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Abstract 36 

Numerous studies have shown that older adults exhibit deficits in motor 37 

sequence learning, but the mechanisms underlying this effect remain unclear.  38 

Our recent work has shown that visuospatial working memory capacity predicts 39 

the rate of motor sequence learning and the length of motor chunks formed 40 

during explicit sequence learning in young adults. In the current study, we 41 

evaluate whether age-related deficits in working memory explain the reduced 42 

rate of motor sequence learning in older adults. We found that older adults 43 

exhibited a correlation between visuospatial working memory capacity and motor 44 

sequence chunk length, as we observed previously in young adults.  In addition, 45 

older adults exhibited an overall reduction in both working memory capacity and 46 

motor chunk length in comparison to young adults.  However, individual 47 

variations in visuospatial working memory capacity did not correlate with the rate 48 

of learning in older adults.  These results indicate that working memory declines 49 

with age at least partially explain age-related differences in explicit motor 50 

sequence learning. 51 

 52 

53 
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Introduction 54 

The ability to acquire new action sequences is critical to functional 55 

independence with advancing age. Although normal aging does not appear to 56 

affect the acquisition of relatively simple motor sequences (e.g. Frensch and 57 

Miner 1994; Howard and Howard 1989; Seidler, 2006), numerous studies have 58 

reported a decline in the ability of older adults to learn action sequences with 59 

complex structure under both implicit and explicit learning conditions (e.g. 60 

Curran, 1997; Howard et al., 2004; Shea et al., 2006). For example, Howard et 61 

al. (2004) have found that older adults could not learn new sequences where the 62 

fixed and random elements were intermixed (alternating serial reaction time 63 

task). Curran et al. (1997) have reported that learning-related improvements in 64 

the serial reaction time (SRT) task (Nissen & Bullemer, 1987) are less in older 65 

than in young adults (YA). The underlying mechanisms of such age-related 66 

declines in motor sequence learning remain unclear. 67 

It may be that cognitive declines associated with aging underlie deficits in 68 

motor sequence learning. Aging has a detrimental impact on many cognitive 69 

functions, including working memory (e.g. Reuter-Lorenz et al., 2000). It has 70 

been suggested that declines in working memory capacity may mediate age-71 

related changes in many complex tasks, including sequential behavior (e.g. 72 

Cornoldi et al., 2007; Gomez-Perez & Ostrosky-Solis, 2006; Mayr & Kliegl, 1993). 73 

In addition, studies have shown that individual differences in working memory 74 

capacity play a significant role in explicit motor sequence learning (e.g. Bo & 75 

Seidler, 2009; Unsworth & Engle, 2005). It has been shown that older adults rely 76 
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more on cognitive resources for the performance of simple motor tasks than 77 

young adults, such as balance (Huxhold et al., 2006) and walking (Lindenberger 78 

et al., 2000). It is unclear how and whether older adults rely on their relatively 79 

limited cognitive resources (e.g. Craik & Byrd, 1982) when performing complex 80 

motor tasks. Therefore, the current study examined age-related changes in 81 

cognitive functions, including working memory capacity and temporal control, and 82 

determined whether they are correlated with motor sequence learning deficits in 83 

older adults.  84 

To explain the process of sequence learning, Verwey (1996; 2001) has 85 

proposed a model including components of “buffer loading” and “dual-86 

processing”, in which sequences are executed by a cognitive and a motor 87 

processor. Participants have to rely on the cognitive processor to select 88 

individual sequence elements one by one when learning a new sequence. 89 

However, once a sequence is learned, the cognitive processor selects a single 90 

representation (i.e. a ‘chunk’ of the sequence) while a dedicated motor processor 91 

is running in parallel to execute the sequence. Buffer loading may be the 92 

engagement of a kind of short-term motor memory (Henry & Rogers, 1960; 93 

Sternberg et al., 1978) that allows each chunk to be programmed in advance of 94 

execution. Thus, the motor chunks develop as a result of repeatedly filling the 95 

motor buffer through the development of inter-element associations (Verwey 96 

1996). Here, we propose that the buffer is not specific to the motor domain, and 97 

the size of each chunk is generally determined by short-term memory capacity.  98 
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Recently, Shea et al. (2006) have reported that older adults could not 99 

develop a clear chunking pattern during sequence learning while young adults 100 

did, even though older adults were able to execute the sequence more quickly 101 

with practice. However, our recent study in young adults (Bo & Seidler, 2009) as 102 

well as other studies on motor sequence chunking (e.g. Kennerley et al., 2004; 103 

Verwey and Eikelboom, 2003) show substantial individual differences in chunk 104 

development (e.g. the location of chunks varies across participants). Thus, age 105 

group comparisons of motor sequence chunking patterns may conceal individual 106 

differences.  107 

It has been shown that chunking patterns can be complex and exhibit little 108 

consistency across participants (e.g. Kennerley et al., 2004; Sakai et al., 2003; 109 

Verwey 2003; Verwey and Eikelboom, 2003; Verwey et al., 2009). It is typical to 110 

quantify individual differences in chunking patterns via visual detection of 111 

relatively longer inter-element durations, followed by statistical analysis across a 112 

group of participants (Kennerley et al., 2004; Sakai et al., 2003).  Here, we used 113 

a similar technique that defines chunks with at least two elements.  Although it is 114 

theoretically possible to have a 1-element chunk, it is hard to justify whether no 115 

statistical differences among neighbors were actually 12, one-element chunks 116 

(12-element sequence in the current experiment); one, 12-element chunk; or no 117 

chunks. It is also mathematically possible to have a 10-element chunk (maximum 118 

possibility) in a 12-element sequence. Although a 10-element chunk seems quite 119 

long based on the literature (e.g. Verwey & Eikelboom 2003), we decided not to 120 
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put a constraint on the analysis from the outset. Thus, we assume that a chunk is 121 

a group of 2 - 10 elements in the current study.   122 

In addition to working memory, temporal control processes may also 123 

contribute to the development of chunking patterns when older adults learn new 124 

motor sequences.  A “central timing mechanism” has been proposed to explain 125 

correlations among various tasks that exhibit temporal structures (e.g. Ivry & 126 

