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Abstract

We summarize two case studies as a context for discussing the use of neuroimaging as a convergent methodology in
the study of neuroplasticity in single subjects. Throughout this paper we argue for a different approach for including
neuroimaging in these types of study. Previous case studies of neuroplasticity in patients (ours as well as others
reported elsewhere) have added neuroimaging to the traditional neuropsychological framework of comparing patient
results with matched control groups, and synthesized results through descriptions of anatomical and behavioral
dissociations. This type of approach is referred to as the comparison approach. We advocate a different approach that
builds on findings from previous behavioral skill learning research. Specifically, we propose adding neuroimaging
throughout learning or recovery of the ability of interest and making inferences from systematic changes in activation
topography and intensity that occur within the context of predicted behavioral changes. We dub this approach the
online approach. This approach should allow future investigators to circumvent many of the interpretation pitfalls that
are common in comparison studies.

Introduction

Since the ground-breaking work with monkeys demonstrating
adaptation to lesions in the central and peripheral nervous
systems (Merzenich et al., 1983), there has been a substantial
gain in our understanding of the mechanisms underlying
neuroplasticity in humans (Chollett et al., 1991; Weiller et al.,
1993; Grafman and Christen, 1999). Much of this work has
been enabled by modern functional neuroimaging techniques.
Although functional neuroimaging studies offer some
advantages over the use of behavioral methods in traditional
neuropsychological studies (Humphreys and Price, 2001),
there are important issues in design and interpretation that
must be considered when using functional neuroimaging
techniques.

The advantages of neuroimaging include the convergent
evidence it provides concerning which brain areas are
involved in spared or recovered cognitive processing. It may
also allow for the tracking of functional changes during the
recovery of, or compensation for, damaged processes. There
are, however, unique challenges in using functional neuro-
imaging techniques in single case studies.
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This paper will address these issues and offer some
suggestions for optimizing functional neuroimaging investi-
gations of neuroplasticity in single cases. First, we outline
results from two of our recent case studies. Then, using
examples from our experience, we discuss in detail the
issues that should be considered when using functional
neuroimaging. Throughout this discussion we will develop
and present an optimal approach for combining functional
neuroimaging with behavioral measures in case studies.

The standard practice in neuropsychological studies
(without functional neuroimaging) is to assess behavioral
performance and anatomy separately and later synthesize
these results through structural descriptions of spared or
damaged tissue, comparisons with control groups, and
behavioral dissociations. For example, an earlier study of
patient GK (who is presented below) assessed multiple
language functions following a massive left hemisphere
stroke and interpreted the observed partial abilities in terms
of spared right hemisphere processing (Rapcsak et al., 1991).
Note that this is a reasonable approach in the absence of
functional neuroimaging data.
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Functional neuroimaging techniques, however, would
allow Rapcsak et al.’s interpretation to be empirically tested
provided standard assumptions are met regarding inferences
from functional neuroimaging results. These assumptions
include the fact that most techniques measure blood flow as
a correlate of neuronal firing, and that the authors use proper
task design and statistical analysis. Although these issues are
important to any functional neuroimaging study, they are
peripheral to the present topic. Thus, they will not be
discussed further here except to mention that they also
must be considered when designing functional neuroimaging
studies and making inferences regarding the resulting patterns
of activation.

There are two ways to incorporate functional neuroimaging
into case studies, especially in studies of neuroplasticity. The
first is to add it to the traditional case study framework. In
this case, comparisons are made with control participants,
and activation differences in the single case are interpreted
through comparison to a specific group of controls or to
previous neuroimaging studies with unimpaired participants.
We refer to this approach as the comparison approach.

The other approach, which we will discuss more fully, we
refer to as the online approach. Although the online approach
is not always feasible, we will argue that when possible, it
is the preferred approach for neuroplasticity studies of single
cases. In the online approach, neuroplasticity is assessed
during learning or practice of the ability in question. In case
studies, this means that progress is assessed across the
relearning, recovery, or reacquisition of a damaged or defi-
cient skill or task, both at the behavioral and neuronal levels.
We will further argue that the online approach circumvents
many of the inferential ambiguities of a comparison design.
It also capitalizes on the extensive amount of behavioral
research on skill learning and the general principles that
operate across different tasks and skills.

