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ABSTRACT

Previous studies have shown that verbalization, in the form of self-guided
instruction, is an effective cognitive strategy used to enhance motor skils#icquand
motor performance. However, past researchmioasxplicitly examined which aspects of
motor output are affected (whether beneficially or deleteriously) alization. In the
current study, we conducted two separate experiments in which a total of 80 healthy
participants, ages 18-27, completed a novel motor sequence learning task. alf of t
participants in each Experiment were pretrained in the sequence usingzadédrgl
while the other half was either trained motorically, or not trained at alle Rot
memorization of verbal labels facilitated motor learning, motor control, peafuzen
speed, and set maintenance, but not motor planning. Potential underlying mechanisms as

well as clinical implications are discussed.
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INTRODUCTION

Over the last several decades much research has been dedicated to understanding
the various factors that contribute to learning. While traditionally the marthe
literature has focused on either different types of learners within treaas or
different cognitive strategies used for acquiring academic or scoeasls, recently,
attention has turned to understanding the acquisition of complex motor skills. Tris latt
line of research is broad, encompassing the acquisition of complex motonséaitdates
(Anderson, 1997; Landin, 1994), in individuals with movements disorders (i.e.,
developmental coordination disorder (DCD; Mandich, Polatajko, Missiuna & Miller,

2001)), and in brain-injured (i.e., stroke/traumatic brain injury (TBI)) individuals
undergoing physical rehabilitation (O'Callaghan & Couvadelli, 1998). Thisrobskas

begun to promote a “top-down” process of motor learning, one that encourages the use of
cognitive strategies to enhance complex motor skill acquisition and transfer.

Cognitive strategies refer to conscious processes that learners cathese as
internalize procedures in order to perform a specific task or skill (Anderson, 1997;
McEwen, Huijbregts, Ryan & Polatajko, 2009). The literature addresses sefferahdli
types of cognitive strategies that can be used to enhance the acquisition or the
rehabilitation of motor skills, including mental practice, rehearsal, imageal-setting,
self-evaluation, and attention focusing. Such strategies have been shown to improve

motor learning and overall motor performance, including accuracy and motor skill



transfer (McEwen, et al., 2009; O'Callaghan & Couvadelli, 1998). The current paper
focuses primarily on the use of verbalization (i.e., verbal self-instructicanragnitive
strategy in motor skill learning (Anderson, 1997; McEwen, et al., 2009; O'Callaghan &
Couvadelli, 1998).

The use of verbalization as a cognitive strategy emerged from theveak|pf
Soviet psychologists Vygotsky (1987; 1978) and Luria (1959; 1961; 1964). Vygotsky,
using a socio-cultural approach, was the first to theorize the importancd| as the
influence, of self-speech in the development and mediation of behavioral control, self-
regulation, and other higher-order cognitive functions. Luria extended Vygetskyk
by emphasizing the role of self-speech in behavioral activation and impulsel contr
(Harris, 1990). Through several studies utilizing experimenter-inducedalielf-tiria
(1959; 1961, 1964) concluded that covert or overt vocalization that is paired with an
action facilitates motor performance and motor skill acquisition, both in ydulayen
and in patients who have diminished capacity to internally control or regulate behavior

Together these findings were fundamental to the later development of
interventions utilizing verbalization (Harris, 1990). Among the first to develop such
interventions were Meichenbaum and Goodman (1971), who utilized a cognitive-
behavioral intervention that emphasized the use of experimenter-induced or
experimenter-modeled verbalization to facilitate self-regulation pulsive children.

Since Meichenbaum and Goodman'’s original publication, the use of verbalization
interventions has been adapted and used to facilitate the acquisition of complex motor
skills in athletes (Anderson, 1997; Anderson & Vogel, 1999; Landin, 1994), young

children (Vintere, Hemmes, Brown & Poulson, 2004), individuals with DCD (Mandich,



et al., 2001), and individuals who have sustained a stroke or TBI (O'Callaghan &
Couvadelli, 1998).

Research using verbalization interventions to facilitate motor skill siiqui has
concluded that the use of verbalization results in faster motor skill acquisitioler@on
& Vogel, 1999; Vintere, et al., 2004), enhanced quality or execution of performance
(Anderson & Vogel, 1999; Janelle, Champenoy, Coombes & Mousseau, 2003; Landin,
1994; Mandich, et al., 2001), and, in some cases, motor skill transfer from one task to
another (Anderson, 1997; O'Callaghan & Couvadelli, 1998). These conclusions were
drawn based on accuracy (i.e., number of errors) and form (i.e., body position) of
participants’ motor performances via direct observation (Anderson & Vogel, 1999;
Janelle, et al., 2003; Vintere, et al., 2004).

While the majority of research supports the use of verbalization tddseinotor
skill acquisition, there are some inconsistencies within the literatureudpgest that the
use of verbal instructions may interfere with the implicit learning of a nsetpuence in
some populations. More specifically, Boyd, et al. (2003, 2004) found that individuals
with focal lesions to the sensorimotor and basal ganglia regions did not benefit from
explicit verbal information about the motor pattern embedded within an implicit motor
sequencing task, while healthy controls did. In contrast, in a similar sitidy
individuals with focal cerebellar lesions, Molinari, et al. (1997) found that ekpédbal
knowledge of the embedded pattern did facilitate motor sequence learning.

The inconsistencies in the above findings may be a function of the fact that
different populations exhibit deficits in different aspects of motor performadndaect,

past research has shown that discrete aspects of motor output are afféatectigiby



different disorders. For example, research indicates that individuals avkimgon’s
disease, Huntington’s disease, or supplementary motor area infarcts haudidgfic
sequencing simple motor movements, despite being able to perform discrete ihdividua
movements correctly, albeit slowly (Benecke, Rothwell, Dick, Day, & Mar,stie87;

Dick, Benecke, Rothwell, Day & Marsden, 1986; Thompson, et al., 1988). These
findings suggest that these individuals may have impairment in motor planning or motor
learning, buhotin motor control. In contrast, individuals with Alzheimer’s disease
exhibit normal ability to learn complex motor sequences, even though their pemfem
speed is slow (Willingham, Peterson, Manning & Brashear, 1997). Further,ghere i
evidence to suggest that there are subtypes of DCD that are charactgd#éetént

profiles of motor dysfunction. In particular, while some individuals with DCD eihibi
impaired motor execution/control (i.e., coordination) in the context of intact motor
planning, others show the opposite pattern (Cermak, 1985; Dewey, 2002; Dewey &
Kaplan, 1994).

Taken together, these findings suggest that (1) verbalization or exptizd ve
instruction are facilitative in some, but not all, situations or populations and (2) various
disorders show impairments in different discrete aspects of motor output. Howsver, pa
research hasot explicitly examined which aspects of motor output are affected (whether
beneficially or deleteriously) by verbalization. In other words, it mayaeverbal
instructions facilitate only some specific aspects of motor processingequently, only
individuals with impairments in those particular discrete processes wéfibéom the

use of verbalization. Better understanding of which specific motor procegseve



with the use of verbalization is important, as it would facilitate tailoringloabilitation
or learning strategies towards specific populations that are the mostdKsdyefit.

In order to better understand how verbalization facilitates motor skill atopjsi
we aimed to examine which discrete components of motor output are affected by
verbalization. The components of motor output examined in this study included (1)
motor learning (M-LRN)reflecting the number of errors made when learning the motor
sequence, as well as the number of learning trials to criterion; ant{@) performance
which consisted of (anotor planning (M-PLN)reflecting the time it takes a person to
plan and initiate a correct motor sequencepn{bjor control (M-CNT)reflecting the
smoothness, speed, and accuracy of simple discrete movememstdcket-
maintenance (M-SMjeflecting accuracy of movement sequences once the motor
sequence has been learned, angédiormance speed (P-SPDgflecting the overall
time to completion of a given sequendgecause this is the first study to examine the
effects of verbalization on all of these discrete aspects of motor perimeman
simultaneously, we chose to first examine this question in healthy college-aged
individuals, prior to examining these processes in patient populations.

