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Abstract
Compelling behavioral and neuro-imaging data
suggest that the retention and perfection of skills
(procedural³KRZWR´ knowledge) reflects long-lasting
experience-GULYHQFKDQJHVLQWKHEUDLQ¶VRUJDQL]DWLRQ
(neural plasticity). Two corollaries require
consideration in designing effective skill learning
programs. i) Neuro-behavioral constraints, imposed on
whether neuronal plasticity is triggered and allowed to
proceed, must be satisfied; otherwise, the skill may fail
to consolidate into long-term memory. These include
the amount of task iterations afforded, task scheduling,
behavioral relevancy and the degree of consistency of
the to-be-learned experience over a required timewindow. ii) The performance of a given task reflects
qualitatively different task solution routines in different
phases of experience. Practice, given time and
sometimes time-in-sleep, can trigger processes
whereby new procedural knowledge and qualitative
changes in task solution, emerge and consolidate.
These emerging changes in procedural knowledge
result in differences in the ability to transfer gains,
across stimulus, context and task parameters.
Our aim here is to present a very brief account of
our current view of procedural learning and procedural
memory consolidation as emerging from a number of
studies addressing the characteristics of human skill
learning. We present a number of points which we
believe are of relevance to the understanding of the
biological mechanisms and specifically, the neurobehavioral constraints imposed by these mechanisms
on skill learning and skill memory. These constraints
require consideration if we are to improve and perhaps
even optimize skill teaching protocols and skill
learning programs. The references provided, mainly
from our own work on perceptual learning and motor
skill acquisition can be consulted for perusing the
actual data and as pointers to many related studies and
papers that inspired us.

A widely accepted view is that skills and habits procedural, "how to" knowledge ± are organized in
memory in a manner which is quite distinct from that
of declarative, "what" knowledge (knowledge of facts
and singular events) and are retained in an
outstandingly robust manner (Squire, 1986; Dudai,
2004). It is clear, nevertheless, that the two memory
systems interact in healthy, typical adults (Albouy et
al., 2008). A somewhat different perspective on the
two long-term memory systems is that while the
declarative memory system is geared to retain sparsely
occurring and even singular experiences, the
declarative memory system is triggered if and only
when a given experience is repeated; preferably in a
consistent manner. Thus, declarative memory can be
viewed as a memory system evolved from the need to
retain singular events (e.g., painful event that one
would not want repeated) and arbitrary associations,
while SURFHGXUDO PHPRU\ UHIOHFWV WKH HYROYLQJ µGHHS¶
knowledge of the structure of the relevant environment
and context, as well as the statistics of repeated
experiences. In the context of skill learning, a training
experience will often result in some trace of declarative
memory, but if training is continued, i.e., more iterative
experience on the task is afforded and experience
accumulates, the neural mechanisms (presumably
Hebbian in character (Viana & Prisco, 1984) subserving the generation of long-term procedural
memory can be triggered.
An important advancement in our understanding of
the biology of procedural memory comes from animal
and human studies that clearly indicated that the
establishment of long-term procedural memory is subserved by functional and structural changes within the
brain systems involved in the performance of the task,
i.e., activated by the repeated experience (Karni, 1996;
Merzenich, 1998). Moreover, there is evidence
suggesting that the neural changes triggered by
repeated experience affect two distinct levels of brain
representation. Repeated experience can result: i. in
neuronal changes at local processing levels that are
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critically involved in task performance at the given
phase of experience (synaptic consolidation) (Dudai,
2004), and ii. in a shift or re-setting in the task and
stimulus relevant processing streams (systems
consolidation) (Korman, 2005).