Basic behavioral principles of skill acquisition

The online design assumes that any relearning that occurs
after brain injury is the product of general behavioral and
neural principles that also apply to learning in unimpaired
participants. In this section we will focus our comments on
a few key findings from the past 20 years of behavioral
studies delineating the mechanisms of skill acquisition, and
outline the main theories of skill learning which are based
on these findings. In the next section we focus on the types
of neuroplasticity that have been observed from studies of
learning and recovery of function.

There are several prevalent findings in the skill acquisition
literature. First, response times decrease with practice across
a wide range of tasks, from cigar rolling to memory retrieval
(Crossman, 1959). Regardless of the task, this speed-up can
be well characterized by a general class of mathematical
functions called power functions with a single fitted parameter
[see Newell and Rosenbloom (1981) for an extensive discus-
sion of the power law].

The second finding is that most acquired skills show good
long-term retention (Proctor and Dutta, 1995). Usually this
retention is demonstrated by some measure of savings (e.g.
response time speed-up) that indicates that the original
learning and the relearning during a retention test do not
occur at the same rate. After training it is rare for there not
to be some evidence of savings from training over the initial
learning session.

Another finding that is well documented in the skill
literature is that different forms of training can produce
drastically different outcomes regarding the acquisition and
retention of skills. In general, it has been found that factors
which promote faster acquisition can sometimes interfere
with long-term retention. Similarly, factors which optimize
long-term retention of a skill do not expedite initial learning
of a skill [see Schmidt and Bjork (1992) and Healy and Bourne
(1995) for extensive discussions concerning these factors].

One final finding worth mentioning concerns the specificity
of training that can be expected. In general, practice-related
learning has been shown to be very specific to the items and
tasks that are trained (Healy and Bourne, 1995). Transfer of
training is rare and only occurs in very specific cases (Proctor
and Dutta, 1995). These findings will be of great importance
when designing online studies for the recovery of function.

Following early work by Bryan and Harter (1899) and
later work by Fitts (1964), many of the modern theories of skill
acquisition explain speed-up in processing as a progression
through different learning stages. They differ, however, in
what stages they propose, and we present three main theories
to illustrate the breadth of theoretical positions which have
been adopted. It should also be noted here that none of these
represents a comprehensive theory of skill acquisition nor
have all the factors and mechanisms involved in skill acquisi-
tion been fully worked out. Instead these theories should be
viewed as a guide for designing online patient studies.

The ACT theory (Anderson, 1983, 1992) proposes a
transition from a declarative form of knowledge to a proced-
ural form. Declarative knowledge is ‘what’ knowledge;
procedural knowledge is ‘how to’ knowledge. In the
declarative stage, knowledge consists of facts that must be
rehearsed, including situational characteristics and instruc-
tions. During practice, the learner develops task-specific
procedures which do not require the active maintenance of
declarative knowledge. Performance continues to improve as
these procedures are refined or tuned to the practiced context.
The ACT theory assumes that performance is subsumed
by a single strategy or type of processing that becomes
more refined.

In contrast, Logan (1988) and Rickard (1997) have
suggested that sometimes acquisition involves a strategic
switch from one type of processing to another. These theories
suggest that initially, a multi-step algorithm is used to perform
a task. With practice, direct links to memory are developed
and eventually expert performance relies on memory retrieval.
Logan assumes that both processes begin in parallel and the
faster one produces the response, whereas Rickard assumes
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that the two strategies must be processed sequentially.
Because initially there is no memory representation for the
task, the longer algorithm determines performance. As the
task becomes more practiced and memory traces get stronger,
performance will rely mostly on the faster memory retrieval
process. Logan also assumes that each trial results in a
separate or independent record in memory. Rickard assumes
that a single representation or record is built up in memory
for each item and is appended during practice.

Taken together, these results from behavioral studies of
skill learning suggest that several considerations are necessary
when designing online neuroimaging studies with single
cases. First, the skill and tasks in question must be analyzed
to assess to what extent strategy shifts can be expected, and,
second, to what extent strategies may be processed in parallel.
Third, the design of a proposed training regimen should be
consistent with the goals and predicted outcomes of the study.
Recovered functioning would be of only limited value if it
was not long lasting. We now consider previous functional
neuroimaging investigations of neuroplasticity.

Neuroimaging studies of neuroplasticity

In general, there are four forms of neuroplasticity that
have been observed. These four forms are referred to as
homologous area adaptation, cross-modal reassignment, map
expansion and compensatory masquerade (Grafman and
Litvan, 1999). Homologous area adaptation refers to the
emergence of a new cognitive process in a homologous
region in the opposite hemisphere. Cross-modal reassignment
refers to the reassignment of areas usually receiving input
from one sensory modality to process information from
another sensory modality. Map expansion refers to the growth
of a functional area either with training or following the
loss of input to an adjacent region. Finally, compensatory
masquerade refers to the phenomenon by which a cognitive
process appears to be normal or recovered due to a shift in
processing to an atypical strategy.

