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Dissociable Forms of Implicit Learning in Aging 

 

 Moving to a new home or job can be stressful and tiring because we cannot fall back on 

routines.  But gradually we adjust to the novel physical and social surroundings, getting used to 

the new rhythms of our days and the layouts of our new spaces, and coming to anticipate the 

ways our new neighbors and colleagues will react.  This adaptation involves implicit learning;  

we are absorbing the structure of our environment without intending to do so and without being 

aware of exactly what we are learning (Frensch & Ruenger, 2003; Reber, 1993). Such implicit 

learning contrasts with the more explicit and deliberate way in which we set out to learn the 

names of the new people we are meeting. Various descriptors have been used to capture the 

nature of implicit learning.  It has been likened to a “structural sponge” (Hoyer & Lincourt, 1998), 

“learning by osmosis” (Claxton, 2000), the “adaptive unconscious”(Wilson, 2002), and “thinking 

without thinking” (Gladwell, 2005). Implicit learning is important for many functions including 

social intuition (Lieberman, 2000) and language learning (Conway & Pisoni, 2008). 

 Despite its ubiquity in daily life, the aging of implicit learning has been studied much less 

than its explicit counterpart. Measures of implicit learning are not typically included in 

longitudinal studies nor used as outcomes in clinical trials testing interventions.  One possible 

reason is that older adults are less likely to notice or complain about changes in this kind of 

learning, since they are typically unaware that it occurs. Another reason is that when implicit 

learning and memory have been studied, age-related deficits have sometimes been small or 

non-existent, in contrast to the notable deficits usually reported for more explicit/declarative 

learning and memory (for reviews see Dennis & Cabeza, 2008; Forkstam & Petersson, 2005; 

Prull, Gabrieli, & Bunge, 2000; Rieckmann & Backman, 2009). This has led to the frequent 

assumption that implicit learning is relatively spared the effects of aging.  However, we argue 

here that this is not the case.  Rather, there are multiple forms of implicit learning; some do not 

decline in healthy aging, but others do.  We argue further that differentiating among forms of 



Aging and Implicit Learning 3     

implicit learning will enable us to investigate brain function more directly than using more explicit 

measures, because the latter are more susceptible to differential effects of strategies, which 

might mask underlying structural and functional differences in brain systems. 

Two Implicit Learning Tasks 

 Many different tasks have been used to study implicit learning.  What they all have in 

common is an attempt to capture in the laboratory peoples’ ability to become sensitive to co-

variations in the environment.  The tasks include artificial grammar learning (Reber, 1967), 

probabilistic classification learning (Knowlton, Squire, & Gluck, 1994), process control learning 

(Berry & Broadbent, 1984), invariant feature learning (McGeorge & Burton, 1990) information 

integration learning (Ashby & Maddox, 1990), and statistical learning (Saffran, Aslin, & Newport, 

1996).  These tasks differ in many ways including the nature of the regularity that is present to 

be learned, the type of stimuli (e.g., visual, auditory, verbal, non-verbal), and in how and when 

learning is assessed (e.g., by performance measures such as speed collected on-line during  

learning versus by judgments collected off-line in a subsequent test).   

 There is no adequate taxonomy of forms of implicit learning. Squire’s tree diagram of 

types of declarative and non-declarative memory is widely cited (e.g., Squire, 2004), but it does 

not capture the distinctions on which we focus below, nor does it reflect more recent evidence 

on the dynamic interactions among learning systems (Henke, 2010; Poldrack & Foerde, 2008).    

We will not attempt to develop a taxonomy of implicit learning here, nor to review the relevant 

literature on the aging.  Instead, we will contrast the learning of two kinds of regularities, 

sequences of events versus spatial contexts.  These serve as useful counterpoints because 

they show different patterns of aging, and can be dissociated in several other ways.  

 Sequence learning:  the Alternating Serial Response Time (ASRT) task.  To study 

sequence learning, most of the work described here uses an Alternating Serial Response Time 

(ASRT) task (introduced in Howard & Howard, 1997). This is an adaptation of the SRT task 

(Nissen & Bullemer, 1987) in which participants view a row of four locations, each having a 
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corresponding response key.  An event consists of a single one of these locations filling in.  The 

participant presses the key corresponding to the event as quickly as possible, causing that 

event to disappear, and the next event to occur a few milliseconds later.  Unbeknownst to the 

participant, on most blocks the events occur at a predictable sequence of locations.  Learning of 

the sequence is demonstrated when people come to respond more quickly and/or accurately to 

blocks that contain this predictable sequence than to those that do not. Such differential RTs to 

predictable vs unpredictable events often occur in the absence of any apparent declarative 

knowledge of the regularity, and so the SRT has become the most commonly used assay of 

implicit sequence learning.   

 In the ASRT version of the SRT task used here, pattern events alternate with randomly 

determined ones.  For example, a participant assigned the pattern 1324 would see the following 

sequence throughout training: 1 r 3 r 2 r 4 r 1 r 3 r 2 r 4 r. . . . , (where the numbers refer to the 

locations on the screen, with 1 being the leftmost, and where “r” refers to a randomly 

determined one of the four locations).  Thus, every other event is completely predictable, while 

the interleaved events are unpredictable, making the lowest level of regularity present second-

order, in that event n is predicted by event n-2.    People do not become aware of the alternating 

regularity, even after 2100 repetitions of the pattern (Howard, Howard, Japikse, DiYanni, 