Synaptic and systems level changes can be expressed
in human behavior as qualitative changes in
performance. The changes at the system level,
however, indicate that a different task solution is
implemented. To illustrate the point, we consider the
case of handwriting. We tend to assume that
KDQGZULWLQJ LV µD¶ WDVN FRPSOH[ EXW QHYHUWKHOHVV D
FRKHUHQWVNLOO RUDµW\SH¶RIH[SHULHQFH :HSURSRVH,
however, that because at different levels of experience
the experience engages different brain representations
(systems level plasticity) the actual skill (procedural
knowledge) changes. Thus, we argue, handwriting for
a high frequency word may be very different from
handwriting of a low frequency word, even for an
identical target letter embedded in both words (Balas et
al, 2007). We further propose that these experiencedriven shifts in the brain representation of the task are
reflected in actual performance, as we and other have
shown. First, it is well established that the performance
at a novice level is qualitatively different from
performance after extensive practice; one can show
however, that new, specific, task solution routines and
novel movement elements are generated and
implemented in the latter stage (Sosnik et al, 2003;
Korman et al, 2003; Rozanov 2010). Second, the
system level changes are also reflected in changes in
the ability to transfer gains, across shifting stimulus,
context and task parameters (skill specificity profile),
in different phases of experience (Karni & Sagi, 1993;
Karni, 1996; Korman et al, 2003). We propose that the
ability to transfer the gains accrued in training can
change because different representations, even within a
given processing stream, are tuned to different aspects
of the experience (Karni, 1996).
If one accepts that the generation of skill necessitates
neural changes, several critical questions present
themselves. Firstly, where in the brain do experiencedriven changes occur? As we have argued above, this
is not a straightforward question to answer because we
think that the answer depends on when (or how much
practice experience was afforded) and on what (the
nature of the task and the particulars of the training
experience) because procedural knowledge is dynamic
and can evolve towards a task specific solution.
Emerging from our and others' work in recent years is
the notion that experience-driven changes can occur
even at low-level cortical processing stages but within
the processing stream involved in the execution of the
to be learned task (For example, Karni et al, 1995,

1998; Schwartz et al, 2005; Blake et al, 2005; and see
DOVR 0 *UHHQOHH¶V SDSHU LQ WKH FXUUHQW SURFHHGLQJV 
Based on a principle of parsimony, it has been
proposed (Karni, 1996), that experience dependent
changes would occur at the lowest possible level in
which task parameters which are critical for task
performance are differentially represented by a group
of neurons or a local circuit (the Critical Level theory).
The critical level for task representation reflects not
only task parameters and the nature of the training
experience, but also of the amount of experience
gained, because representations change. Thus, the level
to be affected by plasticity is determined, according to
the Critical Level hypothesis, by multiple factors such
as the nature and structure of the training experience,
the ability to represent the relevant aspects that a re
critical to the task solution implemented and the task
demands but also relates to the learners experiential
³KLVWRU\´ HJ, prior experience with the target and
related ± in a neural representational sense ± tasks) and
needs (relevance, priority) (Karni, 1996). It is
important to note that in line with the Critical Level
theory and contrary to a widely held view, the more
one practices, the less amenable are the skills to be
expressed in novel (untrained) conditions: the more
practice the more lower-level brain representations
become engaged (e.g., Korman et al, 2003; Sosnik et
al, 2003; Hauptmann & Karni, 2002).
The second question called to mind is when do these
changes occur? The studies addressing this question
lead to the discovery of a latent memory consolidation
phase in procedural learning (e.g., Karni & Sagi, 1993;
Karni, 1996, 1998; Korman et al., 2003, 2007; AdiJapha et al., 2009; Shadmehr R & Brashers-Krug,
1997). During a few hours after the termination of the
training experience memory processes, which were
triggered in training, result in measurable changes in
the brain as well as in task performance. The
successful completion of procedural memory
consolidation was shown, by us and others, to be in
many cases sleep dependent (Stickgold et al, 2000;
Walker et al., 2002; Korman et al., 2007).
Nevertheless, sleep may be necessary only for memory
consolidation in the motor domain (Korman et al,
2003, 2007; Walker, 2003). Several of our studies
showed that the triggering and expression of
consolidation phase gains depend on specific
parameters of the training experience in the context of
subsequent experiences occurring before time and
sleep is afforded (e.g., amount of task iterations
(Hauptmann & Karni, 2002; Korman et al, 2003;
Censor et al., 2007), sleep or time interval (Korman et
al., 2003, 2007; Doyon, Korman et al., 2009),
interference and scheduling (Korman et al., 2007,
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Balas et al., 2007); We would argue that these
constitute likely parameters for optimizing skill
learning protocols.