Two types of previous neuroimaging study have provided
some of the evidence for these forms of neuroplasticity.
One type has focused on skill learning using unimpaired
volunteers, and most of these have studied visuomotor skill
learning. The second has focused on the recovery of function
in patients with developmental or acquired lesions. In general,
studies of skill learning demonstrate that training or practice
leads to map expansion (Elbert et al., 1995; Schlaug et al.,
1995), with an immediate effect on cortical activation that is
specific to the trained items (Karni et al., 1995). Then
as participants become expert, fewer resources are needed
(Pascual-Leone et al., 1995) and experts exhibit more compact
activation than novices (Krings et al., 2000).

Investigations of functional recovery have shown that
deafferented cortical areas are recruited for cross-modal
reassignment (Sadato et al., 1996; Bounomano and
Merzenich, 1998). Conversely, it has also been shown that
for a particular function (e.g. language processing), atypical,

auxiliary cortical areas are recruited when there is a lesion
to a typical processing area (Chollet et al., 1991; Weiller
et al., 1993; Nudo and Miliken, 1996). It is unclear what
role these auxiliary areas play in the recovery of function.
These areas might be involved in a compensatory masquerade
or they could be involved in a simple homologous area
adaptation (a new cortical area supporting the same cognitive
strategy).

In language, for example, it is generally believed that
unimpaired (right-handed) participants only use left hemi-
sphere areas for certain forms of language processing [but
see Binder (1997) and Weiller et al. (1997) for conflicting
neuroimaging results]. However, patients with left hemisphere
lesions in language areas seem to activate homologous right
hemisphere areas to an extent that is correlated with damage
in the left hemisphere (Karbe et al., 1998). A couple of
neuroimaging studies have also demonstrated perilesional
left hemisphere activations (Heiss et al., 1993; Price et al.,
1995). What is not clear is how novel these supplemental
areas of activation are in the patients. In other words,
is the right hemisphere processing simply reactivation of
symmetrical representations inhibited in unimpaired subjects
during lateralization, or are these areas recruited and used
by patients alone as a function of a newly emerging processing
in the right hemisphere (Weiller, 1998)? Notably, these
differences could just be due to cognitive strategy differences
between impaired and unimpaired groups (i.e. compensatory
masquerade). Similarly, it is not clear to what extent activation
in perilesional areas reflects processing that is contributing
to performance. Perilesional activations could just indicate
attempted processing in partially functioning cortical areas
that are no longer necessary or sufficient for the performance
of a task. These uncertainties are directly related to the use
of the comparison approach in these studies.

Two cases

The following cases are discussed with an emphasis on what
guided our interpretation of the results. Our summaries of
these cases are intended to provide a basis for the theoretical
discussion of planning future case studies involving func-
tional neuroimaging and neuroplasticity. Separate reports of
the specific studies have been submitted independently for
publication (Basso et al., submitted; Romero et al., sub-
mitted).

Case GK

GK, a 65-year-old male, was right handed prior to his strokes.
He suffered two strokes, a massive left hemisphere stroke at
the age of 45 years and a smaller ischemic lesion in the right
frontal operculum at the age of 61 years. GK received
extensive language training after the first stroke and pro-
gressed from global aphasia to resembling a Broca’s type
aphasic. His second stroke left his language abilities stable
(Rapcsak et al., 1991). GK has a right visual field hemianopia
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Table 1. Summary of GK’s results on the Psycholinguistic Assessment of
Language Processing in Aphasia (PALPA) and the Boston Naming Test

PALPA items
19 Letter identification 100%
21 Letter discrimination 100%
23 Spoken–written letter matching 24/26 (92%)
24 Visual lexical decision with ‘illegal’ pseudowords 60/60 (100%)
25 Lexical decision imageability and frequency 112/120 (93%)
26 Visual lexical decision and morphology 45/60 (75%)
27 Visual lexical decision and spelling–sound regularity 59/60 (98%)
29 Letter length reading 24/24 (100%)
30 Syllable length reading 16/18 (89%)
31 Word reading

Low imageability and low frequency 15/20 (75%)
Low imageability and high frequency 17/20 (85%)
High imageability and low frequency 19/20 (95%)
High imageability and high frequency 19/20 (95%)

