is how to
define complexity of movements in general (Guadagnoli
& Lee, 2004; Wulf & Shea, 2002) and speech movements
in particular (Maas et al., 2002).
Maas et al. (2002) specifically addressed the effects of
complexity in speech motor learning by providing treatment on complex or simple monosyllabic nonwords to
2 participants with moderate-severe AOS and aphasia. Complexity was defined in terms of the part-whole distinction
(syllable structure), with three-element s-clusters composing the complex condition (e.g., spleem) and singletons
making up the simple condition (e.g., leem). Each participant received treatment on both conditions, in different
treatment phases. For one participant, practice on complex
items generalized to singletons and two-element clusters,
whereas singleton treatment only resulted in gains in singletons. The other participant demonstrated no difference
between the two conditions in terms of generalization ( generalization to singletons only in both conditions).
Schneider and Frens (2005) also compared the effects
of treating complex and simple items for 3 individuals with
moderate AOS and aphasia. These authors did not define
complexity in terms of a part-whole distinction but in terms
of the number of different gestures in four-syllable sequences
(e.g., from simple to complex: /popopopo/, /popapipÃ /,
/pomodoko/, /pomadikÃ /). The results indicated that training
more complex sequences generalized to production of real
words while training simple sequences did not.
The fact that complexity effects are not evident in all
clients or in all contexts may reflect inadequate definitions of motor complexity and differences between individuals (e.g., age, severity, time after onset). Domains where
complexity effects have been replicated, such as syntax
(Thompson et al., 2003) and phonology (Morrisette &
Gierut, 2003), have relatively clear, theoretically defined
metrics of part-whole relationships, derived from linguistic
theory. In the (speech) motor domain, such metrics must
await further theoretical and empirical developments. Regarding individual differences, Guadagnoli and Lee’s (2004)
challenge-point framework suggests that task difficulty
(nominal and functional) and the learner’s skill level must
be considered together to determine the optimal challenge
point for each individual. One possibility is to define
individual skill level using severity ratings. However, the
challenge-point framework does not address impaired motorcontrol systems, and thus it remains to be seen whether
severity level is related in a meaningful way to skill level.
In summary, the available evidence suggests that the
effects of part practice or whole practice depend on the
nature of the task being learned, with potential advantages
of part practice for sequential movements with easily separable components, and potential advantages of whole
practice for movements governed by a single GMP. While
some preliminary evidence suggests benefits of using

complex targets in treatment for AOS, further research is
needed to determine whether and how complexity applies to
speech treatments.

Structure of Augmented Feedback
Research aimed at the effects of augmented feedback
(i.e., feedback that is given in addition to the individual’s
own intrinsic feedback) has a long history (for reviews,
see Swinnen, 1996; Wulf & Shea, 2004). We focus on the
effectiveness of different types of feedback (knowledge of
results vs. knowledge of performance), the influence of
feedback frequency, and the timing of feedback.

Feedback Type: Knowledge of Results Versus
Knowledge of Performance
There are two types of augmented feedback: knowledge of results (KR) and knowledge of performance (KP;
e.g., Schmidt & Lee, 2005). KR is information about the
movement outcome, in relation to the goal, and is provided
after the completion of a movement. It often refers to the
deviation from a spatial or temporal goal, but it also includes more general information given, for example, by an
instructor or therapist (e.g., “You missed the target”). In
contrast, KP refers to the nature, or quality, of the movement
pattern. This includes biofeedback, as well as qualitative
information provided by an instructor (e.g., “Your lips were
not closed enough for that sound”). Both KR and KP serve as
a basis for error correction on subsequent trials and guide
the performer to the correct movement.
Nonspeech. Studies of bimanual coordination indicate
that KP is advantageous when the goal of the task is unknown
(e.g., Newell, Carlton, & Antoniou, 1990). However, it does
not appear to be more beneficial than simple outcome information (KR) when the task goal is clear (e.g., Swinnen,
Walter, Lee, & Serrien, 1993), and may even be detrimental
to learning when provided during task performance (Hodges
& Franks, 2001), possibly due to the additional processing
required to integrate this information into the ongoing
movement.
Speech. Although often not reported, feedback type is an
important component of every treatment protocol in MSDs.