Thompson, & Somberg, 2004). Evidence indicates that people are learning implicitly that some 

runs of three locations, i.e., triplets, occur more frequently than others.  For example, 

participants assigned the pattern 1324 learn implicitly that triplets such as 1r3 occur frequently 

whereas triplets such as 3r1 do not. The evidence for this learning is that although the third 

events in high versus low frequency triplets don’t differ in either accuracy or RT at the beginning 

of training, they do diverge with practice, such that people come to respond more quickly and 

accurately to high than low frequency triplets.  Thus, the amount and rate of sequence learning 

is assessed via this high vs low frequency difference in performance, which we call a trial type 

effect. 
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 Spatial context learning:  the Spatial Contextual Cueing task (SCCT).  To study the 

learning of spatial contexts, we have used the Spatial Contextual Cueing task (introduced by 

Chun & Jiang, 1998).  This is a visual search task in which people search arrays of 11 distracter 

items (offset “L”’s) for one target, the letter “T”, which is displayed on its side, with the leg facing 

either left or right.  The participant’s task on each trial is to find the T as quickly as possible and 

to push one of two response keys corresponding to whether the leg of the T is facing left or 

right.  Unbeknownst to participants, there are two types of configurations:  novel, in which the 

distracter array and targets are arranged randomly, versus repeated, in which certain arrays of 

distracters repeat over trials.  In the latter case, when a given distracter array repeats, the target 

is always in the same position, though the direction of the T’s leg varies randomly.  Thus, on 

repeated trials, the distracter array predicts the position of the target, but not the correct 

response. At the beginning of training, novel and repeated trials yield identical performance, but 

with practice, people come to respond more quickly and accurately to the repeated trials, 

signaling learning of spatial context.  Thus, as in the ASRT, learning can be assessed via a trial 

type effect. 

 Although very different from each other, the ASRT and SCCT are similar in at least three 

important ways.  In both cases, people are learning relationships, or contexts, and so the 

learning is associative.  In addition, and very important for the study of aging, the instructions 

are incidental in that people are not told to try to learn a regularity, or even that one is present, 

but are just told to respond to stimuli they encounter.  Thus people are not encouraged to adopt 

learning strategies, a known source of age differences under intentional instructions.  Finally, in 

both cases the learning is largely implicit in that people do not become aware of the underlying 

regularity. Not only are they unable to give an accurate description of the nature of the 

regularity, but in both cases, sensitive recognition tests typically reveal no ability to distinguish 

between predictable and unpredictable events.  For example, for the ASRT people cannot judge 

above chance which triplets are high versus low frequency, and in the SCCT people cannot 
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judge which distracter arrays are repeating versus novel, even though they are responding more 

rapidly and accurately to the high frequency/repeated than the low frequency/novel events (e.g., 

Chun & Jiang, 1998; Howard, Howard, Dennis, Yankovich, & Vaidya, 2004). Thus, any age 

differences that emerge in learning are unlikely attributable to known age differences in more 

declarative, explicit forms of learning.  

Age Differences in Sequential and Spatial Context Learning  

 We’ve collected data from healthy young and old adults in a number of studies using 

these tasks.  Our typical study has used an extreme group design in which young college 

student adults are compared with healthy older adults 65 years of age and older, and with the 

age groups being similar on self-reported health, vocabulary score, and years of education.   

 We find that spatial context learning, as assessed by the SCCT, yields similar learning 

for young and old adults. For example, Figure 1 (based on data reported in J. H. Howard, Jr. et 

al., 2004) shows the RT trial type effect (RT on novel minus repeated trials) for young and old 

adults;  both groups are learning and to a similar degree.  The relative age constancy we are 

seeing here is consistent with findings from a number of other studies which examined 

incidental learning of associations among simultaneously present items.  Schmitter-Edgecombe 

& Nissley (2002) reported age constancy in learning on a matrix-scanning task, which is a visual 

search task similar to the SCCT.  Light and colleagues showed that old adults benefit as much 

as young from same-modality as opposed to different-modality presentation of words in a 

repetition priming task, suggesting that both age groups associated words with the context 

(auditory vs visual) in which they had occurred (Light, LaVoie, Valencia-Laver, Owens, & Mead, 

1992). This group also found age constancy in repetition priming of novel nonwords after a 

single trial of pronunication in young and old adults (Light, Kennison, Prull, LaVoie, & Zuellig, 

1996). Spieler & Balota, using a similar repeated pronunciation task, (1996, Experiment 1) 

showed age constancy in priming for word pairs, suggesting associations between unrelated 

words had been formed for both young and old after a single pairing.    
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 In addition, Naveh-Benjamin and colleagues (Naveh-Benjamin, Shing, Kilb, Werkle-

Bergner, Lindenberger, & Li, 2009; Old & Naveh-Benjamin, 2008) have recently reported that 

the associative deficit that is typically seen in paired-associate learning is greatly reduced or 

eliminated entirely when incidental, as opposed to intentional, encoding instructions are given.  

This spared incidental learning is also consistent with Campbell and colleagues’ recent report 

(2010) of “hyper-binding”;  they found that older adults encode extraneous co-occurrences of 

words superimposed on pictures (e.g., the word “subway” superimposed on a picture of a 

horse), such that these associations interfere with subsequent learning of conflicting 

associations for old, but not young adults.  Of course, this finding does not necessarily mean 

that old adults are encoding these word/picture associations more, or even to the same extent, 

as young adults. It might be that when these associations are detrimental to new learning, the 

older adults are poorer than the young at suppressing them.  Nonetheless, what all of the above 

findings show is that older adults do not appear to have a general associative deficit for 

incidental learning of new associations among simultaneously present items.  Thus, all of these 

results, including ours with the SCCT, are consistent with the often-stated conclusion that 

implicit learning is relatively spared in healthy aging. 

 The ASRT task, however, yields different results. For example, Figure 2 shows trial type 

effects from a study in which young and old adults completed 10 sessions of the ASRT spread 

over several days, with each session taking approximately 40 minutes (based on data from D. 