33 Grammatical class reading 25/40 (62.5%)
36 Pseudoword reading 0/24 (0%)
47 Spoken word–picture matching 39/40 (97%)
48 Written word–picture matching 38/40 (95%)
51 Word semantic association

Low imageability 8/15 (53%)
High imageability 11/15 (73%)

52 Spoken word–written word matching 23/30 (77%)

Boston Naming Test
Total correct 33
Self correct 3
No response 9
Total errors 18

Semantic errors 15
Neologisms/jargon 0
Phonological errors 3

and right-sided hemiplegia. Table 1 presents the results
of our assessment of GK’s language abilities with the
Psycholinguistic Assessment of Language Processing in
Aphasia (PALPA; Kay et al., 1992) and the Boston Naming
Test (Kaplan et al., 1978). GK was completely unable to
read non-words and had trouble reading real words that
were low frequency and low imageability. Overall GK’s
performance was consistent with a classification of deep
dyslexia.

As alluded to above, we wanted to test the hypothesis
that GK’s recovered language abilities were the product of
purely right hemisphere processing. Thus, we studied GK’s
recovered language abilities using a comparison approach.

We initially assessed the extent of GK’s structural brain
damage with a high-resolution (1.5 mm/slice) magnetic
resonance imaging (MRI) scan. Although the damage to
GK’s left hemisphere was extensive, there were remaining
islands of tissue with normal signal intensity in the left
hemisphere. These areas were present in the perirolandic and
sensorimotor cortex and also in the basal frontal lobe, uncus
and globus pallidus. A portion of the anterior limb of the
left internal capsule also showed comparable signal intensity
to the internal capsule in the right and seemed to connect
the thalamus with the spared left perirolandic region. A high-
resolution T1-weighted structural MRI of GK’s brain is
displayed in Fig. 1. We assessed GK’s metabolic activity
with a resting (i.e. no sensory stimulation) positron emission
tomography (PET) scan. In addition to the majority of the

Fig. 1. Orthogonal view using neurological orientation (i.e. left is left) of
GK’s magnetic resonance image, with two axial slices. Relative to the center
of the volume, the slices are 6.6 mm to the right and 5.6 mm anterior. The
left axial slice is 20.2 mm inferior and the right axial slice is 3.0 mm inferior.
The lesion encompasses the majority of the left hemisphere, although there
is some spared tissue in the basal frontal lobe, uncus, globus pallidus, and a
perirolandic region connected to the thalamus by a spared portion of the
anterior limb of the left internal capsule.

right hemisphere, this study demonstrated normal metabolic
activity in the spared left basal frontal and perirolandic
regions.

In the functional MRI study of GK’s language abilities we
used three tasks, single word reading (either words or
pseudowords), lexical decision, and a visual detection task.
Data were collected from GK and three age-, gender-, and
education-matched controls. We used block design functional
MRI in which the lexical decision and word reading tasks
were compared with the visual detection task in separate
runs. Runs with the reading task used words or pseudowords
but not both in the same run. In each run, the reading task
was alternated with the visual detection task, such that there
were three blocks of each task per run. We point out for later
discussion that GK could not read any pseudowords in our
pilot testing.

Discriminative responses during scanning sessions were
not possible because verbal responses produce movement
artifacts and GK could not press a button with his right hand
and the use of a button box (in the left hand) was also not
possible. Instead, GK and the controls were instructed to do
the tasks in their heads (i.e. read words, decide if a real word
was presented or detect the visual stimulus), and then press
the button in their left hand when they were done in each
trial. This enabled us to collect response time data. We also
collected data on the tasks outside the scanner, using verbal
responses and the same response windows as during the
scanning session so we could assess accuracy.
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A custom gradient echo-planar imaging sequence (field of
view � 24, acquisition matrix � 64 � 64, repetition time �
3000 ms, echo time � 40 ms, flip angle � 90°) was used to
collect the functional volumes. Each volume consisted of 18
axial slices, 6 mm thick. Four dummy volumes were acquired
at the beginning of each new run in order to reach a steady-
state magnetization. A structural T1-weighted brain MRI was
also collected for each subject and was used to overlay the
statistical activation maps for anatomical identification.