To accomplish these goals, we conducted two separate experiments using a
computerized novel motor sequence learning task that allowed us to assess both motor
learning (M-LRN) and individual components of motor performance (i.e., M-PLN, M-
CNT, M-SM, and P-SPD). Experiment 1 compared motor learning and motor
performance for two conditions: (a) learning motor sequeneedigr imitation with
concurrentverbalrote memorization of the sequence (Merbalization+Action

condition) and (b) learning motor sequencearmtor imitation withoutthe use of any



language (i.e Action Onlycondition). Experiment 2 examined whether motor learning
and performance would be facilitated by previgadhal rote memorization of the

sequence (i.e., verbalization withgaotor practice).



EXPERIMENT 1

Method

Participants

A total of 40 healthy undergraduate students participated in this study.
Participants were psuedorandomly assigned (controlling for gender) td twe groups,
for a total of 20 participants in the Verbalization+Action group and 20 participants in the
Action Only group. Participants were recruited from the University of Utah’s
Department of Psychology’s subject pool and each participant earned extraosvadils
a psychology class in exchange for participation. Participants wereénhaghed,
between the ages of 18 and 27, and spoke English as their first or primary language. To
ensure that our sample was without any major impairment likely to affectsults,
participants were screened using self-report measures for levelerftcdepressive
symptoms, the presence of ADHD symptoms, and executive abilities in evéagay
No significant differences were found between groups on any of the demographic
variables. See Table 1 for detailed sample characteristics.

This study was approved by the University of Utah Institutional ReBieavd.

Written consent was obtained from each participant prior to participation iruthge st



Table 1.

Sample Demographics for Participants in Experiments 1 and 2

Experiment 1 Experiment 2

V+A A V Control

(n=200 (n=200 (n=20) (n=20)

Age (yrs) M 20.4 19.9 19.9 19.6
SD 2.4 2.2 2.2 2.2

Range 18-27 18-26 18-25 18-26
Education (yrs) M 13.0 12.8 12.8 12.6
SD 1.0 0.8 1.0 0.9

Range 12-15 12-14 12-15 12-15

Gender (% Male) 50% 45% 55% 40%
Estimated FSIQ M 105.2 102.9 106.9 105.9
SD 6.5 8.5 6.0 5.4

Range 90-117 81-117 95-116 97-116
BDI-I1 M 4.8 7.0 5.8 6.7
(Total Score) SD 4.1 6.4 6.5 4.0
Range 0-13 0-24" 0-28" 0-16

BRIEF: GEC M 47.0 49.6 46.6 46.0
(T-score) SD 6.2 7.2 6.4 6.1

Range 38-61 37-60 37-61 36-59

CAARS:. ADHD M 47.9 50.7 47.6 45.8

Symptom Total SD 7.6 11.5 11.9 8.9




Table 1. Continued
(T-score) Range 40-64 33-75 32-82 32-63

Note. V+A = Verbalization+Action group; A = Action Only group; V = Verbalization
Only group; Control = Control group; FSIQ = Full Scale 1Q; BDI-II = Beclpi2ssion
Inventory-1l; BRIEF = Behavioral Rating Inventory of Executive Fumtsi; GEC =
Global Executive Composite; CAARS = Conners Adult ADHD Rating Scale

No significant differences were found between groups across any of the dehiogra
variables.
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Instrumentsand Materials
Motor learning task

The motor learning task used in this study was based on the Push-Turn-Tap-tap
(PTT) task from the Behavioral Dyscontrol Scale-Electronic Versionhi§uerbidge &
Cope, 2005). Participants performed a sequence of five hand movements using the BDS-
EV response console (Figure 1). The sequence was comprised of three different
movements: (1) Push, pushing the joystick/lever upward one time, (2) Turn, turning the
joystick/lever to the right one time, and (3) Tap-tap, tapping a large button tes tim
The sequence was psuedorandomized to control for more than two movements being
repeated in a row. The sequence was the same for all participants across both
experiments.

Participants in the Verbalization+Action group were trained in a rote fashion b
performing the sequence on the BDS-EV response console while observing amdodel a
simultaneously vocalizing the verbal labels for each movement (i.e., usindjzeagiba)

as they performed the action. Participants in the Action Only group wertaitsed by

Figure 1. Behavioral Dyscontrol Scale — Electronic Version Response Console (Suchy,
Derbidge, & Cope, 2005)Participants were asked to perform a sequence of five hand
movements (e.g., “turn,” “push,” “turn,” “taptap,” “push”) using the BDS-E\§iense
Console.



11

performing the sequence on the BDS-EV response console while observing a model
however, in order to suppress verbal encoding, participants were required toevtizaliz
ba ba ba” while performing the sequence, similar to procedures used previously by
Baddeley and colleagues (2001). It is important to note that for the Action Only group,
the words “push, turn, tap-tap” were never used to describe the movements being
completed.

Learningtrials. Participants in both groups were trained to a predetermined
criterion during the Learning Trials using a series of videos in which a mpedelrmed
the sequence of movements with and without verbalization. The purpose of the Learning
Trials was to ensure that each participant learned the sequence well emthajhitsvas
no longer kept within working or short-term memory. The criterion was defined as the
ability to perform the correct movement sequence five consecutive tinfesitvirror
following two separate brief distraction periods (see Figure 2 for a thant of motor
learning to criterion). During each distraction period, participants spent appteky 3
minutes engaging in performance of paper and pencil tasks that consisted of visual
scanning, sequencing of numbers or letters, or connecting dots in a certa@gsorde
quickly as possible.

The total number of training trials it took for each participant to reachionter
was recorded by hand.

Performancetrials. After being trained to the predetermined learning criterion,
all participants completed the Performance Trials. The purpose of the Rerterifrials

was to examine the effect of previous training across the four components of motor
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Complete 10
trials with video
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repeat (verbally and/or
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Figure 2.Training to Criterion Flow ChartParticipants in the Verbalization+Action,

Action Only, and Veberalization Only groups were pretrained in the sequenae eithe
verbally and/or motorically depending on group assignment. In order to proceed from the
training session to performance trials, participants had to perform the cooeement
sequence, in the method in which they were trained, five consecutive times withaut error
following two separate brief distraction periods. In the case of the Vaabah Only

group, participants did not perform the movement sequence, but rather recited the
sequence verbally (i.e., “push, turn, taptap, etc.”). During each distractiod,per
participants spent approximately 3 minutes engaging in performance of pdpesreil

tasks that consisted of visual scanning, sequencing of numbers or letters, oriegnnect
dots in a certain order as quickly as possible. For the participants in the
Verbalization+Action and Action Only groups (i.e., participants in Experimemaibjrg

to criterion constituted the Learning Trials. Once training was compkatigipants
proceeded to the Performance Trials. In contrast, once the participants in the
Verbalization Only group (i.e., participants in Experiment 2) reached therigarni

criterion they proceeded to the practice trials along with the Control group.
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performance. More specifically, the Performance Trials examinedhahet not pairing
verbalization with action facilitated motor performance above and beyond jushtgar

the sequence motorically. The Performance Trials consisted of nine repeiitibas
five-movement motor sequence. The four components of motor performance (described
below; M-PLN, M-CNT, M-SM, and P-SPD) were recorded on the computer. Errors
were followed by an audible beep and an “error” screen depicting the cooeetmant;
participants were to perform the correct movement and to continue on with the sequence
like before.

Motor learningtask variables. The motor learning task yielded five variables:

(1) M-LRN, (2) M-PLN, (3) M-CNT, (4) M-SM, and (5) P-SPD. All variables exder
M-LRN were recorded via computer during the Performance Trials.

Motor learning (M-LRN) M-LRN reflects the number of trials each participant
took to learn the movement sequence and to reach the criterion during the Learning
Trials.