Treatment hierarchies typically combine these types of
feedback; general KR of “correctness or incorrectness” is
provided by verbal feedback or by the clinician’s decision
to either request another production attempt or move on
to the next target elicitation. KP is inherently provided at
levels of the hierarchy in which cuing and /or stimulation
becomes more specific to the nature of the performance error
observed, as in “You need to get your lips together to make
that sound correctly.”
While the effects of KR versus KP in speech treatment
have not been investigated, the general principles regarding the utilization of KR versus KP in limb motor learning
may apply to speech motor learning. Given that KP may
be more beneficial when the learner does not possess a reliable internal representation of the movement goal (Newell
et al., 1990), feedback type should be an important consideration in the treatment of MSDs. Emphasizing KP to
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maximize internalization of the movement goal may be more
beneficial early in treatment, or for clients who cannot
reliably distinguish correct from incorrect productions. KR
feedback may be critical later in therapy and for clients who
can better evaluate their own errors.
In sum, KR and KP appear to be equally effective in most
cases; KP feedback appears useful when the task is novel
or unclear, but may be detrimental when provided during
performance. No studies have compared the effects of KR
and KP on speech motor learning.

Feedback Frequency: High Versus Low
Feedback Frequency
Feedback frequency refers to how often augmented feedback is provided during practice. Schemas are assumed to
develop as a function of previous experience with a task
and the corresponding outcome information (e.g., KR, an
internally generated evaluation of the produced movement),
and as such no learning should be possible in the absence of
information about the outcome of the movement.
Nonspeech. Studies on feedback have shown an advantage for low-frequency feedback schedules (e.g., Winstein
& Schmidt, 1990). Winstein and Schmidt, using a leverpositioning task, provided feedback after either 100% or
50% of the practice trials and found that, while performance
of the two groups did not differ during practice, the 50%
feedback group was more accurate at retention than the
100% group. This finding has been interpreted in terms of
the guidance hypothesis (e.g., Salmoni, Schmidt, & Walter,
1984; Schmidt, 1991). According to this view, feedback
guides the individual to the correct movement, but frequent
feedback may have negative effects. Learners may become
dependent on the feedback if they do not adequately process
intrinsic feedback when augmented feedback is available.
As a consequence, they may fail to develop adequate error
detection and correction mechanisms (recognition schema)
that would allow them to perform effectively when the
augmented feedback is withdrawn.
Although these findings have been replicated in other
studies (e.g., Nicholson & Schmidt, 1991), feedback frequency appears to interact with other factors such as practice variability, task complexity, and attentional focus (e.g.,
Dunham & Mueller, 1993; Lai & Shea, 1998; Wishart &
Lee, 1997; Wulf, Lee, & Schmidt, 1994). The beneficial
effects of reduced feedback frequency seem to be weaker
during constant practice than during variable practice (see
Wulf & Shea, 2004). The effects of feedback frequency
also depend on skill complexity (Wulf & Shea, 2002).
Learning of simple skills can benefit from reducing augmented feedback, but more frequent feedback might be
required for the learning of complex skills (e.g., Swinnen,
Lee, Verschueren, Serrien, & Bogaerds, 1997).
Interestingly, reduced frequency feedback appears to
benefit GMP learning but not parameter learning (e.g., Wulf
et al., 1994; Wulf & Schmidt, 1989; Wulf, Schmidt, &
Deubel, 1993). Schema Theory (Schmidt, 1975) predicts
the detrimental effects of reduced feedback on parameter
learning because parameter learning only occurs when the
movement outcome can be associated with the parameters

selected for that movement. The benefits of reduced frequency feedback on GMP learning do not follow from Schema
Theory but may be explained by the stability hypothesis (e.g.,
Lai & Shea, 1998; C. H. Shea, Lai, et al., 2001). Recall
that the stability hypothesis claims that trial-to-trial stability
enhances the learner’s ability to extract invariant movement
patterns. Frequent feedback induces more trial-to-trial corrections and thus less stability than does reduced frequency
feedback (Lai & Shea, 1998).