The notion that procedural skill learning is a multistaged, dynamic, process is based on extensive
behavioral, functional imaging, electrophysiological,
and cellular/molecular evidence (for some reviews see
Willingham, 1998; Karni et al., 1998, Shadmehr &
Brashers-Krug, 1997; Hikosaka et al., 1999). Much of
our work in recent years has been concerned with the
characterization of a critical, time and time-in-sleep
dependent, phase in the establishment of skill ± the
procedural memory consolidation phase (e.g., Karni &
Sagi, 1993, Karni et al, 1994, Korman 1998, 2007;
Doyon et al, 2009). Nevertheless, we think, that the
dynamic aspect of the process have not been taken into
account in the cognitive skill learning literature.
Specifically, the impact of the notion that the switch
from one phase to the subsequent one is not linear or a
simple function of the number of iterations as the
³3RZHU /DZ´ PRGHO RI VNLOO OHDUQLQJ VXJJHVWV, is still
to be felt. For example, it is clear that multi-session
training does not constitute the sum of incremental
gains of a number of single sessions of training on a
task. Multi-session training can result in (numerous)
qualitative shifts in the knowledge gained from the
experience (Korman et al, 2003; Hikosaka et al., 1999).
A further important notion to have emerged in recent
research is that skill learning, specifically, the
generation of long-term procedural memory is under
multiple control mechanisms (i.e., whether learning
ZLOO RFFXU LV ³JDWHG´  ZKLFK DUH LQ HIIHFW LQ YDU\LQJ
PRGHV WKURXJKRXW WKH LQGLYLGXDOV¶ OLIH WLPH ,W KDV
been proposed (Karni, 1996; Keuroghlian, & Knudsen,
2007) that some constraints on skill acquisition are
required, in an ontogenetic sense, because skill and
other types of habit learning represent a set of
processes
in
which
behaviorally
important
representations of experience, sometimes including
low-level sensory and motor processing, are modified.
Although most theories of skill acquisition assume that
all skills are more alike than different to each other in
terms of the characteristics of the skill acquisition
process and the cognitive and brain processes subserving them, the evidence in support of this notion has
been slow in developing. A review of the literature up
to the 21st century (Rosenbaum et al., 2001) suggests
that intellectual (abstract, e.g., language, mathematics,
ORJLF DQGSHUFHSWXDODQGPRWRU VLPSOH³ORZHr-OHYHO´
but also complex artistic and professional, e.g., surgical
procedures, sports and games) skills are acquired in
fundamentally similar ways. One conceptual
framework in which this apparent unity can be
explained and some ground for empirical testing are

afforded, is the notion that a limited repertoire of
neuronal mechanisms of plasticity is at work in the
generation of procedural (how to) knowledge (e.g.,
Karni, 1996). Thus, what is shared across different task
domains is the process of skill acquisition, specifically,
many aspects of the time-course of skill acquisition,
and a number of general constraints on plasticity which
need to be satisfied by the structure of the training
experience, rather than the nature of the knowledge
gained in different domains.
In sum, skill learning should be viewed as a
dynamic, multi-phased and highly constrained process.
Skills, even those engaged in what would seem to be,
in cognitive analysis, very similar tasks and very
similar task conditions, may be subserved by different
(partially or completely non-overlapping) neuronal
substrates at different levels experience. These changes
involve different levels of structural resolution: from
different synapses within a shared neuron to different
columns in a shared brain area, to a difference in the
network of brain areas engaged in the performance of
the task. 7KLV µWDPSHULQJ¶ ZLWK EDVLF QHXURQDO
architecture is under strict constraints that must be
satisfied before long-lasting changes are allowed. One
trigger for these representation changes is the
continuing demand for task performance and its
perfection, over multiple time intervals.
We argue that it is important, to try and understand
the behavioral and neural constraints on the acquisition
of procedural knowledge and specifically the
constraints on the triggering and the establishment of
long-term procedural memory (i.e., procedural memory
consolidation). The main motivation is the idea that
brain plasticity can be better harnessed for improving
skill acquisition across our life spans as well as for the
rehabilitation of skills in individuals with
developmental or acquired neurological deficits.
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