Motor planning(M-PLN). M-PLN refers to the internal model or action plan that
precedes the correct motor commands in order to achieve the final movement goal
(Buxbaum, 2005), taking into account both the movement goal and the discrete muscular
movements that will be required (Keele, 1968). Following the methodology of Suchy
and Kraybill (2007), M-PLN was assessed by measuring the amount of time it &bok ea
participant to plan the complete movement sequence. Thus, M-PLN time was @hsider
to be the latency time between the last movement of the preceding sequenceiastd the f

movement of the next correct sequence. Latencies that preceded in@Iuectces
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were not included because this variable was designed to measure the time to @&n corr
sequences.

Motor control (M-CNT). M-CNT refers to the planning and correct execution of
discrete movements (Whiting, Vogt & Vereijken, 1992; D. B. Willingham, 1998) and is
considered a separate and unique construct from both M-SM and M-PLN (Suchy &
Kraybill, 2007; Whiting, et al., 1992). Following the methodology of Suchy and Krayhill
(2007), the speed, accuracy, and smoothness of the double tap, or tap-tap movement, was
used to examine M-CNT. If the movement was performed accurately (e.g.wer no
perseverative responses), the latency time between the first tap ancbite ts was
recorded for each trial/sequence.

Motor set-maintenance (M-SMM-SM refers to performance accuracy across
trials once the motor sequence has been learned. M-SM was assessed hyg twinti
total number errors made across each performance trial/sequence. It shouddl likeatot
errors made on the tap-tap movement (e.g., conducting a single tap instead of gpuble ta
were excluded from this total given that those errors are consideretetd MfCNT
rather than M-SM.

Performance speed (P-SPDR-SPD is directly impacted by how well the
sequence has been learned and refers to the total amount of time required for@ompleti
of the entire sequence, measured in ms. P-SPD was calculated for all movement

sequences regardless of errors made.

Cognitive and Psychiatric Screening
All participants underwent a brief cognitive exam and completed three

behavioral/psychiatric inventories. The Shipley Institute of Living S@dehary, 1986)
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was used to derive an estimate of Full Scale 1Q (FSIQ). Since depresspt@sylogy

is known to correlate with motor performance, we used the Beck Depressiorotgsént
(BDI-II: Beck, Steer & Brown, 1996) to screen for the presence of moderatedres
depression. Similarly, it is likely that both executive ability and atiardiso correlate
both with motor performance and learning; therefore, we used the Behaviorg Rati
Inventory of Executive Functioning-Adult Version (BRIEF-A: Roth, Isquith & &joi
2000) to screen for executive impairment and the Conners Attention Deficit Disorde
Scale- Self-Report: Long Version (CAARS-S:L: Conners, Erhardt &Sparl998) to
screen for attention problems. Standard administration procedures were followakd for

screening instruments.

Procedures

Participants were psuedorandomly assigned (controlling for gender) td tivee
two learning groups. Participants first completed the Learhiias. Once the pre-
determined learning criterion was reached, participants proceeded to threnade
Trials. There was a short break between the Learning and Performaadseh&i lasted
approximately 1-2 minutes, just long enough for the Performance Trials’ pragrae
started and the instructions given. Following the motor sequence learrking tas
participants completed the brief cognitive assessment and filled out three

behavioral/psychiatric inventories. The total testing session lasted apatelyirh hour.
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Results

Preliminary Analyses

Zero-order correlations among the dependant variables are shown in Table 2. As
expected, M-PLN and M-CNT times are positively correlated with P-SRidlitidnally,
analyses indicated a significant correlation between M-LRN and M-CNHhatrttie
more trials it takes to reach criterion the slower the tap-tap movememiisted. Partial
correlations were also conducted controlling for Group membership; however, no
differences were found in the outcome of the results and thus the relationshipnbbievee

variables is not an artifact of Group. See Table 3.

Principal Analyses
Learningtrials. Nonparametric tests of the number of learning trials to reach

criterion found that the Verbalization+Action group took significantly fewalstto

Table 2.

Zero Order Correlations Among Dependent Variables in Experiment 1

M-PLN M-CNT M-SM P-SPD
Time Time Errors Time
M-LRN Total Trials .026 A429%* .097 .286
M-PLN Time 190 -.198 .638 **
M-CNT Time -.030 .652**
M-SM Errors -.136

Note. M-LRN = Motor Learning; M-PLN = Motor Planning; M-CNT = Motor Control;
M-SM = Motor Set Maintenance; P-SPD = Performance Speed
** indicates a correlation that is significant at the .01 (two-tailedgllev
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Table 3.

Partial Correlations Among Dependent Variables Controlling for Group in Experiment 1

M-PLN M-CNT M-SM P-SPD
Time Time Errors Time
M-LRN Total Trials .030 321* .031 194
M-PLN Time .180 -.228 .655 **
M-CNT Time -.065 .598**
M-SM Errors -.225

Note. M-LRN = Motor Learning; M-PLN = Motor Planning; M-CNT = Motor Control;
M-SM = Motor Set Maintenance; P-SPD = Performance Speed

* indicates a correlation that is significant at the .05 (two-tailed).leve

** indicates a correlation that is significant at the .01 (two-tailed®llev

reach criterion than the Action Only group (Mann—-Whithey 128.5,n; = 20n, = 20,

p = .008 two-tailed). These findings suggest that the pairing of verbalizatiometion
facilitated initial M-LRN of the complex motor sequence above and beyond jusiniga
the sequence motorically.

Performancetrials. A total of nine sequence trials were completed during the
Performance Trials. For the purpose of the statistical analyses, theggals were
grouped into three Blocks, with each Block reflecting a mean performanceofahree
contiguous sequence trials. These mean values were used as dependent vadables, a
Block (i.e., ', 2" and &) was used as the within-subjects factor. For all analyses,
Group was used as the between-subjects factor. Statistics of intenad¢dh@) a main

effect of Group which would indicate an effect of the type of prior training on

performance (as measured by the motor variables), and (b) a significeenttiote
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between Block and Group, which would reflect that prior training has a differeffeect
on performance across the three Blocks of trials.

Motor Planning(M-PLN). Two-group repeated measures ANOVA of M-PLN
time across Performance Blocks revealed no significant Group X Blockatoer (2,
76) = .278p= .758,np2:.005] and no significant differences in performance between the
two Groups F(1, 38) =.044p= .835,np2:.001]. These findings suggest that
verbalization did not facilitate M-PLN above and beyond just learning the sequence
motorically. However, there was a significant effect of BIde[ 76) = 22.65p <
.OOl,np22.373], with both groups exhibiting significantly longer M-PLN time during
Block 1 as compared to Blocks 2 and 3. It is likely that the longer M-PLN time during
the initial performance Block is associated with the brief interruption in peaftren
when transitioning from the Learning to the Performance Trials. See Figure 3a.

Motor Control (M-CNT). Two-group repeated measures ANOVA of M-CNT
time across the Performance Blocks indicated a significant eff€@atonfp [F(1, 38) =
S5.77;p= .021,np2:.132], with the Verbalization+Action group exhibiting significantly
faster M-CNT time than the Action Only group across all performance Bldoks
contrast, a one-way ANOVA revealed that there were no Group difference€MNTM-
accuracyF(1, 38) =.147p=.703; Cohen’sl = .12]. This suggests that verbalization
paired with action serves as a useful tool to facilitate smooth and rapid execution of
discreet movements, but not necessarily the accuracy of the movements. 3heae w
significant effect of BlockF(2, 76) = .082p = .921,np2:.019] or Group X Block

interaction F(2, 76) = .149p = .862,1,’=.002]. See Figure 3b.
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Motor Set Maintenance (M-SMYwo-group repeated measures ANOVA of M-
SM across the Performance Blocks yielded a significant Group X Bloctdtiten [F(2,
76) =4.90p= .033,np2:.114], indicating that accuracy was affected differently across
the Blocks depending on Group. Follow-up analyses indicated that the interaction was
primarily accounted for by differences in mean M-SM performance on Blocki thva
Action Only group exhibiting significantly more errors than the Verbalizafiation
group [(1, 38) = -2.30p =.027; Cohen’sl =.73]. Similar to M-PLN, this pattern of
performance suggests that the participants in the Action Only group likelyenqest a
loss of set associated with the brief interruption between the Learning dodr2@ice
trials. Overall, these findings suggest that verbalization paired witndatilitates M-
SM across a shift in environment. No significant main effects of B¢k [/6) = .029;
p = .866,n,°=.001] or GroupfF(1, 38) = .912p = .346,1,°=.023] were found. See
Figure 3c.