V. Howard et al., 2004).  Both groups learned, but there are significant age-related deficits 

which get larger with training.   These age differences aren’t limited to extreme age group 

comparisons.  In a subsequent study, we tested middle-aged mid-management career military 

and government service graduate students who ranged in age from 34 to 53 (Feeney, Howard, 

& Howard, 2002).  We found that those below the age of 45 learned significantly more than 

those above.  Figure 3 shows the trial type effects (collapsed across sessions) for each of the 

55 people in that study as a function of age, along with the data from individual young and old 
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adults taken from another of our studies (D. V. Howard et al., 2004).  Although longitudinal data 

are needed for confirmation, these findings suggest that age differences in sequence learning 

appear gradually throughout the adult years, beginning in early adulthood. Another notable 

feature of Figure 3 is that there are large individual differences at each age.  The SCCT task 

also shows such inter-individual variability, which, as discussed below, has enabled us to begin 

to examine the sources of individual differences in learning. 

 Of course, the ASRT is motor-based, as is the original SRT;  in the typical version of 

these tasks, people respond in rapid succession to approximately 90 events in each block, 

using four different fingers. Older people respond substantially more slowly than young adults, 

and they also show more inter-trial variability in response time. Because there is a fixed interval 

between a participant’s correct response and the appearance of the next event (120 msec in 

most studies), older adults are experiencing a slower and more variable event stream than 

young adults.  Sequence learning in young adults is poorer when the event timing is slower and 

more variable (Howard, Howard, Dennis, & Yankovich, 2007; Stadler, 1995), and so it is 

possible that some of the age-related deficit in learning is due to age differences in the timing of 

the events and/or to age-related motor-sequencing deficits, rather than to fundamental learning 

mechanisms.  

 However, event timing differences and motor-sequencing deficits cannot be the whole 

story.  For example, we know that not all learning in the ASRT is motor-based because 

sequence learning occurs even when people only observe the events (Song, Howard, & 

Howard, 2008).   More important, we find substantial and persistent age deficits in a recently 

developed “Triplets” sequence learning task in which the motor sequencing component is 

absent and event timing is held constant (Howard, Howard, Dennis, & Kelly, 2008).  In the 

Triplets task, the stimulus array is similar to the ASRT, but rather than responding to every 

event, participants encounter discrete trials, each containing three sequentially presented 

events (i.e., three successive event locations filling in), but participants respond only to the third, 
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or target, event. When contingencies are set up such that the first cue predicts the target, thus 

maintaining the second order structure in the ASRT motor task, we find substantial and 

persistent age related deficits in learning similar to those in the ASRT. In additional work, we 

have found that even when the high frequency triplets are chosen randomly, as opposed to 

being rule-based as in the original ASRT and Triplets studies, age-related deficits still appear, 

suggesting that the age-deficit is not due solely to problems in rule-based learning (Simon, 

Howard, & Howard, 2010). The deficit does not seem to be due solely to difficulties in learning 

sequences of locations, because we find age deficits even when the stimuli are letters 

presented in the center of the screen rather than different spatial locations (Negash, Howard, 

Japikse, & Howard, 2003), and when the stimuli are sequences of spoken words (Dennis, 

Howard, & Howard, 2003, 2006).   

 Our findings of age-related deficits in sequence learning in the ASRT and the related 

Triplets task are consistent with reports of age differences in sequence learning of complex 

structures (Curran, 1997) and in information integration category learning (Filoteo & Maddox, 

2004; Maddox, Pacheco, Reeves, Zhu, & Schnyer, 2010).  These findings suggest then, that 

some forms of implicit learning do decline in the course of healthy aging. 

A Working Hypothesis 

 How are these task-dependent patterns of aging to be accounted for?  As summarized in 

the upper half of Figure 4, although both the ASRT and the SCCT are implicit and associative, 

they differ in the nature of the regularity present.  For the SCCT, the associations to be learned 

are within an event, in that a particular distracter array is associated with a particular target 

position, with all present simultaneously.  In contrast, for the ASRT (and the Triplets task) the 

associations to be learned are spread out over time across events, in that the stimuli are not 

present simultaneously.  Thus, integration across non-simultaneous events is required for the 

ASRT, but not the SCCT.  In addition, the regularity in the SCCT is deterministic in that a given 

repeating distracter array is always a perfect predictor of target position, whereas the ASRT 
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requires learning about probabilities, in that evidence indicates that people are not learning the 

alternating regularity itself, but rather which triplets are more or less likely to occur.  So for 

example, for participants receiving the regularity 4r3r1r2r, encountering position 3 on trial n 

predicts that the most likely event two trials later will be a 1, but it does not guarantee it.   

 Due to these different task demands, learning in these two tasks seems to depend on 

different neural learning systems. Traditionally it has been thought that implicit learning calls on 

the striatum, whereas explicit declarative learning calls on the hippocampus and other medial 

temporal lobe (MTL) structures, but more recent human and animal evidence indicates that the 

story is more complicated. That is, the neural systems involved seem to depend on factors such 

as what is available to be learned and the amount of training, rather than on implicitness per se 

(Henke, 2010; Poldrack & Packard, 2003). There is substantial evidence that for sequence 

learning, a striatal-based system usually comes to dominate responding with practice, though 

there is some evidence that the MTL-based system also plays a role early in training (Rauch, 

Whalen, Savage, Curran, Kendrick, Brown, Bush, Breiter, & Rosen, 1997; Schendan, Searl, 

Melrose, & Stern, 2003).  Evidence from humans and other species indicates that the striatal-

based system is particularly well suited to the gradual acquisition of probabilistic associations 

(for reviews see Ashby, Turner, & Horvitz, 2010; White & John, 2008).  In contrast, 

neuroimaging and patient data suggest that contextual cueing calls primarily on an MTL-based 

system, including the entorhinal cortex (Manns & Squire, 2001; Park, Quinlan, Thornton, & 

Reder, 2004; Preston & Gabrieli, 2008). This latter finding reflects one way in which Squire’s 

widely cited taxonomy appears inadequate;  according to that framework the MTL-based system 

is important only for declarative forms of learning.  