The analysis was performed with SPM96 (Wellcome
Department of Cognitive Neurology, London, UK). The
images were realigned to the first volume of the first run.
The controls’ images were normalized into the reference
system of Talairach and Tournoux (1988). Normalization of
GK’s images into this standard space could not be performed
due to the size of the lesion involved and the presence of
perilesional tissue. Images collected during the two runs that
included each type of reading task (either word or pseudoword
reading) were analyzed separately. All images collected
during the two runs in which the lexical decision task
was alternated with the detection task were also analyzed
separately. All activation differences are reported relative to
the detection task. We applied ANCOVA global normalization
to remove global signal differences among runs. For the
control group analysis, we combined the data for all three
controls. Contrasts were specified as subtractions. Because
we expected a priori to find left inferior frontal gyrus and
left inferior temporal gyrus activation in the control group, we
tested this hypothesis by thresholding the resulting statistical
maps with a Z-value � 3.09 (P � 0.001). Cluster analysis
was performed only for GK with a test both for spatial extent
and Z level with a threshold of P � 0.05.

In the scanner, the controls were slower at reading words
or making lexical decisions than in the visual detection task.
The controls were also slower at reading pseudowords than
words. Additionally, the controls’ accuracy was above 95%
for all tasks (measured outside the scanner). In the scanner,
GK was slower for word reading than for lexical decision,
but was as fast in the lexical decision task as in the visual
detection task. Outside the scanner, GK was unable to read
any pseudowords but was 93% accurate in reading words
and 95% accurate in making lexical decisions.

Activation was found in the left inferior temporal gyrus
when the controls were reading words relative to the detection
task and there was activity near Broca’s region when the
controls read pseudowords relative to the detection task. For
the lexical decision task (compared with the detection task),
the controls exhibited activation in the bilateral inferior
frontal gyrus, and in the left orbitofrontal and occipital
regions as well as the right cerebellum. No reliable activation
was detected when GK was reading pseudowords relative
to the detection task, but reliable activation was found in
the right hemisphere for (real) word reading relative to the
detection task. Specifically, activation was found in the right
middle temporal gyrus, motor and pre-motor areas, and
right cerebellum. Additional activation for GK (during word

reading relative to the detection task) was also found in
residual tissue in the left inferior frontal lobe. For lexical
decision, GK exhibited significant activation in the right
inferior frontal gyrus. In concordance with other neuro-
imaging studies (e.g. Binder, 1997), the matched controls
exhibited reliable activation mainly in the left inferior tem-
poral gyrus for reading real words in relation to the control
task and also near Broca’s area in the left hemisphere when
reading only pseudowords in relation to the control task. For
lexical decision (relative to the control task), the controls
exhibited activation in bilateral inferior frontal gyri. Direct
comparisons between GK and the controls were not possible
because GK’s images could not be normalized. These differ-
ences in patterns of activation suggest that GK’s recovered
language abilities are due to plastic neuronal changes in the
right hemisphere.

Our study of GK was more informative than traditional
neuropsychological case studies because of the addition of
functional neuroimaging data. GK’s results generally support
the hypothesis that his recovered language abilities are the
product of right hemisphere processing enabled either through
homologous area adaptation or compensatory masquerade.
We cannot, however, differentiate between the homologous
area adaptation and compensatory masquerade hypotheses
because we cannot be definitive regarding GK’s cognitive
strategies in these tasks. Similarly, we cannot rule out the
possibility of perilesional contributions, especially involving
the basal frontal and perirolandic regions. These two
difficulties are directly related to the comparison approach
used for this study. It is important to note that even if
activation changes are due to a strategy shift, this may be a
typical compensatory change in the recovery of cognitive
function. Just as a strategy shift might be typical in the
acquisition of a cognitive skill for unimpaired participants,
patients may need to relearn skills by starting again with a
resource-intensive strategy and then switch to a more efficient
strategy. Conversely, patients may just depend on a resource-
intensive strategy that may or may not have been used during
the original learning of the skill in question. We will discuss
this issue in more depth below.