Performance Speed (P-SPDJwo-group repeated measures ANOVA of P-SPD
time across Performance Blocks revealed no significant Group X Blockatoer (2,
76) = .165p= .687,np2:.004] and no significant differences in performance between
Groups F(1, 38) =2.63p= .113,np2=.065]. As with M-PLN, these findings suggest
that verbalization did not facilitate P-SPD above and beyond just learning the sequenc
motorically. However, there was a significant effect of BIdeg[ 76) = 14.38p =
.001,np2:.274], with both groups exhibiting significantly slower P-SPD time during
Block 1 compared to Blocks 2 and 3 (See Figure 3d). This is consistent with the longer

planning time exhibited by both Groups during Block 1.
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Figure 3. Experiment 1: Performance on the Discrete Motor Components Across
Performance BlocksParticipants in the Verbalization+Action group were pre-trained in
the motor sequence by simultaneously performing the action sequence and byingrbaliz
the labels of each movement (i.e., “push, turn, taptap”). Participants in the Action Only
group were pretrained in the motor sequence by performing the action sequence, and i
order to suppress verbal encoding of the sequence, they simultaneously performed a
verbal interference task (i.e., saying “ba, ba, ba” out loud). All particigcamgleted
Learning Trials, during which they were trained in the sequence to a precegrmi
learning criterion. Following the Learning Trials all participants pleted the

Performance Trials, which consisted of a total of nine sequence trials. Forpbeeaf

the statistical analyses, these nine trials were grouped into thrdes Bloth each Block
reflecting a mean performance value of three contiguous sequencedrialsne graph
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showing mean M-PLN latencies (in ms) across Performance Blocks. Whilevidere
significant interaction or main effect of Group, a significant main etiéBlock was
revealed | = .001), with both Groups showing significantly longer M-PLN on Block 1
compared to the later Block®. Line graph showing mean M-CNT latencies (in ms)
across Performance Blocks. Analyses yielded a significant main eff€oup p =
.021). c. Line graph showing mean M-SM errors across Performance Blocks. ésalys
revealed a significant Group X Block interactigr=.033). Follow-up analyses
indicated that the interaction was driven by a significant group differencer@rmance
Block 1 (p =.027).d. Line graph showing mean P-SPD time (in ms) across
Performance Blocks. While there was no significant interaction or mait eff&Group,
a significant main effect of Block was reveal@d=(.001), with both Groups showing
significantly slower P-SPD on Block 1 compared to the later Blocks.

Figure 3.Continued
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Discussion

The findings from Experimentl suggest that verbalization facilitates aspeets
of motor performance, but not all. Participants who learned the motor sequence by
pairing verbalization with action took significantly fewer trials to teflle motor
sequence than the group who only learned the sequence motorically. Similarlyheonce
sequence has been learned, the group that learned the motor sequence usingiearbalizat
paired with action exhibited better performance on some, but not all, aspects of motor
output. In particular, the use of verbalization facilitated M-CNT speed atet bet
maintenance of performance accuracy across the Performance Triads)qrdytwhen
following a brief interruption between Learning and Performance Triasing
verbalization with action did not appear to facilitate the planning of action seguance
performance speed above and beyond just learning the sequence motorically. However,
both M-PLN and P-SPD seemed to be affected by the brief interruption between the
Learning and Performance Trials. More specifically, both groups showedsedre
mean times on Block 1 compared to Blocks 2 and 3 indicating an improvement in

performance across the Blocks.



EXPERIMENT 2

While Experiment 1 shed some light on the contribution of verbalization to
discrete components of motor learning, it remained unclear as to whetheitawa®the
pairing of the action and verbalization, or whether or not verbalizat@mrewould be
sufficient to facilitate certain aspects of motor performance. Experingidwed us to
tease these different mechanisms apart. In Experiment 2, we examined daouarg
the verbal labels of the sequence in a rote fagtiimn to actually performing the

sequence motorically was enough to facilitate motor learning and motor peré@ma

Method

Participants

A separate group of 40 healthy undergraduate students participated in this stud
Participants in Experiment 2 were pseudorandomly assigned (controlliggrider) to
one of two groups. 20 participants were assigned t¥e¢nigalization Onlygroup and 20
participants were assigned to Bentrol group. Again, participants were recruited from
the University of Utah’s Department of Psychology’s subject pool and eactigmanti
earned extra credit towards a psychology class in exchange for paditip@articipants
met the same eligibility criteria as described in Experiment 1. No signtfdifferences
were found between groups on any of the demographic variables. See Table 1 for
detailed sample characteristics. This study was approved by the Unyie¢idiah

Institutional Review Board. Written consent was obtained from each participantopr
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participation in the study.

Instrumentsand Materials

Motor learningtask. Using the same criterion described in Learning Trials of
Experiment 1 (see Figure 2), participants in the Verbalization Only group rote-
memorized the verbal labels of the motor sequence. More specifically, paantgivere

trained to vocalize the action labels “push,” “turn,” and “tap-tap,” without having the
benefit of seeing a model perform the sequence or the BDS-EV response console.
Additionally, in order to suppress gestural or motoric encoding of the task sequence,
participants were required to simultaneously pat their hands on the tablereAtibing
the criterion, participants in the Verbalization Only group proceeded to thecpraciis
(described below). Participants in the Control group proceeded to practEevitieout
any pretraining of the motor sequence or the verbal labels. It should be noted that the
Control group paired action and verbalization from the beginning; however, they did not
have the opportunity to over-learn the sequence as the other groups did.

Practice. Both the Verbalization Only and the Control group completed three
practice trials. The purpose of the practice trials was to introduce th@tagikiing
brief exposure to the correct execution of each movement and the correspondence
between movements and labels. This was necessary because neither group had any
previous knowledge of how to execute the sequence. Following brief instructions on how
to use the BDS-EV response console, the verbal labels of the five-movement sequence
were displayed on the computer screen, with the movement that was to be performed

displayed in capital letters. If the movement was performed incorrecitigipants

received an audible beep and an “error” screen that remained until the movement was



25

executed correctly. The movements of the sequence were presented in thisungnner
the participants complete three trials of the five-movement sequence.

Learning and performance trialdAt the end of the practice trials, participants
immediately proceeded to the Learning and Performance Trials, dt pdirat the verbal
labels on the screen disappeared and the participants continued to perform the sequence
of movements from memory for an additional 15 trials. As with Experiment 1, ealch tri
consisted of the five-movement motor sequence. Participants were told in adhzdnce t
the instructions would disappear, at which point they were to continue to perform the
sequence from memory. As with the practice trials, errors were folloyad budible
beep and an “error” screen that remained until the correct movement wasdxecut
Otherwise, the computer screen remained black.

As with Experiment 1, after the groups learned the motor sequence, performance
was assessed. For the purpose of Experiment 2, the sequence was considerdd “learne
when (1) there no longer was a learning curve (i.e., there were no diffene@oesiiacy)
from one trial to the next, and (2) the groups exhibited comparable accuracy tth(a) ea
other and (b) both Groups from Experiment 1 (i.e., there were no longer any ddggerenc
in the number of errors among the four groups).

Motor learning task variables. As was the case with Experiment 1, the motor
learning task yielded five variables: (1) M-LRN, (2) M-PLN, (3) M-CN&), M-SM, and
(5) P-SPD. M-PLN, M-CNT, M-SM, and P-SPD were measured following the
methodology described in Experiment 1. All variables were recorded on the computer.
M-LRN is described below.

Motor learning (M-LRN).M-LRN refers to an increase in movement accuracy
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with practice over time (Willingham, 1998). Therefore, we used accuracyataisist

that adequate learning has taken place. This construct was assessed by ttwutdiab
number errors made. It should be noted that errors made on the second tap of the tap-tap
movement were excluded from this total given that those errors are as3doatéit motor

control rather than motor learning.