Hazeltine, 1995). General age-related slowing may affect the pace of the central 127 

timing mechanism and thereby limit temporal resolution. In tasks that assess 128 

“central timing”, older adults move more slowly and have larger temporal 129 

variability than young adults (e.g. Rakitin et al., 2005; Rakitin & Malapani, 2008; 130 

Vanneste et al., 2001). Although producing a sequence is not necessarily 131 

rhythmic, it is a task that is mainly measured by reaction time. Low temporal 132 

resolution and slow speed in older adults can result in slow buffer loading during 133 

motor sequence learning. In other words, slow processes for a previous chunk 134 

can affect the processes for the next chunk. In addition, multiple brain imaging 135 

studies have demonstrated a general timing network including the dorsolateral 136 

prefrontal cortex (DLPFC), pre-supplementary motor area (preSMA), 137 

supplementary motor area (SMA), and cerebellum (Maquet et al., 1996; Smith et 138 

al., 2003).  These areas are also engaged during motor sequence learning 139 

(Boyer et al., 2005; Doyon et al., 2002; Kennerley et al., 2004). Thus, it is 140 

possible that older adults who have impaired temporal control cannot develop 141 

consistent motor chunking patterns. The current experiment investigated whether 142 
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age-related impairments in motor sequence learning might be partially due to 143 

declines in temporal control with age as well.   144 

Therefore, the current study examined whether age-related declines in 145 

explicit motor sequence learning and the development of motor sequence chunks 146 

are related to cognitive declines, particularly in terms of visuospatial working 147 

memory and temporal control. To measure the development of motor sequence 148 

chunks, we asked young and older adult participants to perform an explicit motor 149 

sequence learning task through four learning phases, progressing from a serial 150 

reaction time type task to a discrete sequence production task.  The last block of 151 

training was used to define the final chunking pattern for each participant. To 152 

measure working memory capacity, we employed the visuospatial working 153 

memory task introduced by Luck & Vogel (1997, exp 1). Lastly, we used the 154 

continuous tapping task (Wing A & Kristofferson 1973) to evaluate individuals’ 155 

temporal control ability. The temporal variability (i.e. coefficient of variation) was 156 

calculated using the standard deviation of the absolute tapping interval divided by 157 

the mean, then multiplied by 100.  158 

We predicted that older adults would exhibit shorter sequence chunk 159 

lengths in comparison to young adults and that they would acquire motor 160 

sequences more slowly. Moreover, we expected that individual differences in 161 

working memory capacity and temporal control would be positively correlated 162 

with the length of motor chunks formed and the rate of sequence learning in older 163 

adults.  We also expected that older adults would have lower scores on all 164 

measures relative to young adults. Finally, because chunking patterns are 165 
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thought to be represented in an abstract fashion that is not tied to the effector 166 

used during training (e.g. Keele et al., 1995; Sternberg et al., 1990; Verwey & 167 

Clegg 2005; Young & Schmidt, 1991; but also see Verwey et al., 2009), we 168 

predicted that acquired chunk patterns would be maintained when participants 169 

performed the same sequence with either hand. We previously found that young 170 

adults showed transfer patterns if they developed chunks in the earlier learning 171 

phases. In this experiment, we explored whether older adults who developed 172 

consistent chunks would show similar patterns when they changed their 173 

response effectors.  174 

Methods 175 

Participants 176 

Thirty-two older adults (OA: age range = 65.0-78.7 years, 12 males and 20 177 

females, mean age = 70.6 (± 4.5)) and 27 younger adults (YA: age range = 18.8 178 

– 28.8 years, 12 males and 15 females, mean age = 20.9 (±2.1)) participated in 179 

this study.  All individuals were right-handed (determined by self-report and the 180 

Edinburgh handedness inventory; Oldfield, 1971) with normal or corrected vision.  181 

They provided their consent before the experiment and were paid $15 per hour 182 

for their participation. The experimental procedures were approved by the 183 

Institutional Review Board of the University of Michigan.  184 

Procedure 185 

Participants first completed general health history questionnaires (Table 186 

1). Older adults with a history of stroke, diabetes, alcoholism, arthritis, or 187 

neurological disease were excluded from the study. The Mattis dementia rating 188 
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scale (Mattis, 1988) and the Mini-Mental State Exam (MMSE, Folstein et al., 189 

1975) were administered to screen out older adults with dementia.  The 190 

CHAMPS physical activity questionnaire for older adults (Stewart et al., 2001) 191 

was used to assess how active each participant was during his/her daily life. 192 

  Participants were then asked to perform an explicit motor sequence 193 

learning task, a visuospatial working memory task, and lastly, a continuous 194 

tapping timing task. All stimuli were controlled by a PC using custom software 195 

written in E-Prime ™ version 1.0 (Psychology Software Tools, Pittsburgh).  196 

Explicit motor sequence learning task:  197 

Participants were instructed to learn a color-cued 12-element sequence 198 

(purple, yellow, blue, purple, red, blue, red, yellow, blue, red, yellow, purple) of 199 

finger movements. The colors “red”, “yellow”, “blue” and “purple” were mapped 200 

onto the middle and index fingers of the left hand and the index and middle 201 

fingers of the right hand to the four adjacent buttons on the keyboard (c,v,b,n 202 

above the spacebar)  respectively. We selected this sequence because: 1) the 203 

probability of each element within the sequence was equally distributed; 2) this 204 

sequence did not have a fixed grouping pattern (i.e. no regularity; e.g. ABCD); 3) 205 

the sequence did not have runs of three (i.e. triplets) or trills (e.g., ABAB), even 206 

when the stimuli were presented continuously in phases 1 and 2 (i.e. no breaks 207 

between sequences). To display the sequence while in the learning phase, four 208 

visual stimulus boxes were presented side by side on a computer screen. Each 209 

square was assigned one of four colors (“red”, “yellow”, “blue” and “purple” from 210 

the most left to the most right), which remained ‘fixed’ to that spatial position for 211 
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the remainder of the experiment. There were 4 learning phases and 2 transfer 212 

phases in the task:  213 

Phase 1: The sequence was presented element by element every 1000 214 

ms (900 ms stimulus duration, 100 ms inter-stimulus delay) and the participants 215 