Case JS

In our study of this patient we were interested in investigating
the possible cognitive and neural etiology of developmental
dyscalculia [see Romero et al. (submitted) for a full report
on this study]. At initial presentation, JS was an 18-year-old
right-handed male with no neurological history, except a
diagnosis of developmental dyscalculia in elementary school.
During his initial evaluation, JS demonstrated a normal
full-scale IQ with substantial scatter: above average scores
on all of the non-numerical subtests and very poor perform-
ance on the arithmetic and coding subtests. On the Key Math
Diagnostic Arithmetic Test (Connolly et al., 1976), JS scored
at the 79th percentile for understanding basic arithmetic
concepts, at the 42nd percentile for using numbers in applied
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Fig. 2. Top-left presents a T1-weighted sagittal scout image of JS’s anatomical magnetic resonance image. The white line indicates the slice used for the color-
scale spectroscopy data in the lower panel. The white boxes in the top-right panel indicate the placement of the regions of interest in the posterior temporoparietal
lobes for analysis of the spectroscopic data. The bottom panel presents color maps for the levels of N-acetyl-aspartate (NAA), choline (Cho) and creatine (Cre).
Regions of low metabolite signal intensity are represented in green and blue. Regions of high metabolite signal intensity are represented in yellow and red. The
arrows indicate areas of decreased Cho and Cre in the left posterior temporoparietal lobe. There was also a mild (non-significant) focal decrease in NAA.

settings (e.g. making change), but lower than the first
percentile for computational ability (i.e. addition, subtraction,
multiplication and division). In contrast, JS scored above the
95th percentile on the Raven Progressive Matrices test of
spatial reasoning (Raven, 1958). Further pilot testing revealed
that JS had great difficulty in single digit multiplication tasks:
verification (e.g. 4 � 7 � 21 true or false?) and production
(e.g. 4 � 7 � ?). JS needed to use a paper and pencil for
the majority of the problems in both tasks. Thus, his mean
response times ranged from 7.1 to 11.3 s and 6.9 to 12.7 s
for verification and production, respectively. JS was 87%
accurate for verification and 73% accurate in the production
task. JS did perform relatively normally in a pilot numerical
comparison task (e.g. select the larger number: 54, 59). In
this task, JS exhibited the numerical distance effect in
response times, such that he was reliably faster in choosing
the larger of the two numbers when the numerical distance
between them was larger, and slower when the two presented
numbers were numerically closer together.

Based on a previous study of patients with developmental
dyslexia (Rae et al., 1998), we first neurologically assessed
JS with structural MRI and magnetic resonance spectroscopy
(MRS). Although the structural MRI was independently read
by two experienced neuroradiologists as normal, the MRS
scans demonstrated a focal deficiency in the left inferior

parietal lobe (see Fig. 2) of three metabolites that are
correlated with neuronal density (Levy et al., 1999). This
finding is entirely consistent with earlier lesion studies
and with functional neuroimaging studies with unimpaired
participants that implicate the left parietal lobe in numerical
processing (Grafman et al., 1982; Grafman and Rickard,
1996).

The MRS finding suggested two possible explanations for
JS’s numerical difficulties, one involving plasticity. They
could be due to: (1) a typical network for number processing
that is missing a particular mechanism in the inferior parietal
areas; or (2) the migration of these processes to atypical
cortical areas or the recruitment of new cortical areas follow-
ing damage to the typical processing area (i.e. homologous
area adaptation or map expansion). Thus, we wanted to use
functional MRI to assess the location of numerical processing
in JS’s brain. We chose to use the numerical comparison task
for this part of the study. Based on previous research and
theoretical models regarding number processing, we expected
that the brain areas used for the numerical comparison task
would also be used for single digit arithmetic (McCloskey
et al., 1985; Viscuso et al., 1989; McCloskey and
Lindemann, 1992).

We used a comparison approach for this experiment by
collecting data from JS and five age- and education-matched
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control participants. Brain activation associated with number
processing was assessed in all participants by contrasting
brain activation on the number comparison task with that
elicited by three different control tasks in a block design
functional MRI study. We used three control tasks because
previous functional neuroimaging studies of the task had
yielded variable findings that may have been attributable to
the different control tasks used between the studies (Dehaene
et al., 1996; Chochon et al., 1999; Rickard et al., 2000). In
one control task, font comparison, the participants were
presented with the same numbers as those used in the number
comparison task and the task was just to decide if the two
numbers were presented in the same font (e.g. 53 54). In
the second control task, the detect ones task, the participants
were presented with a string of four numbers and had to
indicate if the string contained the number 1 (e.g. 7813). In
the final control task, the participants were presented with
two pairs of symbols (e.g. ❉✴ ❄✵) and had to indicate if
the two pairs were the same (i.e. the same symbols in the
same order). These three control tasks were alternated twice
per functional run in a pseudo-randomized manner. The same
functional and structural scanning sequences as those used
for GK were used in this study.