Feedback frequency also appears to interact with error
estimation. Using a force-production task, Guadagnoli and
Kohl (2001) found that learning was enhanced for a lowfrequency condition (feedback after 20% of practice trials),
compared to a high-frequency condition (feedback after
100% of trials) when participants did not estimate their errors before they were provided feedback. However, when
participants were required to estimate their errors, 100%
feedback resulted in more effective learning than 20%
feedback. According to Guadagnoli and Kohl, requiring
participants to estimate their errors encourages them to
engage in explicit hypothesis testing about the accuracy of
their responses, and feedback allows for testing of such
hypotheses. They argue that what the learner does before
receiving KR influences how such KR will be used. Thus,
this interaction suggests that the explicit tuning of internal
error detection mechanisms in relation to an external reference
of correctness is facilitated by frequent feedback. In contrast, when error estimations are not specifically required,
learners might be more indirectly encouraged to engage in
such processing under reduced feedback conditions.
Finally, attentional focus, which may be directed by augmented feedback, interacts with feedback frequency (Wulf,
McConnel, Gärtner, & Schwarz, 2002). Feedback that directs
the performer’s attention to his or her body movements
(internal focus feedback) is generally less effective than feedback that directs attention to the effects of the performer’s
movement on the environment (external focus feedback).3
However, reducing the feedback frequency can diminish the
detrimental effects of internal focus feedback. In contrast,
external focus feedback, even if provided frequently, may
benefit learning (Wulf et al., 2002).
Speech. Few studies have examined feedback frequency
and speech motor learning. Guidelines for feedback delivery are often underspecified in treatment protocols for
MSDs. Clinicians typically provide high-frequency, immediate feedback (Ballard et al., 2000). Recent work provides
preliminary support for the benefits of reduced feedback
frequency in intact speakers (Steinhauer & Grayhack, 2000)
and speakers with AOS (Austermann Hula et al., in press).
Austermann Hula et al. (Experiment 1) studied feedback
frequency (100% vs. 60%) on the relearning of speech
3
Note that this distinction between internal and external focus feedback does
not correspond to the distinction between KP and KR. KP can induce both
an internal focus and an external focus. For example, in relation to a golf
swing, KP might be “your hip did not rotate enough” (internal) or “the club
hit the ball too much on the left” (external). KR in either case would be
whether the ball ended up in the hole, or how far from the hole it ended up
(i.e., relating to the movement goal). Furthermore, attentional focus can be
directed internally or externally even in the absence of feedback (through
instructions), or with only KR in both focus conditions.
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skills in AOS using an alternating-treatments design and
found that reduced frequency feedback enhanced retention
and transfer in 2 of the 4 participants. Issues related to
stimulus complexity may have affected outcomes in the
other 2 participants.
In sum, reduced frequency feedback has benefits for
motor learning, especially for GMP learning, although
frequent feedback appears to enhance parameter learning.
Preliminary evidence suggests that reduced frequency
feedback may also benefit speech motor learning.

Feedback Timing: Immediate Versus
Delayed Feedback
Feedback timing refers to when feedback is provided
relative to the performance of the task. Feedback is typically
given after the completion of a movement (sometimes called
“terminal” feedback) but can be provided simultaneously
(“concurrent” feedback).
Nonspeech. Many professionals assume that concurrent
feedback or immediate terminal feedback (as soon as possible after the movement) is most effective. In fact, concurrent feedback is detrimental to learning, compared with
terminal feedback (e.g., Schmidt & Wulf, 1997; Vander
Linden, Cauraugh, & Greene, 1993). Concurrent feedback
greatly enhances performance during practice, but it results
in clear performance decrements on retention and transfer
tests (e.g., Park, Shea, & Wright, 2000; Schmidt & Wulf,
1997; Vander Linden et al., 1993). Similarly, giving feedback
immediately is less effective for learning than delaying it
for a few seconds (e.g., Swinnen, Schmidt, Nicholson, &
Shapiro, 1990). The presumed reason is that concurrent
and immediate feedback blocks the processing of intrinsic
feedback during practice (e.g., guidance hypothesis; Salmoni
et al., 1984).
However, there is an exception to this rule. If concurrently
provided feedback induces an external focus of attention,
it can facilitate learning (Hodges & Franks, 2001). C. H.