were instructed to press the corresponding buttons as fast as possible after 216 

seeing each stimulus. There were no breaks between completions of a sequence 217 

and participants were not told where a sequence starts. We used a paced 218 

1000ms inter-stimulus delay because one of our behavioral studies (Bo & 219 

Seidler, submitted) showed that older adults were able to show equivalent 220 

learning as young adults at this rate and were comfortable with the task.  If 221 

participants made a response longer than 1000ms, we took that element out of 222 

the analysis. A complete sequence (12 elements) defined one trial and 10 trials 223 

constituted one block (12 elements * 10 trials). Phase 1 contained 3 blocks (12 224 

element * 10 trials * 3 blocks) of training.  225 

Phase 2: The task was the same as that in phase 1. However, participants 226 

had to reach 80% accuracy (to accommodate a potentially large performance 227 

range for older participants) on 10 consecutive trials for the last block of phase 2 228 

in order to move on to phase 3. If a participant’s accuracy was lower than 80%, 229 

they were asked to repeat phase 2.  230 

Phase 3: For this phase, participants were asked to refrain from 231 

responding until all 12 elements of the sequence were shown (one element every 232 

500 ms). After presentation of the last element of the sequence in each trial, an 233 

instruction screen appeared directing the participant to begin reproducing the 234 
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entire sequence from memory (i.e. discrete sequence production task). A trial in 235 

phase 3 consisted of the visually-presented sequence and the subsequent 236 

sequence reproduction generated by the participants. Each trial concluded after 237 

the participant had input 12 responses.  There were 3 blocks in phase 3 and 238 

accuracy feedback was given at the end of each block. If accuracy was lower 239 

than 80% at the last block of this phase, participants had to repeat phase 3. 240 

Phase 4: During this phase, participants performed the sequence solely 241 

from memory, without visual cues (i.e. they were not shown the sequence) at the 242 

beginning of each trial. If they could respond with 80% or higher accuracy for 3 243 

continuous blocks (10 trials each), the sequence was considered learned. The 244 

last block of this phase was used to define the final chunking pattern for each 245 

participant (see below). 246 

Transfer Phases (5 and 6):  247 

As they had done in phase 4, participants were again asked to generate 248 

the acquired sequence purely from memory, but they were asked to use the 249 

fingers of only one hand for these trials. Two blocks of responses contained 10 250 

trials each of the sequence, where responding involved the index, middle, ring 251 

and little fingers of the right hand in phase 5, and the little, ring, middle and index 252 

of the left hand for phase 6. Accuracy feedback was reported at the end of each 253 

trial. All participants were asked to perform the two transfer conditions in a 254 

counter-balanced fashion (i.e. half of the participants performed the phase 5 first 255 

while the other half performed the phase 6 before phase 5). 256 

Visuospatial working memory task:  257 
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We slightly modified the visuospatial memory task published by Luck & 258 

Vogel (1997, exp. 1) (i.e. we reduced the number of array sizes from 12 to 10 259 

and omitted the array size of 1 to shorten the testing time). Participants viewed a 260 

sample array (within a 9” x 9” region) of colored squares (1”x1”) followed by a 261 

test array. Then, they had to press the “s” key if the two arrays were identical or 262 

the “d” key if the two arrays were different. The arrays consisted of 2-10 (array 263 

size) colored squares (drawn randomly from 7 colors: red, blue, violet, green, 264 

yellow, black, and white). Each color appeared no more than twice for the 8-10 265 

squares conditions. The sample array was presented for 100 ms, followed by a 266 

900 ms blank screen delay, and then a 2000 ms presentation of the test array. 267 

The test array was either the same as the sample array or different in the color of 268 

one of the squares. In other words, only one of the colors, not the locations, was 269 

changed in the different scenario. The ratio of same to different arrays was 1:1. 270 

For each trial, only one of the colors was changed for the test array. Thus, it is 271 

possible that the test array contains a color that had not occurred in the sample 272 

array on that trial. Therefore, this task relied on detection of a change in color 273 

and / or location. We used nine different arrays as the stimulus set, each having 274 

between 2 and 10 squares.  Each array appeared 5 times in random order.  275 

Continuous Tapping task  276 

Participants wore a pair of over-the-ear headphones and sat comfortably 277 

in front of a computer. They were instructed to tap the spacebar using their index 278 

finger to coincide with given tones in three interval conditions: 500ms, 1000ms 279 

and 1500ms while looking at a fixation cross in the center of the screen. After 15 280 
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(audibly paced) tapping responses were recorded, the audible tones ceased and 281 

the participants were to continue tapping as consistently as possible for another 282 

30 intervals (unpaced) at the respective interval. Three blocks of five trials were 283 

tested for each interval condition. The blocks were presented in a random order.  284 

Analysis 285 

Explicit motor sequence learning:  286 

 All error trials were removed for reaction time analyses.   287 

Early learning phases – phases 1 & 2 288 

Data from phases 1 & 2 were treated as the early phase of learning. The 289 

Reaction Time was the time from the appearance of stimulus to the onset of the 290 

response. The mean reaction time for every trial was computed. In our previous 291 

study in young adults, we used a power fitting function to evaluate the rate of 292 

learning.  However, a power function did not provide a good fit to the data for 1/3 293 

of older participants.  Moreover, neither did other learning curve functions such 294 

as linear or exponential functions (i.e. 8, 12 and 9 older adults’ data sets showed 295 

R-square values lower than 0.10 using linear, exponential and power functions 296 

respectively).  Therefore, we computed a reaction time change score for each 297 

phase as the change in reaction time from the first block (10 trials) to the last 298 

block (10 trials) to represent the rate of learning for old and young adults . We did 299 

not use accuracy data to calculate the rate of learning because most of the 300 

participants attained a high accuracy level after just one or two trials of practice 301 