Cognitive and Psychiatric Screening
All participants underwent the same brief cognitive exam and completechike sa

three behavioral/psychiatric inventories as described in Experiment 1.

Procedures

Participants were pseudorandomly assigned (controlling for gender) td tme
Groups: (1) Verbalization Only group or (2) Control group. Participants in the
Verbalization Only group underwent pretraining to criterion as described Lreéineing
Trials of Experiment 1. Next, both groups completed three practice triald) whre
immediately followed, without interruption, by the Learning and PerformanaésT
Following the motor sequence learning task, participants completed the ignéfeo
assessment and filled out three behavioral/psychiatric inventories. Thesata] t

session lasted approximately 1 hour.

Results
The Learning and Performance Trials of Experiment 2 consisted of 15 sequence
trials. Similar to Experiment 1, for the purpose of the statistical analyee$5 trials in
Experiment 2 were grouped into five Blocks with each Block consisting of titiaése

For M-LRN, the total number of errors was calculated across the three setjissce
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within each Block. For the four motor performance variables, mean performaace w
calculated across the three sequence trials within each Block. Thisdhftmwaetotal of
five Blocks, which served as the within-subjects factors. Learning andmparfoe

values were use as the dependant variables. For all analyses Group was used as the
between-subjects factor. Statistics of interest were the same asléiscgbed in

Experiment 1.

Preliminary Analyses

Zero-order correlations among the dependant variables are shown in Table 4. As
expected, all variables are positively correlated with M-LRN. This sigdgeat how
well one learns the motor sequence contributes to all discrete components of motor
performance. Also as expected, M-SM, M-PLN, and M-CNT positively coerelah P-
SPD. Lastly, the analyses revealed that M-PLN is positively cazdelaith M-SM.
This correlation suggests that participants may be taking longer to plactitre
sequence following an error in the preceding trial. As with Experimenttiglpa
correlations were also conducted, controlling for group membership. There were no
differences in the outcome of the results, with the exception of a slight loss in
significance on the M-SM and M-PLN correlation, demonstrating that tataes$hip

among the variables is not an artifact of Group. See Table 5.

Principal Analyses
Learningtrials. In order to fully examine the contribution of verbalization
training to the discrete motor components, we first separated the learnsfyomalthe

performance trials. As described above, the sequence was considered |éemét)w
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Table 4.

Zero Order Correlations Among Dependent Variables in Experiment 2

M-PLN M-CNT M-SM P-SPD
Time Time Errors Time
M-LRN Errors A07** 467 .602** .698*
M-PLN Time 153 .355* .615 **
M-CNT Time -.012 .505**
M-SM Errors .518**

Note. M-LRN = Motor Learning; M-PLN = Motor Planning; M-CNT = Motor Control;
M-SM = Motor Set Maintenance; P-SPD = Performance Speed

* indicates a correlation that is significant at the .05 (two-tailed).leve

** indicates a correlation that is significant at the .01 (two-tailed®llev

there no longer was a learning curve (i.e., there were no differences incgyéruman

one trial to the next, and (2) the groups exhibited comparable accuracy to (aheach ot
and (b) the mean performance of both groups from Experiment 1 (i.e., there were no
longer any differences in the number of errors among the four groups).

First, to determine at which point there no longer was a learning curve, we
conducted a within-subjects repeated measures ANOVA using accuracydape¢heant
variables and block as the within subjects factor. A separate analysisedfor each
group. The results indicated that both the Verbalization Only and the Control groups
exhibited a learning curve across Block§l], 19) = 4.618p = .O45,np2=.196] and F(1,
19) = 9.264p = .007 ,np2=.328], respectively. Although both groups showed learning

across Blocks, the Control group exhibited a steeper learning curve than did the

Verbalization Only group, indicating that the groups learned the motor sequence at
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Table 5.

Partial Correlations Among Dependent Variables Controlling for Group in Experiment 2

M-PLN M-CNT M-SM P-SPD
Time Time Errors Time
M-LRN Total Trials .334* .396* 572 .654**
M-PLN Time 077 311 578**
M-CNT Time -.086 A52**
M-SM Errors A82**

Note. M-LRN = Motor Learning; M-PLN = Motor Planning; M-CNT = Motor Control;

M-SM = Motor Set Maintenance; P-SPD = Performance Speed

* indicates a correlation that is significant at the .05 (two-tailed).leve

** indicates a correlation that is significant at the .01 (two-tailed®llev

different rates across the Blocks of trials. Paired-compatitesis revealed that

although there were differences between blocks 1 and 2, there were no longer diferenc

in M-LRN between Blocks 2 and 3 for either Group, with.10 and Cohen'd = .61.

These findings indicate that there was no learning curve beyond Block 2 for aibigr. G
Next, to determine when performance accuracy was comparable betvoegs G

we completed t-tests comparing the two Groups on M-LRN across the Blocks. Thes

analyses indicated that the Verbalization Only group made signifidemtbr errors than

the Control group on Blocks 1 and g1 38) =-2.67p = .011; Cohen’sl = .84] and

[t(1, 38) =-2.75p =.009; Cohen’sl = .87], respectively. However, there was no

difference between groups in M-LRN on Blockt@[ 38) = .000p = 1.00; Cohen’sl =

.00], indicating that after Blocks 1 and 2 (i.e., the first six sequences) both groups had

learned the sequence of movements comparably. Lastly, a one-saegbleomparing
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the mean accuracy rates of the Verbalization Only and Control groups to the mea
accuracy rate of the Verbalization+Action group and the Action Only group from
Experiment 1 indicated that at Block 3, performance was compatéh9) = .975p =

.336; Cohen’sl = .15]. In summary, all three criteria which considered the sequence
“learned” were met at Block 3 for both groups. Thus, we considered the trials within the
first two Blocks as Learning Trials, and those within the latter threekBlas

Performance Trials.

Performancetrials. As stated above, the Performance Trials consisted of the
latter three Blocks. For the four motor performance variables, mean panicgrwas
calculated across the three sequence trials within each Block.

Motor planning (M-PLN). Two-group repeated measures ANOVA of M-PLN
time across Performance Blocks revealed a trend towards a signififardrdie in
performance between Grougy], 38) =3.17p= .083,np2:.077], with the
Verbalization Only group showing faster mean M-PLN time across all Blotkese
findings suggest that learning the sequence verbally prior to engagmgior action
may facilitate the planning of a complex motor sequence. There was no neatroéff
Block [F(2, 76) = 1.19p = .282,np2:.030] and no significant Group X Block interaction
[F(2, 76) = .929p = .341,n,°=.024]. See Figure 4a.

Motor Control (M-CNT). Consistent with the findings from Experiment 1, two-
group repeated measures ANOVA of M-CNT time across the PerformdoaesB
indicated that there was a trend towards a significant effect of GF¢Lp38) = 3.66p =
.063,np2:.088], with the Verbalization Only group exhibiting faster mean M-CNT time

than the Control group across all performance trials. Also consistent with iagrpéf,
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a one-way ANOVA revealed that there were no differences between Groups diTM-C
accuracy F(1, 38) = 2.54p = .119; Cohen’sl = .50], indicating that speed, but not
accuracy, is improved by verbalization. There was no significant main effBtaak
[F(2, 76) = .217p = .644,np2:.006] and no significant Group X Block interactid#(Z,
76) = .005p = .944,n,°=.006]. See Figure 4b.

Motor set-maintenance (M-SMY.wo-group repeated measures ANOVA of mean
M-SM across the Performance Blocks revealed a trend towards fecsiginGroup X
Block interaction F(2, 76) = 3.84p = .057,np2=.092], indicating that M-SM may have
been affected differently across the trials depending on Group. Follow-up independent
sample t-tests yielded a trend towards loss of set-maintenance for thel Ganip.
More specifically, the Control group performed significantly worse than the
Verbalization Only group on performance Block@ 38) =-2.17p = .036; Cohen’sl =
.69). This is despite having adequately learned the sequence across the Legising T
No significant main effects of Blocl[2, 76) = .032p = .860,np2:.001] or Group (1,
38) = 2.10p = .156,1,°=.052] were found. See Figure 4c.