Shea and Wulf (1999) had participants practice maintaining
their balance on a moving platform and provided visual
feedback about the position of the platform. Even though
the concurrent feedback was redundant with participants’
own visual and kinesthetic feedback, it facilitated learning,
compared to no feedback. The concurrent feedback presumably benefited learning because it induced an external
focus of attention and served as a constant reminder to
maintain that focus.
Delaying the presentation of terminal feedback for a few
seconds after the end of the movement can benefit learning
(e.g., Swinnen et al., 1990). This effect has been attributed
to learners spontaneously evaluating the movement, based
on intrinsic feedback, in the interval before feedback is
provided. In addition, specifically instructing participants
to estimate their errors after the completion of a movement has been shown to enhance learning even further (e.g.,
Guadagnoli & Kohl, 2001; Swinnen et al., 1990).
Speech. Feedback timing has garnered little attention in
our literature. Austermann Hula et al. (in press; Experiment 2)
examined the effects of immediate versus delayed (5 s)
feedback in 2 individuals with AOS. The results offered

preliminary evidence that delayed feedback may enhance
speech relearning for some individuals, as 1 of 2 participants
showed enhanced retention in the delayed condition.
Summary feedback is another manipulation of interest. Summary feedback refers to provision of information
about performance after several trials, and as such involves
both delayed and reduced frequency feedback. Adams and
colleagues (Adams & Page, 2000; Adams, Page, & Jog,
2002) compared the effects of different summary feedback
schedules on the learning of a novel speech duration task.
Participants were provided with a graphic display of each utterance’s duration, either after every trial (Summary-1 group) or
after every 5 trials (Summary-5 group). Typical speakers and
those with hypokinetic dysarthria demonstrated the same pattern of results: The Summary-1 group had faster reduction in
absolute error during the acquisition phase, but the Summary-5
group showed significantly better retention scores.
In short, delayed feedback appears to enhance motor-skill
learning by facilitating internal movement evaluation. The
limited available evidence from speech motor learning
suggests that delayed feedback may also enhance speech
motor learning.

Clinical Implications and Case Example
This tutorial reviewed evidence from the motor-learning
literature as well as from the speech treatment literature
regarding various conditions of practice. Perhaps the main
conclusion that can be drawn is that at present, very little
evidence exists regarding the effects of these conditions
of practice on speech motor learning, in either neurologically
intact or impaired speakers. As such, no firm recommendations can be made at this time, and further systematic research is needed to better understand principles of motor
learning in speech motor learning in general and in treatment
for MSDs in particular. Nonetheless, this review has several
important clinical implications, which are highlighted in
the following section. Finally, a fictional case example of an
individual with AOS is used to illustrate how these principles
of motor learning could be applied in the clinical setting.

Clinical Implications
A first important point emerging from this review is that
the distinction between performance during practice versus
retention and transfer is critical because performance during
practice does not necessarily predict retention or transfer.
Indeed, factors that promote performance during practice,
such as constant practice or immediate feedback, may in fact
be detrimental to learning. It is important that clinicians
not be misled by changes observed during treatment. Incorporating daily or weekly retention and transfer tests into treatment programs for MSDs would help provide stronger evidence
of the effects of treatment. Although obtaining long-term
follow-up measures is often impossible or impractical in
the clinical setting, one could use the first few minutes of
a treatment session to assess shorter term retention (production of target responses without cues or feedback) and
transfer (production of untrained items). Ultimately, long-term
follow-up measures (e.g., 6 months, 1 year) are needed to
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assess the effectiveness of treatment, and future treatment
studies should include such long-term follow-up tests
whenever possible.
Second, one of the most consistent findings to emerge
from the motor-learning literature is that relative (GMP) and
absolute (parameter) aspects of movements often respond
differently to practice and feedback variables. These findings
pose serious clinical dilemmas in relation to speech motor
control and the selection of treatment targets and variables,
because in order to implement optimal conditions of practice and feedback, one must determine whether the selected
treatment targets involve GMPs or parameters. However,
determining GMPs and parameters in speech production
is by no means a straightforward matter. As noted in the
Background section above, the nature of speech motor
programs remains a subject of debate, and it is likely that
motor programs vary depending on the extent of practice
(e.g., Levelt, Roelofs, & Meyer, 1999; Varley et al., 2006,
relative to speech production; Klapp, 1995; Sakai et al.,
2004; Wright et al., 2004, relative to nonspeech movements).