(greater than 90% correct). 302 

Late learning phases – phases 3 & 4 303 
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We were interested in observing the motor chunking pattern when 304 

participants had to reproduce all the elements of the sequence at once without 305 

visual cues in phases 3 and 4. The Response Time for the first movement in the 306 

sequence was defined from the appearance of the go signal to the onset of the 307 

first response. Response times for the later sequential elements were calculated 308 

between two consecutive responses. All the error trials were removed for further 309 

analyses. . 310 

First, we defined the ‘preliminary’ chunk points. The last block of phase 4 311 

was used to pre-define these chunking points for each participant, assuming that 312 

by this phase the sequence had already been learned and the execution was 313 

fluid. A chunk was determined by the number of elements grouped together 314 

according to duration in neighboring response times (Kennerley et al., 2004). 315 

Longer inter-response times between elements represent the divisions of chunks, 316 

whereas shorter inter-response times refer to a strong association within each 317 

chunk. We used one-tail paired t-tests, from the 3rd to 11th elements of the 318 

sequence, to evaluate whether each element was significantly longer than the 319 

element that came before and after it (alpha value was pre-set at 0.2 level).  We 320 

adjusted the alpha value based on our young adults’ data (Bo & Seidler 2009) 321 

and the fact that it was applied for a within subjects analysis only across 10 trials.  322 

A chunk is a group of at least 2 elements. So naturally, the 1st and 2nd elements 323 

were omitted from the analyses as the 1st element is always the start of a chunk 324 

and the 2nd element must fall into the first chunk. Similarly, the 12th element must 325 

fall into the last chunk, and was therefore also excluded from the analysis. 326 
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Once these pre-defined chunking points were established, we confirmed 327 

individual chunk points at the group level using the re-ordering procedure based 328 

on that used by Kennerley et al. (2004; see also Bo & Seidler 2009).  The 329 

individual data were re-plotted according to the longest response time for each 330 

chunk. All the chunks were treated equally during the analysis. That is, 331 

regardless of the length of the chunks, we aligned all the chunk elements to the 332 

longest response time at the beginning of each chunk. Figure 1 illustrates this 333 

aligning procedure. The initial analysis identified four chunk points (Figure 1A). 334 

Taking the second chunk point as an example, the 4th element of the sequence 335 

was labeled as position 0 because the longest response time for that chunk 336 

preceded this element. The 3rd and 2nd elements were labeled as -1, -2, whereas 337 

the 5th and 6th elements were labeled as 1 and 2 for that particular chunk. The 338 

same procedure was used for the rest of the chunks for every participant (Figure 339 

1B).  Figure 1C illustrates the same procedure when the lengths of the chunks 340 

were different. These two chunks were weighted equally when all the elements 341 

were aligned (Figure 1D). After the chunk points were re-organized, we 342 

performed a one-way ANOVA on response time (individual participant data) to 343 

examine whether the response time at position 0 was significantly longer than the 344 

response times at any other positions. Only when the response time at position 0 345 

was found to be significantly higher than the response times at any other 346 

positions did we accept the preliminary chunks as the final chunk points. The 347 

Mean Chunk Length was calculated using 12 (elements) divided by the number 348 

of chunks.  349 
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 350 

Insert Figure 1 351 

 352 

Then, we defined how quickly chunks formed during training: The mean 353 

response time for each element of the sequence was computed for every block in 354 

phases 3 and 4. Then, the sequence elements were re-ordered from the longest 355 

to the shortest response time for each block. If any earlier block showed the 356 

same re-ordered pattern as the last block of phase 4, we marked that block as 357 

the beginning of the developed chunks.  358 

Transfer conditions – phases 5 & 6 359 

To evaluate the transfer, we first calculated the mean response times for 360 

the first block in phases 5 & 6.  Then we used the same re-ordering and 361 

matching procedures as described above.  If either of the phases showed the 362 

same pattern as that in phase 4, the transfer was deemed successful for that 363 

participant. Then, we performed a Chi-square test to examine whether transfer 364 

was significant for older adults. Finally, a non-parametric independent sample 365 

test (Mann-Whitney test) was used to compare transfer effects between young 366 

and older adults.  367 

Visuospatial working memory task:  368 

 Memory Capacity K = S * (H - F), where S is the size of the array, H is the 369 

observed hit rate and F is the false alarm rate (Vogel and Machizawa, 2004). We 370 

computed the K value for each array size, and took the average K across all 371 

array sizes to represent the visuospatial memory capacity for each participant. 372 
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Continuous tapping task: 373 

The mean and standard deviation of the unpaced inter-tap intervals were 374 

calculated. Any tapping intervals that were shorter or longer than 2 standard 375 

deviations of the mean were excluded from the analysis.  The Coefficient of 376 

Variation was calculated using the standard deviation of the absolute tapping 377 

interval divided by the mean, then multiplied by 100.  378 

Results 379 

All older participants reached a minimum Mini-Mental State Exam (MMSE, 380 

Folstein et al., 1975) score of 27 and a Mattis dementia rating scale (Mattis, 381 

1988) score of 123. Table 1 lists the results of questionnaires and screening tests 382 

for older participants. 383 

 384 

Insert Table 1 385 

 386 

Explicit motor sequence learning: 387 

Results for the young adults have been previously presented in detail (Bo 388 

& Seidler, 2009) and are included here as comparison with the older adult data. 389 

Seven out of 32 older adults  and 2 out of 27 young adults  were not able to 390 

either remember the sequence (i.e. explicitly expressed that they could not 391 

continue the task at any learning phases) or develop chunking patterns (i.e. our 392 

statistical procedure failed to identify clear chunking points). We believe that this 393 

is one index of poorer sequence learning in older adults. However given the 394 

goals of the current study, these datasets were excluded from further analysis. 395 
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Early learning phases – phases 1 & 2 396 

Because all the included 25 older adults were able to reach the accuracy 397 

cutoff without repetitions in phase 2, we labeled the 1st block of phase 1 as block 398 