All data pre-processing and statistical analysis was per-
formed using SPM96. Each participant’s data were pre-
processed as follows. First, all the functional images from
every run were realigned to the first image acquired during
the first run. Then, the high-resolution anatomical image for
each participant was spatially normalized to the Talairach
atlas (Talairach and Tournoux, 1988) using only affine
transformations, and these normalization parameters were
applied to all of the realigned functional images. Spatial
smoothing was applied to the realigned, normalized functional
images with a three- dimensional, 10 mm full width at half
maximum Gaussian kernel.

The statistical analysis was first performed separately for
each individual and then again on the group data for the
controls. For each analysis, temporal smoothing and mean
magnetic resonance signal normalization (ANCOVA) were
applied. For the group analysis we used a voxelwise signi-
ficance threshold of 0.001 corrected for multiple comparisons
to P � 0.05 with the standard SPM96 spatial extent correction.
For the single subject analyses a voxelwise threshold of
0.005 was corrected for multiple comparisons to P � 0.1
(spatial extent correction) due to the lower degrees of freedom
available in these analyses. Contrasts were defined as simple
subtractions comparing the number comparison task with
each of the three control conditions.

In the group analysis of the controls there were two main
areas of activation: (1) a bilateral parietal region including
the left superior parietal lobe, left precuneus and right
precuneus extending from Talairach z � 48 to Talairach
z � 72; and (2) an area in the left medial frontal gyrus.
Similar to these findings, the single subject analysis for JS
resulted in significant activation in the left superior parietal
lobe extending from z � 60 to z � 76 as well as activation

in the right paracentral lobule directly bordering on the
precuneus extending from z � 48 to z � 76. The comparison
of the peak activation results between the control participants
and JS suggests that the number comparison process for both
is located in the same parietal location. However, if we
compare the spread of activation, JS did not exhibit activation
in the more inferior areas of the parietal lobe but the controls
did. Furthermore, JS exhibited activation in the more superior
areas of the parietal lobe but the controls did not. Although
such a subtle shift cannot be quantified statistically, these
descriptive results suggest a possible shift in JS’s number
comparison processing to more superior areas away from the
areas that the MRS scan indicated as being deficient. This
evidence supports the inference that map expansion has
occurred in JS.

Discussion

The two cases discussed above have shed light on the issues
involved in adding functional neuroimaging as a convergent
method in the study of neuroplasticity in single cases. In the
past, neuropsychological case studies have only included
behavioral assessments and, when possible, structural
imaging. Recently, however, it has been possible to add
functional neuroimaging to these studies, but this technique
has been utilized within the traditional framework of com-
paring patients with controls. These studies can be more
informative than studies including only behavioral methods,
but we believe that there is a better way to incorporate
functional neuroimaging into studies of recovery of function.
Due to convergent neuroimaging and behavioral findings,
our studies of GK and JS were slightly more informative
than they would have been had we used only behavioral
methods. As we have pointed out, however, these studies are
not without some ambiguity in the interpretation of the
functional neuroimaging results that are directly tied to the
use of the traditional comparison approach. Specifically, GK’s
recovered language processing could be the product of either
homologous area adaptation or compensatory masquerade,
or some combination of the two that might also include
processing by perilesional areas. Similarly, it is difficult to
quantify a spatial shift of processing in JS with the comparison
approach. We will now turn our attention to discussing the
methodological issues involved in using functional neuro-
imaging in patient studies based on our particular experience
with these two patients as well as reports in the literature,
striving along the way to point out many of the advantages
to using an online approach for future studies.

Practical issues to be considered

Statistical power and task selection should be the first
considerations in any neuroimaging design with a single
case. There are a couple of reasons to consider them. Because
the field of human brain mapping is relatively new, the
cognitive process of interest may not have been targeted in
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previous imaging studies, and it can be difficult to predict
the success of a new design. In such cases it is tempting to
throw the proverbial ‘kitchen sink’ at a case to be sure
of finding something interesting. We suggest instead that
investigators look for the fewest task combinations that will
yield interesting results. Instead of several tasks and several
controls, we suggest that investigators use one task of interest
and as few control tasks as possible.

The logic behind this suggestion assumes that scanning
time is limited. We believe that maximizing statistical power
for a simple design is more useful than collecting few data
in numerous conditions. To select a good simple design, it
may be necessary to do extensive piloting. Behavioral piloting
with the patient is necessary, but neuroimaging piloting with
control participants should also be carried out prior to
scanning the patient. It may be tempting to choose the
flexibility of an event-related functional MRI design rather
than a block design. However, block designs usually have
much more statistical power than event-related designs
(Aguirre et al., 1999). Furthermore, block designs are
potentially better suited for skill training designs because
practice–block is usually the unit of analysis when fitting
power functions to reaction time data.