One hypothesis is that aspects such as pitch level, speech
rate, clarity, and loudness are controlled by parameter settings that scale the basic movement pattern captured in the
speech motor programs (cf. Perkell et al., 2000). This view is
consistent with the Nijmegen model of speech production
(Levelt et al., 1999), according to which frequent syllables
are associated with stored, precompiled motor programs
that are parameterized for rate, pitch, loudness, and so on
(Cholin, Levelt, & Schiller, 2006). Thus, despite ongoing
debate about the nature of speech motor programs, a few
tentative suggestions can be offered based on the distinction
between absolute and relative aspects of movements.
Specifically, such treatment goals as modification of
speech rate or loudness, if indeed controlled by a parameter,
might benefit from variable and random practice (cf. Adams
& Page, 2000). For example, if it is determined that slowing speech rate improves intelligibility for a given client,
then one could select several target speech rates for a given
utterance and elicit different target speech rates in random
order. Limited available evidence from the speech motorlearning literature (Adams & Page, 2000; Adams et al., 2002)
suggests that providing reduced frequency feedback would
also enhance learning of absolute timing (i.e., speech rate).
In contrast, an example of GMPs in speech production
might be lexical stress patterns. This hypothesis is reasonable given that stress patterns are defined in terms of the
relative prominence (in terms of pitch, loudness, duration)
of syllables in a word and are maintained despite variations
in overall pitch level, loudness, or duration. Thus, according to this hypothesis, learning of stress patterns may benefit
from reduced frequency, delayed feedback and blocked or
constant practice schedules, at least early in practice. Once
a given criterion of accurate performance or number of
sessions has been reached, practice could shift to variable
practice, to further enhance transfer. Variable practice can
be blocked or random, though if a goal of therapy is to reduce
the segmentation of speech that is caused by increased interand intrasegment durations, then random practice is necessary to facilitate concatenation into a larger unit (e.g., Wright
et al., 2004).

Third, the nature of our measurements critically affects
our conclusions, in particular with respect to the distinction
between GMPs and parameters. Clinical measures of performance are often based on perceptual accuracy, with binary
judgments (e.g., correct /incorrect) made on the basis of
auditory perception. While perceptual judgments ultimately
have important ecological validity, these measures may be
fundamentally incapable of capturing fine-grained differences (Kent, 1996), including important gradual improvements that may occur, or distinctions between relative and
absolute aspects of speech production. Use of finer measures
may contribute to a better understanding of the underlying
motor control and learning processes as well as their relation to the overall percept. Thus, clinicians may need to
consider using instrumental measures of performance to
supplement perceptual measures (e.g., Ballard et al., 2007;
Schulz et al., 1999, 2000; Tjaden, 2000). Acoustic measures
in particular can be useful, for example, to assess stress
patterns (see Shriberg et al., 2003; Tjaden, 2000, for examples), absolute duration (cf. Adams & Page, 2000), and
fundamental frequency. With respect to phonemic accuracy,
potential acoustic measures include voice-onset time for
plosives (cf. Ballard et al., 2007) and frequency of peak spectral energy (cf. Wambaugh, Doyle, West, & Kalinyak, 1995).
A final point to note is that, as clinicians, we must understand that conditions of practice and feedback interact with
each other in complex ways. Thus, recommendations such
as “random practice always enhances learning relative to
blocked practice” or “reduced frequency feedback always
enhances learning relative to high-frequency feedback”
are misguided. Even an intuitive principle such as “a large
number of practice trials enhances learning” is constrained
by practice variability, in that intense constant practice decreases retention. Moreover, we must be aware that two
principles may conflict with each other. For example, variable practice requires multiple target behaviors, which,
given a fixed amount of practice time, necessarily limits the
number of practice trials that can be performed for each of
these behaviors (Wambaugh & Nessler, 2004). As yet, we
simply do not know the optimal priorities, combinations, and
orders of practice variables that would be most effective
in the clinic. Certainly, clinicians may not want to include
practice conditions that may reduce learning (as noted above;
e.g., Strand & Debertine, 2000) until empirical data in speech
motor (re)learning are obtained.