1, the 2nd block of phase 1 as block 2, the 3rd block of phase 1 as block 3, the 1st 399 

block of phase 2 as block 4, the 2nd block of phase 2 as block 5, the 3rd block of 400 

phase 2 as block 6. Figure 2 (A & B) illustrates the overall performance for 60 401 

trials from blocks 1 to 6 in phases 1 and 2. As expected, a mixed ANOVA with 402 

block as within-subjects factor and group (young, older) as between-subjects 403 

factor revealed that older adults had longer reaction times (F(1,48)=133.86, 404 

P<0.01) and lower accuracy (F(1,48)=19.82, P<0.01) than young adults . Both 405 

young and older adults responded faster (F(5,240)=61.42, P<0.01) and more 406 

accurately (F(5,240)=133.86, P<0.01) as they practiced across blocks. A group x 407 

block interaction (F(5,240)=19.72, P<0.01) on accuracy revealed that older adults 408 

had significantly lower accuracy in block 1 and 4 (Bonferroni-corrected post-hoc 409 

procedure, all P<0.05) than young adults. 410 

Late learning phases & transfer – phases 3 - 6 411 

Late learning phases – phases 3 & 4 412 

Two of 25 older adults had to repeat phase 3 once due to the accuracy 413 

cutoff requirements. Figure 2C & D illustrates the mean response time and 414 

accuracy in the last 3 blocks of phases 3 and 4. A mixed ANOVA revealed that 415 

older adults had longer response times (F(1,48)=55.28, P<0.01), P<0.01) and 416 

lower accuracy (F(1,48)=24.87, P<0.01) than young adults. Both young and older 417 

adults responded faster (F(5,240)=28.97, P<0.01) and more accurately 418 
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(F(5,240)=64.02, P<0.01) as they practiced across blocks. A group x block 419 

interaction on accuracy (F(5,240)=6.97, P<0.01) revealed that older adults had 420 

significantly lower accuracy in all blocks of phase 3 and the 1st block of phase 4 421 

(Bonferroni-corrected, all P<0.05) than young adults. 422 

 423 

Insert Figure 2 424 

 425 

 Figure 3A shows the performance of one representative older adult during 426 

the last 3 blocks of phase 4.  Participant A has divided the whole sequence into 5 427 

chunks: at the 1st, 3rd, 5th, 7th, and 10th elements for the last block in phase 4. 428 

Interestingly, the chunking pattern was not the same in the 1st or 2nd block in 429 

phase 4 suggesting that the final chunking pattern was not developed until after 430 

the 2nd block of phase 4. 431 

Using the methods outlined in the analysis section, we first identified the 432 

beginning of each chunk based on multiple paired t-tests for every participant. 433 

Then, we confirmed these points at the group level using a procedure modified 434 

from Kennerley et al. (2004; see also Bo & Seidler, 2009). A mixed model 435 

ANOVA was performed where the position from the predefined chunks was the 436 

within-subjects factor and the age group was the between-subject factor.  A 437 

significant position effect was found (F(8,171)=10.66 and 8.73, both P<0.01) for 438 

both young and older adults. Post-hoc tests (Bonferroni-corrected) showed that 439 

the chunk point RT at position 0 was significantly longer than any of the adjacent 440 
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response times (all P < 0.01, Figure 3B), confirming these pre-defined chunk 441 

points.   442 

Then, we observed whether the locations of those chunking points were 443 

similar across participants. Substantial individual differences were found 444 

suggesting that the property of the selected sequence did not evoke particular 445 

chunking locations (also see Verwey & Eikelboom 2003). 446 

After all the chunk points were confirmed, a correlation analysis between 447 

the chunk length and the response time ratio between and within chunks for the 448 

last block of phase 4 was performed to examine whether longer chunks required 449 

a longer initial reaction time. While young adults had a significant correlation 450 

between the chunk length and response time ratio (R=0.48, P<0.05), no 451 

significant correlation was found in older adults (R=0.10, P>0.10). However, 452 

when we compared the correlations between young and older adults (Fisher r-to-453 

z transformation to test significance of difference between two correlation 454 

coefficients), no group difference was found either (z=1.40, P = 0.16). 455 

Table 2 lists the training block number where the final chunking pattern 456 

started to form for both young and older adults. Eighteen of 25 older participants 457 

did not show their final chunking patterns until the last block of learning. Two out 458 

of these 18 participants had to repeat phase 3, which means that they had 9 459 

blocks of training in phases 3 & 4. Four participants developed their stable 460 

chunks at the 2nd block of phase 4. Two participants showed chunks at the 1st 461 

block of phase 4. There was only one older adult who had his final chunks at the 462 

2nd block of phase 3. 463 
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Transfer conditions – phases 5 & 6 464 

Using the methods outlined in the analysis section, the results for the 465 

transfer conditions with “Y” representing positive transfer and “N” representing no 466 

transfer were listed in Table 2. Twenty out of 25 older adults did not keep the 467 

same pattern of chunking when they changed the response effector. Three older 468 

adults appeared to have a consistent chunking pattern regardless of the 469 

response effector (full transfer: transfer to both left and right fingers), and the 470 

remaining two showed partial transfer (i.e. transfer to either left or right fingers).  471 

A Chi-square test revealed that the older group did not show transfer (Chi-square 472 

= 14.44, P < 0.01). When we compared the young and older groups, a 473 

nonparametric independent sample test (Mann-Whitney test) showed that older 474 

adults had significantly less transfer than young adults (Z = -2.75, P < 0.01). 475 

Overall, older adults formed their chunking patterns later than young adults 476 

(t(48)=3.01, P<0.05) and were less successful at transfer. 477 

Comparing between young and older groups, significant differences were 478 

found in the mean chunk length (12 elements divided by number of chunks, 479 

t(48)=3.59, P<0.01, Figure 3C), overall response time at the last block of phase 4 480 

(t(48)=-6.04, P<0.01, Figure 3E) and the number of the training block that first 481 

started to show the final chunk pattern (t(48)=-2.93, P<0.01  Figure 3D). In brief, 482 

older adults had shorter chunk lengths, required a longer time to reproduce the 483 

sequence and formed their final chunking pattern later compared to young adults 484 

during the sequence learning. 485 

 486 
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Insert Figure 3, table 2 487 

 488 

Visuospatial working memory:  489 

 The overall performance for the visuospatial working memory task showed 490 

a similar pattern between young and older adults: the accuracy for arrays of size 491 

2-4 items was relatively higher than that for sizes greater than 4. Comparing 492 

between young and older adults, older adults had significantly lower visuospatial 493 

working memory capacity than the young adults (t (48)=6.00, P<0.01, Figure 4A). 494 