 We propose that the task-dependent patterns of age differences reflect differential aging 

of the MTL and striatal-based learning systems.  There is cross-sectional and longitudinal 

evidence that the striatum (including the caudate) shows substantial age related declines in 

structure and function beginning in early adulthood (Raz, Lindenberger, Rodrigue, Kennedy, 
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Head, Williamson, Dahle, Gerstorf, & Acker, 2005).  There are also age-related declines in 

striatal dopamine neurotransmitter function (Backman, Lindenberger, Li, & Nyberg, 2010).  In 

contrast, recent research suggests that the MTL system, particularly the entorhinal cortex, is 

relatively spared in healthy aging, even though it is affected early in pathological aging such as 

Alzheimers disease (Hedden & Gabrieli, 2005; Raz et al., 2005).   

 Thus, we propose that implicit learning is not spared the effects of healthy aging, but 

rather that age-related declines in a striatal-based learning system result in persistent age 

deficits in certain forms of implicit learning, but not in others.  Related, though different, 

proposals have been advanced by Poldrack and Foerde (2008),  Rieckmann and Backman 

(2009), and Filoteo and colleagues (Filoteo, Lauritzen, & Maddox, 2010).  

Dissociating Forms of Implicit Learning 

 We reasoned that if our hypothesis is correct, these two forms of implicit learning should 

be dissociable under a range of conditions, and that different types of implicit learning might 

prove to be sensitive and specific indicators of brain function. The rest of this section 

summarizes the dissociations we’ve observed, with the overall pattern of results outlined in the 

lower half of Figure 4.  

 Mild Cognitive Impairment (MCI).  Amnestic Mild Cognitive Impairment is defined as 

memory impairment greater than expected for age, but in the absence of dementia (Petersen, 

Smith, Waring, Ivnik, Tangalos, & Kokmen, 1999).  It is a risk factor for Alzheimer’s disease, and 

is known to be characterized by MTL pathology, with the entorhinal cortex being among the first 

regions to be affected (Stoub, Rogalski, Leurgans, Bennett, & deToledo-Morrell, 2010).  The 

memory tests that are used to diagnose MCI assess explicit memory, but our hypothesis 

predicts that MTL-based implicit learning should be compromised as well, while striatal-based 

implicit learning should not. Work with collaborators at the Mayo Clinic revealed just such a 

dissociation when people diagnosed with amnestic MCI via the Mayo Clinic criteria were 

compared with healthy education- and age-matched controls (mean age of approximately 75 
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years);  the groups learned equally well on a sequence learning task, but unlike the controls, the 

patients showed no contextual cueing effect (Negash, Petersen, Geda, Knopman, Boeve, 

Smith, Ivnik, Howard, Howard, & Petersen, 2007b).  Thus, the learning and memory deficits in 

MCI are not limited to explicit learning, but are also detectable via one form of MTL-based 

implicit learning.  

 Cortico-Basal Syndrome (CBS). CBS is a progressive neurological disorder 

characterized by atrophy of several areas of the brain, including the striatum and other basal 

ganglia structures (Boeve, Lang, & Litvan, 2003).  This suggests that CBS patients should show 

the reverse of the pattern of learning impairments seen in MCI.  Yet another collaboration with 

the Mayo group revealed just such a dissociation.  When CBS patients were compared with  

age- and education- matched controls (mean age of approximately 67 years), the groups 

showed equivalent contextual cueing, but the CBS patients’ sequence learning was significantly 

different from the controls (Negash, Boeve, Geda, Smith, Knopman, Ivnik, Howard, Howard, & 

Petersen, 2007a).  

 ApoE Genotype. Genes influence brain structure and function, and recent advances in 

cognitive neurogenetics have begun to reveal connections between genotype and specific forms 

of cognitive function (Green, Munafo, DeYoung, Fossella, Fan, & Gray, 2008), though there has 

been very little work linking implicit learning and genotype.  Nonetheless, it seemed likely that if 

these different forms of implicit learning call on different brain regions, then they would be 

influenced differently by genotype. Apolipoprotein E is known to play a role in brain repair 

mechanisms, and individuals who carry the e4 variant of the ApoE gene have increased risk for 

developing Alzheimer’s disease and MCI.  In addition, there is evidence that individuals who are 

ApoE-4 carriers have smaller medial temporal lobes and poorer explicit memory and spatial 

processing than non-carriers (Honea, Vidoni, Harsha, & Burns, 2009; Parasuraman, 

Greenwood, & Sunderland, 2002).  ApoE genotype was available for the healthy control 

participants in the study of MCI mentioned above, and when healthy e4-carriers were compared 
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with non-e4 carriers, the results revealed the expected dissociation; as a group, the e4 carriers, 

though of the same mean age (approximately 75 years) and education levels as the non-

carriers, showed significantly less contextual cueing than the non-carriers. In fact, the e4 group 

did not show significant contextual cueing.   In contrast, as predicted, the e4-carrier and non-

carrier groups learned equally well on a sequence learning task (Negash et al., 2007b).  These 

findings suggest that some of the within-group variability in contextual cueing might be linked to 

genetics.  