A Case Example
In this final section, we illustrate how the principles of
motor learning discussed in this tutorial could be applied in a
fictional case example of AOS, keeping in mind the caveat
that most of these suggestions are based on evidence from
nonspeech motor learning and thus require direct empirical
testing in the context of treatment for MSDs. In addition,
it should be noted that this example is not intended to be rigid
or prescriptive. Rather, the intent is to stimulate further
thinking about these conditions of practice and feedback
by providing one of several possible ways to incorporate
these principles into the treatment of MSDs. A brief case
history and long-term goals for the case example are provided
Maas et al.: Principles of Motor Learning
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in Appendix A; a summary of the implementation of a motorlearning approach suggested for this case is presented in
Appendix B. Examples of specific treatment goals are presented after the discussion of the motor-learning approach.
As can be seen in Appendix A, Jim’s long-term goals
include production of word-initial obstruents, clusters, and
production of adequate stress patterns in disyllabic words.
For each of these goals, acoustic measures can be used to
supplement the perceptual measures, to track progress and/or
to provide more reliable feedback during treatment (for
examples of this latter approach, see Ballard et al., 2007,
and Tjaden, 2000). For instance, voice-onset time and proportion of voicing can be used to assess the voicing distinction for plosives and fricatives, respectively (Ballard et al.,
2007); the presence of intrusive schwa can be determined
for clusters; measures of proportional syllable duration can be
used to assess production of stress patterns (e.g., Tjaden, 2000).
A first step is to select a number of target items. Target
selection involves a number of considerations, including
functional relevance to facilitate motivation and potential for
maximizing learning. For instance, there is evidence that
targeting more complex items produces transfer to simpler
items; in this case, targeting words with clusters (e.g.,
Brad, truck, play) might be more efficient than targeting
singletons (e.g., Jim, game, car). Of course, functional relevance may dictate inclusion of simpler items as well (e.g.,
game). In the example, it is assumed that treatment targets
include clusters and disyllabic words but not monosyllabic
singleton words. Another consideration is that unwanted
overgeneralization may occur if only items from one class
are included as targets (cf. Ballard et al., 2007; Wambaugh
& Nessler, 2004; see the discussion of practice schedule
above). Thus, even though the client in the example primarily devoices voiced sounds, inclusion of voiceless
sounds in treatment (e.g., truck) would be recommended
to avoid substitution of voiced consonants for voiceless
consonants (cf. Ballard et al., 2007).
In addition to selecting treatment targets, it is also important to select items that will not be treated directly but that
can be used to assess transfer. Such a transfer set could
include items with similar sounds or structures as those
targeted in treatment (e.g., word-initial clusters such as drive,
bring, trip), items relevant to the long-term goals but that
were not practiced directly (e.g., CVC words such as game,
car, bet), and items unrelated to the treatment targets (e.g.,
word-final clusters as in hard, old, east), so that treatmentspecific effects can be determined. Treatment effects would
be demonstrated by improvement on both targeted and
related items but not on unrelated items. As noted in the
previous section, a brief retention and transfer test can be
administered at the beginning of each treatment session in
order to track learning. These retention and transfer tests
would ideally be administered without cuing or feedback,
as the long-term goal would be for the client to be able to
produce the targets independently.
Once treatment and transfer items have been selected,
treatment can begin. Following the motor-learning literature,
each session might begin with a prepractice component in
which the target responses are explained, a reference of
correctness is established, and several correct productions

are elicited using modeling, cuing, and detailed KP feedback,
to ensure that the client is able to produce the targets under
optimal circumstances. In explaining the target responses,
directing the client’s attentional focus to the resulting sound
rather than to the articulatory positions and movements
involved might be more effective. KP feedback may be used
to direct the client’s attention to the sound (see footnote 3);
such an “external” focus could be facilitated in some cases
via the use of visual acoustic displays (e.g., Ballard et al.,
2007). During prepractice, the client may also be informed
about the conditions of practice and feedback during the
actual practice or “drill” component of the session.