Performance speed (P-SPD)wo-group repeated measures ANOVA of mean P-
SPD time across Performance Blocks revealed a significant main@f@obup F(1,
38) =4.49p= .041,np2:.106] with the Verbalization Only group performing faster
across all Performance Trials than the Control group. The findings suggest that
verbalization training alone facilitates performance speed. Howeverwhsreo
significant Group X Block interactior[2, 76) = .887p = .352,np2:.023] and no

significant main effect of BlockH(2, 76) = 1.58p = .217,np2:.052]. See Figure 4d.
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Figure 4. Experiment 2: Performance on the Discrete Motor Components Across
Performance BlocksParticipants in the Verbalization Only group were pretrained in the
sequence by verbalizing the labels of each movement (i.e., “push, turn, taptap”).
Participants in the Control group received no pretraining. After completinmgibga

Trials all participants completed the Performance Trials, which cedsista total of

nine sequence trials. For the purpose of the statistical analyses, thesalsinete
grouped into three Blocks, with each Block reflecting a mean performanceofahree
contiguous sequence triala. Line graph showing mean M-PLN latencies (in ms)
across Performance Blocks. Analyses indicated a trend towards a aigmifigin effect

of Group p = .077) with the Verbalization Only group showing faster mean M-PLN time
across all Blocksbh. Line graph showing mean M-CNT latencies (in ms) across
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Performance Blocks. Analyses yielded a trend towards a significant ffemhad Group

(p = .063), with the Verbalization Only group showing faster mean M-CNT time across
all Blocks. c. Line graph showing mean M-SM errors across Performance Blocks.
Analyses revealed a trend towards a significant Group X Block interaptor067).
Follow-up analyses indicated that the interaction was driven by a significam g
difference on Performance Block 8% .036). d. Line graph showing mean P-SPD time
(in ms) across Performance Blocks. Analyses yielded a significant ffesha Group

(p = .041), with the Verbalization Only group showing faster P-SPD across all
Performance Blocks.

Figure 4. Continued.
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Discussion

The findings from Experiment 2 suggest that the mere rote learning of thed ver
labels of the action sequence is enough to facilitate, to some degree, ali aspeatior
performance. More specifically, participants who had previous knowledge ofrtied ve
labels of the action sequence showed a less dramatic learning curve than didrtiie ¢
group, indicating that verbalization facilitated the learning of the actaaéments of the
motor sequence. Examination of the Performance Trials revealed sevetal tre
suggesting that verbalization facilitated the planning of the action seguénespeed
and control at which discrete movements are performed, the maintenance of motor
performance across trials, and the overall speed at which the movement ségjuence

performed.

Supplementary Analyses
Although the findings from Experiments 1 and 2 suggest that over-le&timing
verbal labels of a sequence facilitates motor skill acquisition and pamoenit remains
unclear as to how much over-learning fietionitself also contributes to improved motor
performance. More specifically, both groups in Experiment 1 over-learnedtibe a
prior to performance, while neither group in Experiment 2 over-learned the achos, T
in supplementary analyses, we compared performances in Experiment 2 to pedsrmanc

in Experiment 1.

' The term “over-learning” the sequence refers to the paritsphaving learned the
sequence well enough that it no longer needs to be held in working orteshort-
memory. Our learning criterion requires that participant’sgoerfthe correct sequence
five times consecutively following 2 consecutive brief distraction periods.
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More specifically, we conducted four repeated measures ANOVAs in which we
used M-CNT, M-PLN, M-SPD, and M-SM from the performance trials of both
experiments as the dependant variables. For these analyses, we creattd/ega
subjects factors that allowed us to pit Action against Verbalization acrdss bot
experiments. In particular, the between subjects factors wepetibh
(Verbalization+Action and Action Only groups) Wo Action(Verbalization Only and
Control groups) and (2)erbalization(Verbalization+Action and Verbalization Only
groups) vsNo Verbalization(Action Only and Control groups). These analyses allowed
us to determine whether over-learning Action, over-learning Verbalizatiomteoaction
between the two facilitated performance.

The analyses revealed no significant main effects of Action comparedNiothe
Action groups, and no significant interaction effects between the Action and
Verbalization conditions. As expected, participants who over-learned the véddaldé
the motor sequence (i.e., the Verbalization+Action and the Verbalization @nuiys)
showed better performance across several of the discrete motor componegraisedam
the No Verbalization group. More specifically, our findings suggest thatleaering
the verbal labels of the motor sequence facilitates M-GNT,[76) = 9.42p = .003,
ne°=.110], P-SPDK(1, 76) = 6..68p = .012,1,°=.081], and to some extent M-SF¥(L,

76) = 9.42p = .091,n,°=.037].

Lastly, we compared the number of trials it took the Verbalization Only group to

reach the learning criterion, as compared to the Verbalization+Action andtiba Ac

Only groups There were no significant differences between learningrived kabels
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alone (i.e., the Verbalization Only grdipr with actions (Verbalization+Action group)
(Mann—WhitneyJ = 179.00n; = 20n, = 19,p = .504 two-tailed). However, participants
who learned the verbal labels learned the sequence in significantly felgethtan those
participants who only learned the actions of the sequence (Action Only group), (Mann—
WhitneyU = 128.5n; = 20n, = 20,p = .008 two-tailed) and (Mann—-Whitney

U =134.00n; = 20n, = 19,p = .040 two-tailed), respectively.

> It should be noted that for the M-LRN supplementary analyses, icipant was
removed from the Verbalization Only group due to being an extr@mieer, taking
significantly more trials to learn the sequence than theofdbe group. This participant
was included in all other analyses.



GENERAL DISCUSSION

To our knowledge, this is the first study to explicitly explore which aspects of
motor performance are affected, whether beneficially or deletérjdaysverbalization.
Using a novel motor sequence learning task, we conducted two separate expahatent
allowed us to better understand how verbalization contributed to motor learning, as well
as to the various aspects of motor performance once a motor sequence had been
adequately learned. Experiment 1 compared motor learning and motor performance for
two conditions: (a) learning motor sequence by imitation of both motor action and
verbalization and (b) learning motor sequence by motor imitatitroutverbalization.
Experiment 2 examined whether motor learning and performance would betttitita
learning a sequence verbally using rote memorization (i.e., verbalization only

As expected, the findings from both Experiments indicated that verbalization, in
particular rote verbal memorization of a sequence, facilitates somasaspawtor
performance regardless of whether it is combined with action or not. tirighgs
procedural (i.e., motoric) learning alone proved less efficacious than learnivg of t
verbal labels alone. Importantly, not all aspects of motor learning and magbat acg
affected equally by verbalization. These findings are consistent withetfaure, which
has found that verbalization or explicit verbal instructions are facilitatigeme, but not
all, situations or populations (Anderson & Vogel, 1999; Boyd & Winstein, 2003, 2004;

Landin, 1994; O'Callaghan & Couvadelli, 1998; Vintere, et al., 2004) and that various
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disorders show impairments in different discrete aspects of motor output
(Benecke, et al.,1987; Cermak, 1985; Dewey, 2002; Dick, et al., 1986; P. D. Thompson,
et al., 1988; Willingham, et al., 1997). Taken together, these findings underscore the
importance of examining individual components of motor learning and motor output.
The findings from both Experiments, as well as from the supplementary anakgses

summarized and discussed below.

Motor Learning (M-LRN)

M-LRN was defined as an increase in movement accuracy with practicénoger
(D. Willingham, 1998).0Overall, the groups that over-learned the verbal labels of the
sequence learned the motor sequence more quickly than their comparison groups. While
this is not surprising for the Groups in Experiment 2, given that the Control group had no
previous exposure to the motor sequence, it is interesting that within Experiment 1,
verbalization paired with action facilitated M-LRN above and beyond just Iegptimén
sequence motorically. Our findings suggest that verbalization, regardlebstbiwit is
paired with action or just learned via rote memorization, facilitates th&kM-af a
complex motor sequence.