 DAT1 genotype.  The dopamine transporter gene DAT1 regulates synaptic dopamine 

levels, particularly in the striatum, and one of its variants, the 9-repeat allele, is associated with 

higher synaptic dopamine levels and with greater caudate volume and activity (Bertolino, Blasi, 

Latorre, Rubino, Rampino, Sinibaldi, Caforio, Petruzzella, Pizzuti, Scarabino, Nardini, 

Weinberger, & Dallapiccola, 2006; Durston, Fossella, Casey, Hulshoff Pol, Galvan, Schnack, 

Steenhuis, Minderaa, Buitelaar, Kahn, & van Engeland, 2005; Jacobsen, Staley, Zoghbi, Seibyl, 

Kosten, Innis, & Gelernter, 2000).  We reasoned, therefore, that DAT1 might show the reverse 

pattern of correlations from the ApoE genotype described above.  In this case, we tested college 

students who were classified as 9-carriers or as 10/10 homozygotes, and we gave them both 

the SCCT task and a version of the Triplets task (Simon, Stollstorff, Westbay, Vaidya, Howard, 

& Howard, 2010).  As predicted, DAT1 genotype did not predict SCCT learning but it did predict 

ASRT learning; 9-repeat allele carriers showed significantly more sequence learning on the 

Triplets task than the 10/10 homozygotes.  Further, this advantage was limited to the last 

session of training, which, as mentioned above, is when the striatal system would be expected 

to dominate responding in sequence learning.  In addition, we observed a significant gene-dose 

relationship between the number of 9 alleles a person has (i.e., 0, 1, or 2) and the magnitude of 

their last-session sequence learning, but no such relationship with spatial context learning.   It is 

notable that these relations appeared in a group of young adults; such relationships might be 
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magnified in older groups, because striatal dopamine levels decline with healthy aging and it is 

possible that this is particularly so for individuals carrying fewer 9-repeat alleles.   

 White matter integrity in healthy aging.  If these two forms of implicit learning call upon 

different neural systems, then they should also be related to the structural integrity of different 

white matter pathways in the brain.  We tested groups of healthy young and old adults on the 

SCCT and the ASRT, and we also conducted MRI scanning and used Diffusion Tensor Imaging 

(DTI) to assess white matter integrity of selected neural pathways (Bennett, Madden, Vaidya, 

Howard, & Howard, In Press). We first compared the white matter integrity of two tracts in young 

versus old adults, using a measure of Fractional Anisotropy (FA);  high FA signals high integrity.  

In keeping with the studies cited above that there is greater age-related decline in the striatum 

than the MTL (including the hippocampus), we found that our young group had significantly 

higher FA than the old for a tract linking the caudate and DLPFC (dorsolateral prefrontal cortex), 

but not for a hippocampal-DLPFC tract.  Most earlier evidence for differential decline has been 

based on comparisons of gray matter, so these findings suggest that similar patterns occur in 

these different systems for white matter as well.    

 In addition, when we examined individual differences across all subjects, we found that 

late-stage sequence learning scores were significantly positively correlated with white matter 

integrity in the  striatal/DLPFC, but not the hippocampal/DLPFC tract.  We also found that 

striatal/DLPFC mediates age differences that appear in late-stage sequence learning. Striatal 

tract FA alone accounted for approximately 41%, and age alone for 21% of the variance in 

ASRT learning scores; when the variance attributable to FA was removed, age no longer 

predicted sequence learning, accounting for a non-significant 1.5% of the variance in learning 

scores.  In contrast, when we examined SCCT learning (unpublished data), we found no 

significant correlations with either of these white matter tracts.  Thus, the findings were in 

keeping with our prediction that striatal/DLPFC tract integrity would be correlated only with 
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ASRT learning, but contrary to our original prediction we did not find hippocampal/DLPFC tract 

correlations with SCCT learning.   

 We think these findings are exciting in showing that individual differences in white matter 

integrity in a specific tract interconnecting brain regions previously implicated in sequence 

learning can account for age differences in such learning.  This suggests that a greater 

emphasis on white matter integrity in future research will be productive. 

 Reading ability and dyslexia.  Dyslexia is defined as poor reading despite normal IQ and 

opportunity to learn from instruction, and it has been linked to fronto-striatal-cerebellar and 

sequencing deficits.  Most of the literature suggests that explicit forms of learning and memory 

are spared in dyslexia, but there is debate about whether implicit learning is intact (Russeler, 

Gerth, & Munte, 2006; Sperling, Lu, & Manis, 2004; Vicari, Marotta, Menghini, Molinari, & 

Petrosini, 2003).  We suspected that this latter inconsistency is due to two factors.  In the 

dyslexia literature, many of the tasks that have been used to assess implicit learning result in 

considerable explicit awareness and so might be masking any deficits in implicit learning.  In 

addition, implicit learning has typically been treated as unitary in the dyslexia literature, but as 

we have shown above, it is not.  

 Given the neural involvement mentioned above, we hypothesized that implicit sequence 

learning would be impaired in dyslexia, but spatial context learning would not.  Thus, in an initial 

study we examined SCCT and ASRT learning in two groups of college students, one diagnosed 

as dyslexic and the other not (Howard, Howard, Japikse, & Eden, 2006).  In addition, we gave 

all participants real word (Word Identification) and pseudo-word (Word Attack) reading tasks in 

order to provide a quantitative, continuous measure of reading ability to supplement the 

categorical dyslexia diagnosis.    As predicted, we found significant group differences in 

sequence learning favoring the controls, but not in contextual cueing.  Further, when people 

from both groups were considered together, Word Attack and Word Identification scores 

correlated significantly and positively with sequence learning scores, and they correlated 
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significantly and negatively with contextual cueing.  Thus, in these college students, poor 

readers were poor sequence learners, but good spatial context learners.   