Actual practice can begin once each target type (e.g., a
word-initial cluster, a disyllabic word) has been produced
correctly in prepractice at least once. During the practice
phase, maximizing the number of trials for each target is
likely to enhance learning. As noted above, the number
of target items is inversely proportional to the number of
practice trials on each target. Given the importance of large
amounts of practice, it may be better to select fewer targets
and practice them numerous times than to select a large
number of targets and practice them a few times. For this
reason, only a small set of targets, three or four for each
of two treatment goals, is proposed in the example; these
seven items can then be practiced many times in each session. Production of other items can be assessed regularly
to determine the degree of transfer. Of course, depending
on the level of success and tedium experienced by the client,
the set may be expanded during the course of treatment to
ensure appropriate challenge and motivation.
During practice, target items should be elicited in random
order rather than in blocked order, if possible, so that each
trial requires full programming of the target. One way to
implement a random schedule would be to create a number
of stimulus cards for each item (e.g., five per item), shuffle
the cards, and work through the stack as many times as
possible during the session. This way, each target is unpredictable, and the total number of practice trials per item
is controlled. If stress patterns are indeed governed by
GMPs, then a practice schedule in which monosyllabic
and bisyllabic (iambic and trochaic) stress patterns are
presented in separate blocks may produce greater learning,
at least early in practice. For instance, the first 10 min of
practice could involve iambic disyllables only, and the next
10 min could involve monosyllabic targets, with the last
10 min devoted to trochaic disyllables; within each of these
blocks, the specific target items would be randomized. Eventually, full randomization of all targets, which presumably
approximates real-world communication, can be expected
to promote transfer.
Similarly, variable practice is likely to enhance transfer.
Variable practice can be achieved at different levels, such
as by changing the elicitation cue (e.g., orthographic vs.
picture stimuli), changing speech rate or loudness or pitch
level of targets, changing carrier phrases, or changing the
setting (e.g., clinic room vs. cafeteria). Such variations may
also reduce tedium associated with drill practice and thus
increase motivation.
With respect to feedback during practice, reducing the
frequency of feedback can be expected to improve learning.
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In order to reliably provide reduced frequency feedback
(e.g., 60% of all trials), one could create a schedule with
all trials and mark 60% of these trials for feedback, either
randomly distributed or in a faded fashion (e.g., 100% for the
first 10 items, 90% of the next 10 items, and so on; cf. Ballard
et al., 2007). To avoid anticipation on the part of the client
as to which trials will receive feedback, multiple feedback
schedules can be created and used in different treatment
sessions. Providing only KR feedback (correct/incorrect)
in this phase would help maximize the number of drill trials.
More detailed KP feedback can be provided during prepractice. Finally, providing feedback with a delay of a few
seconds, rather than immediately following the response,
presumably allows self-evaluation of the response by the
client. Following clinician-feedback, the client can be given a
few seconds to process this feedback and compare it with his
or her own evaluation before presenting the next target.
To put the above suggestions together more concretely,
sample treatment goals might be as follows: “In each
session, Jim will produce the three target CCVC words
correctly 80% of the time in the context of a picture naming
task, with random presentation order, feedback on 60% of
all productions, delayed feedback, and without modeling
(done during prepractice)” and “In each session, Jim will
produce the four target CVCVC words correctly 80% of the
time in the context of a picture naming task, with blocked
practice early in practice and moving to random practice
once criterion is reached, using delayed feedback, reduced
feedback frequency, and without modeling (done during
prepractice).” One could add that “Early in practice, it may
be advisable to present the monosyllabic words, iambic
disyllabic words, and trochaic disyllabic words in separate
blocks (within which targets are randomized); as improvement occurs, all targets may be randomized, and the responses may be elicited in different tasks and settings.”
In sum, we have reviewed variables that affect nonspeech
and speech motor learning, and suggested that while these
variables have garnered little systematic testing in our field,
they represent potentially critical variables with respect to
speech motor (re)learning. Many of these variables are
relatively easy to implement in treatment, regardless of the
specific treatment program that is used, as illustrated in the
case example. Clearly, much more research is needed to
understand the application of principles of motor learning
to MSDs, and hopefully this tutorial helps identify important
clinical research questions, generate hypotheses, and design
future treatment studies that will contribute to improving
speech production in individuals with MSDs.