The findings from the current study support previous reports, in that the use of
verbalization while learning a novel complex action results in faster motbr ski
acquisition (Anderson & Vogel, 1999; Vintere, et al., 2004). As an extension of prior
research, our study adds the interesting finding that verbalization doesissandgehave
to be paired with action for improved motor skill acquisition. Rather, learning thd verba

labels of the action sequence via rote memorization is sufficient and fasilmattor skill
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acquisition. Thus, verbal rehearsal of the movement prior to even engaging in the actions

will likely enhance the time in which a motor skill is initially learned.

Performance Speed (P-SPD)

Performance speed refers to the overall speed at which the entire motor sequence
was performed. While in Experiment 1 there were no significant group differendes
SPD, in Experiment 2 the Verbalization Only group performed the sequendeaighy
faster than did the Control group. Similarly, the supplementary analysesaxgthe
results across both experiments indicated that those participants who were toaiise
verbalization performed the entire sequence significantly faster thamtnasdid not,
regardless of whether they had the opportunity to practice the task mégoridatse
findings are not surprising given that P-SPD is highly correlated with the sptesl of
other motor variables, as well as how well the sequence was learned. Mdiiealyeci
given that the participants in the Control group showed slower M-CNT, somewhat slow
M-PLN, and increased errors both in the Learning and Performance Tralgws that
their overall speed would also be slower. Taken together, it appears that P-SPD is
dependent on how well the motor sequence was learned, and since verbalization appears
to facilitate learning, it is likely that verbalization contributes, astén part, to the

overall speed at which a sequence can be performed.

Motor Control (M-CNT)
M-CNT refers to the correct execution of discrete movements (Whiting, et a
1992; D. Willingham, 1998) and is considered a construct that is separate and unique

from other motor output variables (Whiting et al., 1992; Suchy and Kraybill, 2007). We
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used the simple double tap movement (i.e., tap-tap), that is, an over-learned movement
that people perform regularly throughout their life, to assess M-CNT. tBetspi
simplicity, this output variable seemed to be the most affected by the uséaliaation.
Results from all analyses indicate that it is the memorization of the vabads lof the
sequence, rather than procedural learning of the action itself, thattasilihe smooth
and rapid execution of discrete movements. These findings corroborate seVieral ear
reports that have found that verbalization contributes to enhanced quality or execution of
motor performance (Anderson, 1997; Anderson & Vogel, 1999; Janelle, et al., 2003;
Landin, 1994; Mandich, et al., 2001). Further, these findings support Luria’s (1959;
1961) early reports that verbalization facilitates motor control in youndrehil as well
as in individuals with diminished capacity to internally control or regulate bahavi
Lastly, these findings also support several studies that conclude that \&itralielps
to control and execute action plans (Baddeley, et al., 2001; Emerson & Miyake, 2003;
Goschke, 2000; Miyake, Emerson, Padilla & Ahn, 2004).

Although the current findings corroborate several other reports, pastctebaar
not addressedhy verbalization facilitates M-CNT. Our findings, together with the
recent findings of Suchy and Kraybill (2007), suggest that as working memdry loa
increases, M-CNT is deleteriously affected. More specifically, in theySamd
Kraybill study, participants, similar to those in our Control group (i.e., brigfhpsed to
verbal labels and action without the opportunity to over-learn the sequence), performed
four different motor sequences, each of increasing length. The sequences were
comprised of the same three movements as described in the current study. Suchy and

Kraybill found that as sequence length increased (i.e., as working memory baocagne
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taxed by increasingly longer sequences), participants performed ttaptapvement
more slowly. In the current study, we found similar results, not by varyingrigthlef

the motor sequence, but by varying the access to verbal information about the motor
sequence via pretraining. Specifically, in our study, those participants who hadinot ha
the opportunity to over-learn the verbal labels and thereby need to rely on working
memory for performance exhibited slower M-CNT speeds than those particygants

had over-learned the verbal labels of the sequence. The following interpretatidres c
drawn from these two studies: (a) as working memory becomes taxed fgithereased
sequence length or the lack of opportunity to over-learn verbal labels), M-CNT é&&com
negatively affected, and (b) if the verbal labels of the sequence are oved|®rG&T
performance significantly improves.

While more research is needed to better understand ekaugthyorking memory
contributes to motor control, the most likely explanation is that even simple, over-
practiced and automatized movements require some level of attentional caowtithisa
attentional control is allocated or mediated by working memory. Regardless ghthe e
mechanism, our findings are consistent with other reports that increasetivedgad
degrades motor performance. In fact, several other studies have found that simple
automatized movements (i.e., walking and balance) can be negatively affebimdrixy
participants simultaneously complete relatively simple cognitive or mas&s {Abbud,

Li & DeMont, 2009; Cherng, Liang, Hwang & Chen, 2007; Dubost, et al., 2006;
Hausdorff, Yogev, Springer, Simon & Giladi, 2005; Swanenburg, de Bruin, Uebelhart &

Mulder, 2009).
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Motor Set-Maintenance (M-SM)

M-SM refers to the ability to maintain accurate performance once the motor
sequence has been learned. The results showed that having over-learned trebe¢sbal |
(whether together with action and prior to action) helped maintain mental set.
Interestingly, however, the two groups with poorer ability to maintain mentaleset (
participants who had not over-learned the verbal labels) differed from eaclnatie
typeof set loss they exhibited. In Experiment 1, participants in the Action Only group
showed an increase in errors immediately following the brief interruption éetine
Learning and Performance Trials, but then quickly returned to a level of perforthahce
was comparable to that of the participants in the Verbalization+Action greep-{gure
3c). In contrast, in Experiment 2, the participants in the Control group initially showed
comparable performance to the participants in the Verbalization Only group chmde
progressively less able to maintain mental set (i.e., made more erross the
Performance Trials (see Figure 4c). Taken together, these findings shepase of
verbalization to facilitate motor set-maintenance both across a briefiptien and a
shift in environment, as well as across long series of Performance Trials.

The somewhat different patterns of set loss for the two groups who did not over-
learn the labels likely reflect somewnhat different mechanisms. Fitktregard to
poorer performance of the Control group in Experiment 2, it is important to redal¢ha
other three groups in the study (i.e., Verbalization+Action, Action Only, and
Verbalization Only) were exposed to the sequence prior to the Performaalse Tie

participants within these groups had the opportunity to over-learn the sequence (eithe
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verbally and/or motorically) to the point that it no longer needed to be held in working
memory, as indicated by accurate performance following severalotigsttasks. In

other words, the information about the sequence was held in other, more permanent,
memory store, from which it could be retrieved following distractions or inteomnsti

Since the participants in the Control group did not have the opportunity to over-learn the
motor sequence (either motorically or verbally) and commit it to more pemha

memory store, it is likely that they needed to hold the sequence in their workingynemor
during execution of the Performance Trials. If that is the case, then losdikélge

reflected momentary distractions that presented themselves as thipgatgicontinued

to execute the sequence. This interpretation is consistent with the notiondiragairdgn
stored in working memory is difficult to maintain and is easily compromiged b
distractions (Baddeley, 1986; Sakai & Passingham, 2004).

In contrast to the pattern exhibited by the participants in the Control group, the
participants in the Action Only group from Experiment 1 showed a decrement in
performance following a brief interruption in the task. This decrement ectdespite
the fact that these participants had previously learned to perform the motor sequence
predetermined learning criterion. There are several possible explanatioms foss of
set. One explanation for this pattern of performance is that the partidipamsAction
Only group may have not automatized the task as completely as those had memerized t
verbal labels and, as a result, may have been relying, at least in part, evotkeig
memory to perform the task. If this was the case, the brief interruption irskheotald
have distracted the participants enough that they were no longer able to maintain the

sequence in their working memory, resulting in increased errors on the initial
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Performance Block. Interestingly, however, despite the initial loss ohsgtatticipants
in the Action Only group quickly regained set and performed comparably to their
comparison group for the remaining trials. This pattern demonstrates thathdyil
were distracted by the brief interruption, there was some indication that/éneyot
completely relying on their working memory to perform the motor sequence. An
alternative explanation for this pattern of performance may be that the vedogdrence
task performed by the participants in the Action Only group (i.e., saying “ba, haytba)
an increased load on working memory, above and beyond just learning the actions of the
sequence. This would be consistent with the findings of Baddley et al. (2001), which
showed that simultaneous verbal interference taxes working memory, which itotusn s
the ability to switch between tasks. It is possible that this increased dkdein a loss
of set following the brief interruption. Further research is needed to tesssettvo
explanations apart.