 The positive correlation between ASRT learning and reading is as we’d predicted, but 

we are not sure how to interpret the link between poor reading and good spatial context 

learning.  One explanation is based on the evidence that the striatal and MTL learning systems 

may function competitively, such that one inhibits the other (Poldrack & Packard, 2003).  Thus, 

having a relatively poor striatal system might permit the MTL system to dominate and/or 

perhaps to develop more fully.  On the other hand, this could reflect a kind of selection bias in 

that these students were all able to succeed in college.  It might be that they were able to do this 

because they also happened to possess a very good MTL-based learning system, which they 

have used to compensate. In any event, we have not found this superior SCCT learning in poor 

readers in the two studies described next, and so it is a topic for future research.    

 We wondered whether the positive correlation between sequence learning and reading 

skill was limited to motor sequence learning, and so to find out we conducted a second study of 

college students, similar to the above, except that dyslexia and control groups were given the 

Triplets task (rather than the ASRT) and the SCCT task (Bennett, Romano, Howard, & Howard, 

2008). Although we did not find significant group differences in either form of learning here, we 

did find a significant positive correlation between Triplet learning and reading ability when all the 

subjects were considered together. This study suggests that the implicit sequence learning 

deficits seen in poor readers are not due solely to motor-sequencing deficits, but reflect a more 

general problem in learning sequential relationships among events.    

 Both of the above studies indicate that among college students, good sequence learners 

tend to be good readers.  In a subsequent unpublished study of college-educated healthy older 

adults we found that the same pattern is true even among an older group averaging 71 years of 

age.  Real word and non-word reading scores correlated significantly and positively with ASRT 
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learning scores (r =.52 and .54, respectively) but not with SCCT learning (r = -.13 and 0, 

respectively) (Bennett, Howard, & Howard, 2007).  

 Overall, then our results suggest that there is an implicit learning deficit in dyslexia, but it 

is not a general one.  Rather poor readers are poor at implicit learning of sequences, but not of 

spatial context, suggesting that reading and implicit sequence learning may be calling on at 

least partially overlapping cognitive/brain systems.  

Implications 

 The studies reviewed above suggest that two forms of implicit learning, sequence 

learning and spatial context learning, can be dissociated, and that they show different age-

related trajectories. The motor- and non-motor-based implicit sequence learning we’ve been 

studying via the ASRT and Triplets tasks show declines with healthy aging, and this decline 

seems to occur gradually beginning in early adulthood.  In contrast, implicit learning of spatial 

contexts is relatively insensitive to aging, in the absence of dementia.  These different age 

trajectories suggest that there is no single answer to the question of whether or not implicit 

learning (or implicit memory) is spared in aging. 

 We proposed above that these different age trajectories reflect age-related changes in 

the underlying neural substrates;  implicit learning of sequences which is subserved primarily by 

the striatal system, is more age-sensitive than the learning of spatial context, which is based on 

the MTL. The above review shows a pattern of dissociations in keeping with this hypothesis, as 

summarized in Figure 4. These forms of learning are affected differently by pathology in older 

adults; Mild Cognitive Impairment affects spatial context, but not sequence learning, whereas 

Corticobasal Syndrome shows the reverse pattern, in keeping with what is known about the 

effects of these conditions on brain regions.  Genetics also plays a role in dissociating these 

forms of learning;  ApoE4 status, which is associated with MTL structure and function, predicts 

spatial context learning, but not sequence learning, whereas the dopaminergic gene DAT1 

shows the reverse pattern.  In terms of brain structure, the white matter integrity of a 
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striatal/DLPFC tract mediates age-related deficits in sequence learning, but not in spatial 

context learning.  Further, these forms of learning are differentially associated with one 

important skill, that of reading, in that for both young and old adults, good readers tend to be 

good sequence learners, but not necessarily good spatial context learners. 

 All this suggests that there are different phenotypes of implicit learning, with people 

differing as to the kind of environmental regularities to which they are most sensitive.  Some 

people might be better attuned to spatial context and others to sequential context.  The findings 

reviewed above suggest that these phenotypes depend partly on genetics, but they are likely 

also influenced by experience, given abundant evidence that practice shapes the brain (e.g., 

Maguire, Spiers, Good, Hartley, Frackowiak, & Burgess, 2003).  In unpublished work we have 

found that young video gamers and musicians are better at sequence learning, but not 

contextual cueing, than are controls (Romano, Kranz, Kramer, Howard, & Howard, 2005).  This 

suggests either that practicing these activities selectively improves sensitivity to sequential 

structure, and/or that people who are good at picking up sequential structure are more likely to 

become musicians and gamers.  Regardless, it would seem that groups with different kinds of 

expertise are likely to be characterized by different phenotypes of implicit learning. 

 Most important for present purposes, our findings indicate that the phenotypes of implicit 

learning change with age, with older people being less sensitive than their younger peers to 

sequential but not to spatial context.  This decline in sequential learning is likely one contributor 

to the decline across the adult years in the ability to learn second languages via mere exposure 

(Hakuta, Bialystok, & Wiley, 2003).  

 Our results suggest that tests of implicit learning may potentially be useful for assessing 

the biological integrity of different learning systems, and as sensitive early behavioral markers of 

dementia. Backman (2008) has noted that including assessments of multiple domains of 

cognition (as well as other markers) is likely to improve our ability to detect dementia early.    

That implicit learning assessments might improve specificity and sensitivity of such batteries is 
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suggested by the finding above (Negash et al., 2007b) that healthy elder controls who are e4 

carriers are poorer at SCCT learning than non-e4 carriers, even though they show no signs of 

dementia or even of Mild Cognitive Impairment on the explicit memory tests used for diagnosis.  

Of course, longitudinal work is necessary to determine whether poor performance on the SCCT 

predicts subsequent conversion to MCI and/or Alzheimer’s disease.  