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Appendix A
Case History and Treatment Goals for the (Fictional) Case Example
Case history
Jim is a 55-year-old man who suffered a stroke 6 months ago. As a result, he has a mild nonfluent aphasia and a moderate-severe apraxia of
speech, according to the consensus criteria for AOS (Wambaugh, Duffy, McNeil, Robin, & Rogers, 2006). Jim’s speech errors are most prominent
on pressure consonants (plosives, fricatives, affricates) and in clusters, especially in word-initial position. Jim frequently devoices voiced consonants. Jim lives at home with his partner, Shirley, and together they have two children, Brad and Violet. Jim completed community college and
has been manager of a small auto body shop for 20 years. He would like to go back to work. In his spare time, he enjoys playing poker with his
friends, going to football games, and camping.
Long-term goals (see text for sample treatment goals)
1. Increase correct production of word-initial pressure consonants. By the end of treatment, Jim will produce each affricate, fricative, and plosive
correct in word-initial position at least 80% of the time, as determined via perceptual judgments in the context of reading a list of 15 CVC words
in random order without cuing or feedback.
2. Increase correct production of stress patterns in disyllabic words. By the end of treatment, Jim will produce at least 80% of disyllabic (iambic and
trochaic) CV(C)CVC words with perceptually appropriate stress, in the context of reading a list of 10 disyllabic words in random order without
cuing or feedback.
3. Increase correct production of word-initial clusters. By the end of treatment, Jim will produce word-initial clusters correctly (determined perceptually) at least 80% of the time in monosyllabic CCV(C) words, in the context of reading a list of 15 CCV(C) words in random order without
cuing or feedback.

Appendix B
Summary of Implementation of a Motor-Learning Approach for the Case Example
Prepractice
Begin each session with prepractice, in which to address and review the following:
—Motivation: To facilitate motivation, select a number of potential functional targets together with the client, for example, those relating to his
family’s names, his interests, and his work. Potential examples might include Jim, Shirley, Violet, Brad, game, play, card, chip, football, camping,
car, sedan, truck, hotel. From this set, select the more complex targets for treatment, for instance, those with clusters (e.g., Brad, truck, play) and
two syllables (e.g., Shirley, Violet, sedan, hotel ). More complex items may be expected to produce transfer to simpler words.
—Explaining the target responses: Any explanations about how sounds are made should be provided in prepractice and not during practice where
feedback should only relate to the correctness of a response. Too much detail during practice may be distracting.
—Focus of attention: Instead of directing attention to the articulatory movements involved in producing a speech sound, direct the focus to how the
target should sound.
—Establish a reference of correctness: Explain the criteria for a correct response, for example, that all sounds must be produced, the response
should be fluent, and so on.
—Ensure stimulability : Elicit at least one acceptable response for each target before moving to the practice phase, to ensure that the target is within
the range of capability.
Practice
—Large amounts of practice: In order to (re)establish motor patterns, it is necessary to produce a large number of repetitions per target. It may be
better to select fewer targets and practice them numerous times than to select a large number of targets and practice them a few times. For
example, from the potential targets above, it was suggested to select three targets for the second goal and four targets for the third goal, and
practice those seven items many times each session. Transfer to other words of functional relevance can be assessed intermittently over the
course of treatment (using the end-of-treatment reading lists noted in the long-term goals; Appendix A).
—Practice distribution: Evidence from nonspeech motor learning suggests that spacing a given number of trials and sessions farther apart
enhances learning. However, the only study to date in the speech domain suggests that there is no difference between four sessions per week
versus two sessions per week. At present, it is unknown what the optimal practice distribution is for speech motor learning.
—Random practice: During practice sessions, the practice stimuli should be presented in random order rather than in blocked order. For example,
instead of eliciting 10 trials of Brad, then 10 trials on truck, etc., present the items randomly.
—Variability of practice: Varying the targets and therapy environment may facilitate transfer. For example, targets can be varied by changing
loudness, or pitch. The therapy environment can be varied by moving to a different location in the clinic.
—Low-frequency feedback : Feedback on whether the targets were correctly produced should only be on approximately 60% of the practice trials,
to avoid disruption of the learning process and overreliance on the clinician’s judgments instead of learning to self-monitor.
—Delayed feedback : Feedback should not be given immediately after an attempt; the client should be given time to self-evaluate the movement.
In addition, a time delay should also be given (once feedback is provided) before moving on to the next production, to allow time for comparing
self-evaluation of the production with the judgment of the clinician.
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