Overall, it appears that verbal rote memorization of the sequence likiitafes
the long-term storage of the motor sequence and thus a loss of set does not occur, either
across performance trials or following a brief interruption in the task. Agasn, thi
suggests that over-learning the verbal labels of the sequence serves harasmeo

enhance motor performance.

Motor Planning (M-PLN)

M-PLN refers to the internal model or action plan that precedes the comwémt
commands in order to achieve the final movement goal (Buxbaum, 2005), taking into
account both the movement goal and the discrete muscular movements that will be

required (Keele, 1968). For this study, M-PLN was measured as the lateadiat
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preceded the first movement of each correct action sequence. Overall, oursfinding
provide evidence that verbalization does not facilitate M-PLN above and beyond just
learning the sequence motorically. However, previous verbal knowledge etthense
(as compared to no prior knowledge of the sequence) does seem to contribute to the
speed at which a motor sequence can be planned and organized.

Although there was no main effect of verbalization (i.e., Group) on M-PLN, there
was a difference in performance on the initial Performance Block forratipants in
Experiment 1. More specifically, both the Verbalization+Action and the Action Only
groups showed significantly slower M-PLN time in the initial Performancds as
compared to the later trials. Interestingly, this was not the case faigents in
Experiment 2. This effect is most likely associated with the brief inteoru ptiat
occurred between the Learning and Performance Trials. While this brie@iptten was
not intended to have an effect on performance, the fact that it did provides some insight
into the construct of M-PLN.

It appears that that M-PLN is more affected by task interruption than the other
motor performance variables, regardless of whether or not the participaetsising
verbalization. In particular, in Experiment 1, the Learning and Performarais Were
separated by a brief period of interruption, during which the Performands gnogram
was started and the instructions given. Immediately following this bitefruption,
participants in both groups exhibited M-PLN latencies that were 1.5 to 2 times longer
than those exhibited during the remainder of their performance. Given that (a) both
groups had ample opportunity to practice the task prior to this interruption, and (b) their

latencies appeared to reach an asymptote immediately following theblatk of
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Performance Trials, it follows that the longer latencies during thelibitek reflected a
temporary increase in M-PLN time. This effect parallels the findingsicfiysand
Kraybill (2008) that M-PLN, assessed in a manner identical to the present study, i
deleteriously affected by task novelty and task complexity.

One explanation for this increase in M-PLN may be that despite the pariscipant
having over-learned the motor sequence, the task instructions introduced aepercei
increase in task complexity, which deleteriously affected the M-PLNitirtiee initial
Performance Block. A second explanation is that, perhaps, the interruption caused
enough of a distraction that the participants needed to retrieve or “reddinateotor
programs which resulted in the prolonged M-PLN time for the initial Performiglock.

Although past research has revealed reliable and robust association between M-
PLN and executive functioning (Kraybill & Suchy, 2008; Suchy, et al., 2005; Suchy &
Kraybill, 2007; Suchy, Kraybill & Gidley Larson, 2009; Wright, Black, Immink,
Brueckner & Magnuson, 2004), our present results suggest that this association is
mediated by working memory. In particular, in contrast to some of the other motor
output variables, M-PLN was relativelyaffected by memorization of the sequences
verbally. In other words, freeing up working memory by prior memorization did not
improve the M-PLN time. Thus, although increases in sequence length have been shown
to require increases M-PLN latencies (Suchy & Kraybill, 2007), this dftedty cannot

be explained by increases in working memory load.

Clinical Implications
Verbalization has been used across various populations in rehabilitation, despite a

lack of clear understanding of exactly how it contributes to M-LRN and to the other
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discrete components of motor performance. Although the current study providés insi
into the contributions of verbalization to the discrete components of motor learning and
performance, which can help inform some aspects of cognitive and motor rehaibjlitat
more research is needed in this area. The direct implications of the currgnibstud
clinical populations are summarized and discussed briefly below.

First, verbalization does not have to be paired with action in order to facilitate
some aspects of motor performance. In fact, verbal rote memorization of the action
sequence prior to performance appears to be sufficient to improve motor accuracy,
learning, control, and speed. This finding is consistent with O'Callaghan and
Couvadelli's (1998) report that the memorization of verbal scripts helped aneliorat
executive and visuomotor impairment, as well as facilitated motor skill érainsthree
patients with TBI. Our findings suggest that the use of this declarative ivegtrategy
may be helpful for individuals who have difficulties with procedural learning, indivédual
who have impairments in the frontal networks which help with the initial learning of
motor sequences, or those individuals with specific impairments in M-CNT or M-LRN

Second, verbalization may facilitate various aspects of motor output byngduci
the load placed on the frontal networks, particularly by decreasing thecesba
working memory. This finding is particularly important for individuals with imunator
damaged frontal brain regions and would be consistent with Luria’s findings that
verbalization facilitates motor control in young children, as well as in indilgdu#h
diminished capacity to internally control or regulate behavior (1959; 1961). Further,
recent research indicates that individuals with Huntington’s disease Hiawaltgi

achieving automaticity in their movements, due to increased demands placed on their
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frontal networks (Thompson, et al., 2009); it is possible that over-learning the verbal
labels of the action sequence via rote memorization prior to performance mayamprov
movement automaticity. Thus, in a sense the use of verbalization may help those who
have difficulty encoding information procedurally.

Lastly, while not specific to verbalization, our study shows that disruption or
interruption slows the time in which someone is able to plan and prepare a subsequent
motor action. This finding is consistent with a large body of research on switdsitsg ¢
incurred during switching from one action to another (Hyafil, Summerfield &Kiag
2009; Monsell, 2003). Given that these findings were from healthy college-agesl adult
with no apparent weaknesses or impairments, it is likely that interruptions preogéy
for individuals with limited resources. Therefore, it is important to limérnuptions

and distractions when working with clinical populations.



LIMITATIONSAND FUTURE DIRECTIONS

Although the findings of the current study are interesting and have clinical
implications, replication of the findings is important, particularly in variousptti
populations. Given that our findings suggest that verbalization facilitates motor
performance by decreasing the load on working memory, future studies shoudtincl
populations with executive and attentional impairments as well as various age.cohort
Additionally, future research should have an increased number of PerformarnsénTria
order to better understand how verbalization contributes to performance over time.
Lastly, future research should examine the mechanisms by which verbaljzati
particularly verbal rote memorization, facilitates motor performangegating more
understanding of these underlying processes we will be able to better adgmitive

and motor rehabilitation.



SUMMARY

This is the first study to examine the contribution of verbalization to motor
learning and to the discrete components of motor performance. Overall, our study
indicates that verbalization facilitates (1) the initial learning obmplex motor
sequence, (2) the speed of execution of simple discrete movements, (3) theanaate
of performance over time, and (4) to some degree the overall speed at which a motor
sequence is performed. While our findings corroborate previous research, oudsisidy a
to this body of research with the findings that (a) verbalization does not have todake pai
with action to facilitate performance and (b) that mere rote memiorizaf the verbal
labels of the motor sequence facilitates many aspects of performance abovgoad be
learning the sequence motorically. Further, while much more researadiedne fully
understand this relationship, our findings suggest that over-learning the verlsbfabe
the sequence serves as a mechanism to enhance motor performance, pavtitularl
regard to the speed and control of discrete movements and the maintenance of
performance overtime. More specifically, it appears that over-leatinngerbal labels
of the sequence contributes by decreasing the load placed on working memory and by
initiating a faster transition of the motor sequence from short to long-ternomem
Lastly, our findings have direct implications for cognitive and motor rehafmlitén

clinical populations.
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