 495 

Continuous tapping task:  496 

 The average coefficients of variation (CV) were 3.7, 3.9 and 3.6 for young 497 

adults and 5.3, 5.5 and 6.8 for older adults during the 500, 1000, and 1500ms 498 

conditions, respectively.  A mixed ANOVA revealed a significant condition x 499 

group interaction (F(2,144)=4.28, P<0.01) and group main effects (F(1,144)=55.35, 500 

P<0.01), while the condition effect approached significance (F(2,144)=2.85, 501 

P=0.06). Post-hoc analysis suggested that while young adults did not show 502 

differences across the three intervals (suggesting a general timing ability), older 503 

adults increased temporal variability as the interval increased from 500 to 504 

1500ms (Figure 4B). In addition, we ran correlations among CV500, CV1000 and 505 

CV1500 to examine whether older adults who had higher CV in one interval 506 

would also show higher CV in other intervals. Similar to young adults, significant 507 

correlations on the CV among these three intervals were found in older adults 508 
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(R=0.70, P<0.01; R=0.57, P<0.01; R=0.81, P<0.01 for CV500 and CV1000; 509 

CV500 and CV1500; CV1000 and CV1500 respectively).   510 

Relationships among working memory, temporal consistency and sequence 511 

learning measures 512 

In our previous work in young adults, we found a correlation between 513 

working memory capacity and rate of sequence learning, as defined with power 514 

function coefficients (Bo & Seidler, 2009).  Since a power function did not provide 515 

a good fit for each individual older adult’s data, we computed the reaction time 516 

change scores to represent the rate of learning.  No correlation between the rate 517 

of learning and working memory capacity was found.  When we analyzed the 518 

young adults data in the same way, there were a trend for a correlation between 519 

reaction time change scores within phase 1 and mean chunk length (R=0.36, 520 

P=0.08), and the correlation between reaction time change scores within phase 2 521 

and working memory capacity (R=0.38, P=0.06). In addition, no correlations were 522 

found between any of the timing measures and the rate of learning for all 523 

sequence learning phases in both young and older adults. 524 

Figure 4C depicts the scatter plot for individuals’ memory capacity and 525 

mean chunk length for both young and older adults.  Significant positive 526 

correlations between working memory capacity and mean chunk length were 527 

found in both groups (R=0.78, 0.54 for young and older adults respectively, both 528 

P<0.01) suggesting that the number of items participants could accurately retain 529 

in working memory predicted the temporal pattern of the acquired sequence 530 

regardless of age. That is, participants with low working memory capacity formed 531 
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shorter chunks while high capacity participants had relatively longer chunks. 532 

Comparing the correlations between working memory and chunk length, there 533 

was no difference between young and older adults (z = 1.46, P = 0.14).  534 

Similar to young adults, no other correlations were found in any 535 

combinations between the temporal measures, memory capacity, chunk length 536 

and overall response time (all P>0.05) in older adults.  537 

 538 

 Insert Figure 4 539 

 540 

Discussion 541 

In our previous study, we found a positive correlation between visuospatial 542 

working memory capacity and both the rate of early motor sequence learning and 543 

the length of motor chunks that young adult participants formed (Bo & Seidler, 544 

2009). In the current study we report that older adults exhibited an overall 545 

reduction in both working memory capacity and motor chunk length in 546 

comparison to young adults.  Moreover, there was a positive correlation between 547 

older adults’ visuospatial working memory capacity and the length of motor 548 

chunks. However, in contrast to young adults, older adults did not show a 549 

correlation between working memory capacity and the rate of learning.  Thus it 550 

seems that older adults may rely on visuospatial working memory during early 551 

sequence learning in a manner similar to young adults, but other factors also 552 

influence the overall rate of learning. 553 
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It is important to note that seven out of 32 older participants were not able 554 

to remember the sequence (n = 4) or develop a consistent chunking pattern (i.e. 555 

the statistical procedure used in the current study failed to identify any chunk 556 

points, n = 3). When we compared the visuospatial working memory capacity for 557 

these seven older adults with the remaining 25 successful older adults, we found 558 

that 6 out of these 7 were below the mean capacity. These results provide further 559 

evidence for some motor sequence learning deficits in older adults and highlight 560 

the substantial individual differences that exist.  In addition, these excluded cases 561 

suggest that not all the participants had successful explicit learning.  562 

Twenty-five out of 32 older adults were able to develop clear chunking 563 

patterns, suggesting that this ability is primarily not impaired by normal aging. 564 

However, using the 25 data sets from the older participants who did develop a 565 

consistent chunking pattern, we found that the length of motor chunks was 566 

significantly shorter than those seen in young adults. This result is different from 567 

those of Shea et al (2006), who reported that older adults could not develop a 568 

consistent movement sequence structure. We believe that this discrepancy arose 569 

due to several experimental differences between the two studies. First, we used 570 

only the successful participants’ data when measuring chunks while Shea et al 571 

(2006) compared group performance between all their older and young adults. 572 

Second, we used a key-press version of the discrete sequence production task 573 

while Shea et al (2006) used an arm aiming version of the task where 574 

participants had to move a lever to different target locations in a sequential order. 575 

Our task required finger press movements while their task involved more 576 
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complex multi-joint movements. Third, we explicitly instructed the participants to 577 

remember the sequence while Shea et al (2006) did not, although all participants 578 

developed explicit knowledge of the sequence by the end of the experiment. 579 

Thus, our study forced participants to use an explicit memory strategy to 580 

remember a sequence of items throughout the whole learning process while 581 

participants in the Shea et al. (2006) study gradually developed explicit 582 

awareness from the early to the late learning phase. It is possible that the older 583 

adults in the Shea et al. (2006) study would have gone on to develop consistent 584 

chunks as participants did in our study if they were given more practice. In 585 

addition, the older adult participants in Shea et al. (2006) were younger than 586 

ours.  It is not clear how this could have lead to the differences, however, given 587 

that presumably these younger individuals would have less working memory 588 

impairment. Lastly, we focused on individual differences while they only 589 

performed a group comparison. The current study revealed that most older adults 590 

could develop a consistent chunking pattern during motor sequence learning, 591 

although they needed additional practice to remember a new sequence and had 592 

shorter chunk lengths when producing a learned sequence.  593 

Since most of the older participants developed consistent chunks at the 594 

last block of the training phase, one may question the stability of these patterns. 595 