Some Unanswered Questions 

 What factors lead to age-deficits?  Our goal here has been to show that implicit learning 

is not unitary and hence that there is no single answer to the question of whether implicit 

learning and memory decline with healthy aging. To make this case, we have contrasted 

findings from the ASRT and Triplets tasks, which both tap sequence learning, with those from 

the SCCT task, which requires spatial context learning.  However, as Figure 4 suggests, these 

tasks differ in other ways, including whether the regularity to be learned is deterministic or 

probabilistic, and so we do not yet know what task features determine whether or not age 

differences appear.  Our hypothesis suggests that one determining factor is whether or not the 

age-sensitive striatal-based learning system must be engaged. Given that the striatal system is 

well-suited to the gradual acquisition of complex, probabilistic associations (Ashby et al., 2010; 

White & John, 2008), we suspect that age deficits in implicit learning are likely to emerge when 

the regularity to be learned is probabilistic, rather than deterministic.  In keeping with this, we 

consistently find age deficits in learning the probabilistic 2nd-order structure of the ASRT task, 

but Gaillard and colleagues did not find age-deficits in learning on an SRT task containing a 

deterministic 2nd-order structure (Gaillard, Destrebecqz, Michiels, & Cleeremans, 2009) and in 

our earlier work with the original deterministic SRT, we found no age deficits (Howard & 

Howard, 1989, 1992).  

 Beyond age-deficits in learning caused by striatal losses, other task factors are likely to 

cause age deficits in some implicit learning tasks.  For example, to the extent that a given task 

requires increased capacity, or the ability to inhibit irrelevant material, or perceptual/motor 
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speed, or any other cognitive components known to be influenced by age, then apparent age 

differences in learning (or at least in its manifestation in performance) will appear even if the 

fundamental learning mechanisms are intact. 

 In addition, another factor influencing whether age differences will appear in implicit 

learning is the potential for neural compensation. Research on the cognitive neuroscience of 

aging, most of it using explicit memory and attention-based tasks, indicates that older brains 

often perform the same task differently from younger brains, even when there are no age 

differences in performance and that these differences are at least sometimes beneficial (e.g., 

Reuter-Lorenz & Cappell, 2008). There is now evidence that such changes in neural bases may 

occur for implicit learning as well.  Although for young people, the striatal-based learning system 

comes to dominate sequence learning as training progresses, for older people there is evidence 

that the MTL, prefrontal areas, or other brain regions remain active throughout learning, thus 

perhaps partially compensating for striatal losses, at least relatively early in training (see the 

review by Rieckmann & Backman, 2009).    

 For example, in a probabilistic weather-prediction task, Fera and colleagues found that 

young participants revealed greater activation than old in bilateral PFC and caudate, and less 

than old in bilateral parietal areas. In addition, correlations with behavioral learning measures 

(accuracy and RT) were primarily with frontostriatal circuitry in young, but with frontoparietal in 

old. (Fera, Weickert, Goldberg, Tessitore, Hariri, Das, Lee, Zoltick, Meeter, Myers, Gluck, 

Weinberger, & Mattay, 2005).  In an ASRT-like task Aizenstein found young adults showing 

significantly more striatal activation than old during the second half of training.  (Aizenstein, 

Butters, Clark, Figurski, Andrew Stenger, Nebes, Reynolds, & Carter, 2006). During motor-

based SRT learning, Dennis and Cabeza (In Press) found greater MTL activation for older than 

young adults, and Rieckmann, Fischer, and Backman (2010)  have reported continued 

activation of the MTL as practice proceeds in old, but not young, adults. Using the non-motor 

based Triplets task, we have obtained findings (unpublished) similar to these motor-based 
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sequence learning studies (Simon, Barnes, Vaidya, Howard, & Howard, 2008; Simon, Murphy, 

Vaidya, Howard, & Howard, 2009).  

 Thus, there is emerging evidence that the neural bases of some forms of implicit 

learning change with aging, with older adults relying more on the MTL-based than the striatal-

based learning system than young adults.  As Rieckmann and Backman (2009) have argued, 

this might explain the fact that age deficits have often not been observed in studies of sequence 

learning, i.e., older adults are compensating for striatal losses by relying more on the MTL or 

other systems.  Nonetheless our results with the ASRT and Triplets tasks suggest that for some 

forms of implicit learning, as training progresses, age deficits do appear in tasks that are 

typically striatal-based in young adults, presumably because the MTL and other systems are 

unable to compensate completely for the striatal-based system.  This evidence of reduced 

reliance on the striatal-based system in older adults might at first seem to contradict our findings 

above that caudate/DLPFC white matter integrity mediates age differences in sequence learning 

late in training.   However, given that the striatal system is especially suited to late-stage implicit 

sequence learning, then it is likely that these other systems can’t compensate completely, and 

so caudate/DLPFC integrity should account for age-deficits in late-stage learning, even if older 

adults are activating other neural systems.        

 The above indicates that many questions remain as to the conditions under which age 

differences appear in implicit learning, and whether the underlying neural systems change 

during healthy and pathological aging.  In fact, because age differences in strategy use are 

likely less important for implicit than explicit learning, implicit learning might be an excellent 

vehicle for addressing a main question concerning the broader literature on evidence for neural 

compensation with age, namely the extent to which such changes in neural activations reflect 

conscious strategies (Reuter-Lorenz & Cappell, 2008). The findings to date with implicit learning 

suggest that such compensation can be non-strategic.  
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 Could the pattern of age effects be due to task differences in reliability?  It is often 

thought that measures of implicit learning and memory are less reliable than those for explicit 

tasks.  In fact, there is little evidence to support this claim, partly because so few studies have 

tested the reliability of measures of implicit learning and memory.  In fact, one study of the test-

retest reliability of several measures of repetition priming and recognition memory found similar 

reliability for implicit and explicit measures for young and old adults (Fleischman, Gabrieli, 