Although it is possible that the chunking pattern may have changed with more 596 

practice, our statistical procedure at least ensures that the pattern is consistent 597 

across the last block.  Previous studies have judged chunk boundaries based on 598 

visual inspection of reaction times (e.g. Kennerley et al., 2004; Shea et al., 2006). 599 
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In other words, as long as one interval was relatively longer than the neighboring 600 

intervals, that interval was defined as the boundary of a chunk. This “relatively 601 

longer interval” could be easily biased by one or two trials, however (i.e. a lack of 602 

consistency). To address this, we developed and used a statistical procedure (Bo 603 

& Seidler 2009) to test whether one “relatively longer interval” was significantly 604 

longer than its two neighbors’ at the .2 alpha level. Because of this statistical 605 

cutoff, we rejected the data from three of the 32 older adults even though they 606 

exhibited some patterns of “relatively longer” and “relatively shorter” intervals. 607 

Thus, we ensured that at least most of the trials within the last training block were 608 

exhibiting the same chunking pattern. 609 

We previously found that the pattern of motor chunks was not always 610 

transferable (Bo & Seidler 2009). Young participants who formed their chunking 611 

patterns earlier in the experiment exhibited better transfer of the pattern to new 612 

response effectors.  Comparatively, it seems older adults had a similar pattern 613 

where they had less successful transfer and later development of consistent 614 

chunking patterns. These results suggest that chunking patterns are initially 615 

effector-dependent, and then become more abstractly represented with 616 

additional practice.  617 

It is perhaps not surprising that older adults showed lower visuospatial 618 

working memory capacity and poorer temporal control in comparison to young 619 

adults, given that several other studies have reported these effects as well (e.g. 620 

Baudouin et al., 2004; Gunstad et al., 2006; Jonides et al., 2000; Nordahl et al., 621 

2006; Reuter- Lorenz et al., 2000; Stebbins et al., 2002). However, it was an 622 



Motor Sequence Learning in Older Adults 

 28

open question whether older adults would still engage these limited cognitive 623 

resources to perform explicit motor sequence learning.   The positive correlation 624 

between visuospatial working memory capacity and mean motor chunk length 625 

that we observed suggests that older adults were able to use their working 626 

memory during learning. Awh et al. (2007) have argued that mean working 627 

memory capacity represents a fixed number of items that people can hold in 628 

short-term working memory regardless of object complexity. This claim is quite 629 

consistent with our previous finding in young adults: the ratio between mean 630 

motor chunk length and working memory capacity was very close to 1 631 

(3.81/3.18). It is surprising that the ratio between these two variables was even 632 

higher for older adults (2.97/1.76). It seems that older adults may have been 633 

employing other memory strategies. In addition, older adults might have also 634 

relied upon other memory domains (i.e. auditory, verbal etc). In the current study, 635 

we did not measure other domains of working memory, though.  Thus it remains 636 

an open question as to whether and how they would relate to motor sequence 637 

learning.  An alternative explanation for the result that the chunk length was 638 

longer than what was predicted by working memory capacity in older adults might 639 

relate to the additional involvement of motor components at the later learning 640 

phases. Hikosaka et al. (1999) argued that both spatial and motor components 641 

are involved in sequence learning and that the motor component develops more 642 

slowly than the spatial one. This implies that there might be a decreasing 643 

correlation between working memory and sequencing with practice.   644 
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One may question our interpretation of working memory contributions to 645 

motor sequence learning in older adults because we did not find a significant 646 

correlation between working memory capacity and the rate of sequence learning. 647 

In young adults, the power fitting method reasonably represented rate of change 648 

for each individual.  In contrast, learning patterns were so variable for older 649 

adults that we could not select a single fitting method that would provide a 650 

reasonable fit to the data of each participant (8, 12 and 9 older adults’ data sets 651 

showed R-square values lower than 0.10 using linear, exponential and power 652 

functions respectively). Such results do not indicate that older adults were not 653 

learning the sequence, however. Indeed, our results showed that 25 out of 32 654 

older participants had not only learned the sequence but also developed clear 655 

chunking patterns.  Rather, the older adults were highly variable in the shape of 656 

their learning curves across participants. It may be that individuals engaged 657 

different learning strategies during the early learning phase. In addition, the lack 658 

of correlation between the rate of learning and working memory capacity 659 

suggests that older adults were engaging resources other than visuospatial 660 

working memory to perform the task.  In a study of implicit motor sequence 661 

learning, Frensch & Miner (1994) found that digit span performance correlated 662 

with the magnitude of implicit learning that occurred, for both young and older 663 

adults.  While it is hard to extrapolate from implicit to explicit learning conditions, 664 

it may be that older adults in the current study were also engaging some 665 

(potentially less effective) verbal strategies. 666 
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We also predicted that age-related declines in temporal control ability (e.g. 667 

Rakitin & Malapani, 2008) would interrupt the development of motor sequence 668 

chunking patterns in older adults. In contrast to this hypothesis, we did not find a 669 

correlation between individual differences in temporal control and the motor 670 

sequence chunking patterns.  In combination with our previous findings in young 671 

adults (Bo & Seidler, 2009), these data suggest that a “common timing” 672 

mechanism does not play a significant role in the temporal structure of acquired 673 

motor sequences. In addition, there was no evidence to suggest that older adults 674 

engaged temporal control resources to compensate for declines in visuospatial 675 

working memory in order to optimize learning. 676 

One may question the sensitivity of the current study to detect correlations, 677 

given declines in working memory and temporal control abilities in older adults. 678 

However, the fact that we found strong correlations between working memory 679 

capacity and mean chunk length, as well as positive correlations among the three 680 

temporal conditions, argues against this criticism.  Another potential limitation of 681 

the current study is whether the correlation between working memory and chunk 682 

length was skewed by one or two extreme points due to the limited range of 683 

chunk length data, particularly for the older participants. In our older adult data 684 

set, one older participant had a mean chunk length of 2, five had a mean chunk 685 

length of 4, eight had a mean chunk length of 2.4 (i.e. 12 elements / 5 chunks) 686 

and the remaining eleven had a mean chunk length of 3. After removing the one 687 

participant with a chunk length of 2, a significant correlation was still observed 688 