Wilson, Moro, & Bennett, 2005).  Nonetheless, reliability likely varies across types of implicit 

tests, and we are not aware of any data on the test-retest reliability of the ASRT, Triplets or 

SCCT tasks.  Split-half reliability of versions of the SRT has been examined in at least two 

studies, yielding a respectable .74 in one case (Salthouse, McGuthry, & Hambrick, 1999) and a 

less respectable .44 in another (Kaufman, Deyoung, Gray, Jimenez, Brown, & Mackintosh, 

2010).   It is possible that we have found age differences in the ASRT and Triplets tasks, but not 

in the SCCT, because the latter has poorer reliability and hence is insensitive to task 

manipulations.  We cannot rule out this possibility, and future research needs to assess test-

retest reliability of various forms of implicit learning.  Nonetheless, differential reliability cannot 

explain the pattern of dissociations we have reported here, because SCCT learning does vary 

with ApoE genotype and MCI, and, in general, the pattern of dissociations we are finding is 

consistent with predictions based on the neural substrates. 

 How to maximize implicit learning? We know little about how and whether different forms 

of implicit learning can be maximized over either the short or the long term, because implicit 

learning is typically not used as an outcome measure in studies of interventions (such as 

exercise manipulations), nor in longitudinal studies.  Implicit learning has typically been thought 

to be uninfluenced by factors such as motivation, but there is now some evidence that young 

adults’ implicit sequence learning is enhanced by a goal priming manipulation (Eitam, Hassin, & 

Schul, 2008), and in unpublished data we found that activating negative stereotypes reduced 

trial type effects in the ASRT (Ari, Filak, Howard, Howard, & Hess, 2006).  Of course, the 
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findings we’ve reported here suggest that the factors that maximize learning are likely to differ 

for different forms of implicit learning. 

 Additional assays of MTL-based implicit learning?  Better assays of implicit learning are 

needed, particularly those subserved by the MTL. The ASRT and Triplets tasks typically yield 

very consistent results in that although individuals vary in the magnitude of their trial type 

effects, almost everyone shows some separation of high and low probability trials, and rarely do 

people show the reverse pattern to that predicted—i.e., it is rare to find people who are faster on 

low than high frequency trials.  This can be seen, for example, in Figure 3, where of the more 

than 60 participants, only one shows a trial-type effect below 0, and even for that person it is 

only slightly below 0. In addition, the amount of implicit learning in the ASRT as assessed via 

the trial type effect seems to be largely unaffected by strategies, particularly for young people 

(Song, Howard, & Howard, 2007) and probably for old as well (Song, Marks, Howard, & 

Howard, 2009).   Further, although there is a wide range of individual differences at a given age 

(again clear in Figure 3), the findings discussed above suggest that at least some of this 

variability reflects differences in the efficiency of the underlying neural systems, e.g., in the 

integrity of white matter pathways (Bennett et al., In Press), and factors such as genetics and/or 

experience, rather than noise.   

 In contrast, the SCCT often yields so-called “reverse learners”, i.e., people who are 

significantly faster on novel than repeated trials, the reverse of what one would expect (Bennett, 

Barnes, Howard, & Howard, 2009; Hunt & Thomas, 2007).  This anomalous pattern seems to be 

related to the search strategy that people adopt, young people who are instructed to respond 

intuitively using “passive search” to let the target jump out, show larger trial type effects in the 

predicted direction than those who are told to actively search for the T (Lleras & von Mühlenen, 

2004), and older people who report being “aware” that some arrays repeated (even though they 

are unable to differentiate above chance between novel and repeated arrays) showed smaller 

trial type effects than those who reported being “unaware” (J. H. Howard, Jr. et al., 2004).  So 
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while the SCCT is sensitive enough to reveal effects of pathology and genotype, and it is likely 

that some of the between-subjects variability seen within age groups is due to such factors, 

nonetheless there is still some question as to how to interpret the SCCT trial-type effects, and 

any group differences therein. Thus, it would be useful to have additional assays of MTL-based 

spatial context learning.  In addition, this evidence that people do adopt different search 

strategies in the SCCT which may affect the learning measure, is a reminder of the importance 

of well-crafted instructions and post-experimental probing of  strategies in all studies of learning.  

Conclusion 

 Overall, increasing understanding of implicit learning and how to maximize it at all ages 

is essential.  This is because implicit learning is important for adapting to new environments, 

new people, and new technologies—all essential to successful aging—and also because it 

plays a role in rehabilitation and recovery after stroke or physical injury, when people must 

relearn basic skills such as walking and speaking. We have shown here that implicit learning is 

not unitary, that different forms age differently reflecting patterns of brain aging, and that these 

forms can be dissociated in various ways revealing different phenotypes of implicit learning.  

Thus, including assays of implicit learning in longitudinal and intervention studies could yield 

sensitive and specific early markers of pathology and of the effects of interventions. 
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Figure Captions 

Figure 1. Associative learning scores (RT in seconds on Novel minus that on Repeated trials) as 

a function of epoch for groups of young and old adults on the Spatial Contextual Cueing 

Task (SCCT).  (Based on data reported in J. H. Howard, Jr. et al., 2004, Experiment 1) 

Figure 2. Associative learning scores (RT in milliseconds on Low Frequency minus that on High 

Frequency trials) as a function of session for groups of young and old adults on the 

Alternating Serial Response Time (ASRT) task. (Based on data reported in D. V. Howard 

et al., 2004) 

Figure 3. Associative learning scores (RT in milliseconds on Low Frequency minus that on High 

Frequency trials) for individual adults on the Alternating Serial Response Time (ASRT) 

task.  (Based on data reported in Feeney et al., 2002; D. V. Howard et al., 2004) 

Figure 4. Summary of the contrasts between the two forms of implicit learning compared here, 

including the dissociations discussed in the text. 
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