(R=0.47, P<0.05), supporting the robustness of our findings.   689 
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In summary, we found that older adults exhibited an overall reduction in 690 

both working memory capacity and motor chunk length in comparison to young 691 

adults. Furthermore, we found a positive correlation between visuospatial 692 

working memory capacity and mean motor chunk length, suggesting that older 693 

adults relied on working memory resources to maximize motor sequence 694 

learning.   695 

 696 

697 
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Figure Captions: 705 

Figure 1: Illustration of the chunking realignment procedure.  Panel A depicts 4 706 

initial chunking points identified for one representative participant.  Panel B 707 

shows the plots realigned with respect to each chunk point in the sequence.  708 

Panel C depicts two initial chunking points with different chunk lengths for 709 

another participant.  Panel D shows the plots realigned to each chunk point for 710 

the example in Panel C. 711 

 712 

Figure 2: A) The mean reaction times for each block in phases 1 and 2; B) The 713 

mean accuracy for each block in phases 1 and 2; C) The mean response times 714 

for each block in the last 3 blocks of phases 3 and 4; D) The mean accuracy for 715 

each block in the last 3 blocks of phases 3 and 4. 716 

 717 
Figure 3: A) The response time from the three blocks of phase four of sequence 718 

training are depicted for one representative older participant; B) Group mean 719 

response time data (last block of phase 4), after re-plotting with respect to each 720 

older adult’s initially determined chunk points; C) Mean chunk length for young 721 

and older adults;  D) Block at which participants formed their final chunking 722 

pattern during training in young and older adults; E) Overall response time for 723 

completing a learned sequence in young and older adults. 724 

 725 
Figure 4: A) Mean working memory capacity for young and older adults; B) Mean 726 

CV in 500, 1000 and 1500ms between young and older adults; C) Correlation 727 
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between working memory capacity (K) and mean chunk length for young and 728 

older adults.  729 

 730 
 731 
 732 
 733 

734 
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Table 1: Questionnaires and screening tests for young and older adults 735 
 736 
 YA OA 

 M SD M SD 
General information     

Age 20.93 2.13 70.58 4.52 
Gender 12M/15F - 12M/20F - 

Year of high education** 2.88 1.33 5.04 2.19 
No of medication** 0.20 0.58 3.60 2.00 

Screening tests     
Mattis Dementia 143.80 0.58 143.24 0.93 

MMSE 29.72 0.74 29.44 0.58 
CHAMPS     

KCal/wk. exercise-related 
activities 5538.09 4305.95 3504.17 2865.15 

KCal/wk. moderate exercise-
related 4072.55 3566.01 2714.36 2550.98 

Frequency/wk. exercise 
related activities* 21.68 6.61 12.24 5.39 

Frequency/wk. exercise 
related 13.68 8.07 8.76 4.37 

*P<0.05 **P<0.01 737 
738 
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Table 2a: How quickly the final chunk pattern formed and transfer of the chunking 739 

pattern for older adults. 740 

Participant Repetition 
of phase 3 

Block that 
showed final 

defined chunk 
points 

No of blocks of 
training before 

forming the final 
chunks 

Transfer 
Left 

Transfer 
Right 

Full Transfer 
11 No 2nd block phase 3 2 Y Y 
6 No 2nd block phase 4 5 Y Y 
5 Yes 3rd block phase 4 9 Y Y 

Partial Transfer 
14 No 3rd block phase 4 6 N Y 
18 No 3rd block phase 4 6 N Y 

No Transfer 
2 No 1st block phase 4 4 N N 

19 No 1st block phase 4 4 N N 
12 No 2nd block phase 4 5 N N 
15 No 2nd block phase 4 5 N N 
24 No 2nd block phase 4 5 N N
1 No 3rd block phase 4 6 N N 
3 No 3rd block phase 4 6 N N 
4 No 3rd block phase 4 6 N N 
7 No 3rd block phase 4 6 N N 
8 No 3rd block phase 4 6 N N 
9 No 3rd block phase 4 6 N N

10 No 3rd block phase 4 6 N N
13 No 3rd block phase 4 6 N N 
16 No 3rd block phase 4 6 N N 
17 No 3rd block phase 4 6 N N 
20 No 3rd block phase 4 6 N N 
21 No 3rd block phase 4 6 N N 
22 No 3rd block phase 4 6 N N
23 No 3rd block phase 4 6 N N 
25 Yes 3rd block phase 4 9 N N 

 741 

742 
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Table 2b: How quickly the final chunk pattern formed and transfer of the chunking 743 

pattern for young adults. 744 

Participant Repetition 
of phase 3 

Block that 
showed final 

defined chunk 
points 

No of blocks of 
training before 

forming the final 
chunks 

Transfer 
Left 

Transfer 
Right 

Full Transfer 
1 No 1st block phase 3 1 Y Y 
6 No 1st block phase 3 1 Y Y 

14 No 1st block phase 3 1 Y Y 
2 No 1st block phase 4 4 Y Y 
5 No 1st block phase 4 4 Y Y 

22 No 1st block phase 4 4 Y Y 
24 No 1st block phase 4 4 Y Y 

Partial Transfer 
19 No 1st block phase 3 1 Y N 
25 No 3rd block phase 3 3 Y N 
9 No 3rd block phase 4 6 Y N 

10 No 3rd block phase 4 6 N Y 
11 No 3rd block phase 4 6 N Y 

No Transfer 
17 No 3rd block phase 3 3 N N 
13 No 1st block phase 4 4 N N 
15 No 1st block phase 4 4 N N 
3 No 2nd block phase 4 5 N N 
8 No 2nd block phase 4 5 N N 

21 No 2nd block phase 4 5 N N 
4 No 3rd block phase 4 6 N N 
7 No 3rd block phase 4 6 N N 

12 No 3rd block phase 4 6 N N 
16 No 3rd block phase 4 6 N N 
18 No 3rd block phase 4 6 N N 
20 No 3rd block phase 4 6 N N 
23 No 3rd block phase 3 6 N N 

 745 

 746 

747 
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