The ideal of a simple, focused, and powerful design might
be hard to obtain. Yet we believe it should always be kept
in mind. For example, when planning our study of JS, previous
functional neuroimaging data for the number comparison task
were mixed, and there were questions about the appropriate
control task (Deheane et al., 1996; Rickard et al., 2000). So,
we used three control tasks in our study. This resulted in
fewer conditions for each task in each scanning run. In this
case it could have affected power, but given the earlier
ambiguities we believed it was a reasonable trade-off. Further-
more, we thought the effect on power would not be too
adverse because we could use short presentation times for
these tasks (1200 ms). Thus, a large number of trials could
be used in each block.

Two additional related issues concern functional neuro-
connectivity and, because functional neuroimaging techniques
depend on blood flow, the possibility of arterial reorganiza-
tion. These are especially important when there seems to be
perilesional activation. When perilesional activation occurs,
it is best to assess whether the tissue is still functional and
connected to undamaged regions. Also, following stroke or
other acquired lesions, there may be arterial reorganization
(Liu, 1988; Krupinski et al., 1994) and apparent perilesional
activation might be due to an arterial artifact rather than any
neural reorganization. Just as neuroimaging results with
unimpaired participants can show artifacts due to a draining
venous flow in an area of interest, results with patients can
exhibit artifacts due to an artery in an unusual place (due
to arterial reorganization). Assessing the connectivity of
functionally related regions is fairly straightforward; reason-
able inferences can be made using PET or diffusion magnetic
resonance (Pajevic and Pierpaoli, 1999). Assessing arterial

changes post-lesion is more troublesome, and involves
procedures that carry some risk (i.e. arteriography).

It is important to note that even if these issues are addressed
there still may be problems with making inferences regarding
perilesional activation in comparison designs. For example,
in our study of GK’s recovered language abilities we were
able to determine that there were spared areas of functional
tissue in his left hemisphere, some of which were connected
to the rest of the brain, but we could not be sure that they
were contributing to the processing in question.

Task selection

Some investigators have advocated that functional neuro-
imaging of patients only be carried out with tasks they can
perform above chance (Price and Friston, 1999). In general
we agree, but there are cases where it can be fruitful to
include tasks that cannot be performed above chance. We
believe that the use of such tasks will be useful in cases
in which later behavioral improvement is coupled with
systematic changes in activation, and these changes can take
many different forms. For example, in an online design it
may be necessary to scan the patient during a task that they
are initially unable to perform but where improvement is
anticipated. Behavioral data from this first session may be
nearly uninterpretable. On the other hand, if the patient is
expending systematic effort, but unable to produce the desired
behavioral output, the corresponding pattern of activation
may reflect much of the necessary processing with the
exception of a deficient and crucial mechanism. If this same
patient improves behaviorally after training, there should also
be systematic changes in the activation pattern, reflecting
either an improvement in the crucial mechanism or a new
and effective compensatory strategy. The interpretation of
such changes can be guided by predictions based on studies
of plasticity in skill learning (e.g. systematic expansion of a
crucial cortical sector map) in normal subjects. (See the
example in the following paragraph for a more concrete
example.)

A more complex, but more informative, design is also
possible using an additive factors approach. This can be done
using task analysis to break a larger task or skill down into
component processes (i.e. perceptual, motor, and various
cognitive components) and then designing tasks that require
differential contributions from these components during per-
formance to see which tasks the patient can and cannot
perform above chance. Then a small set of tasks is selected,
each differing from the next by a single component process.
The patient is scanned with these tasks (including some that
cannot be performed) throughout training or recovery. This
allows interpretations to be based on converging empirical
evidence. It is not difficult to imagine, for example, the case
in which the processing of interest involves subcomponents
A, B, and C. These components can be assessed by tasks X,
Y, and Z, respectively. The patient may be unable to do the
processing of interest but is able to perform relatively well
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in some subset of tasks. Using neuroimaging to track the
changes in the task of interest as well as the three sub-
component tasks will allow for inferences about which
subcomponent’s improvement leads to training-related gains.
More specifically, say the patient can perform neither the
processing of interest nor task Y but is able to perform tasks
X and Z. It may be the case that with training, the patient
develops the ability to do both task Y and the processing of
interest. At the same time, a new area of activation becomes
apparent or an existing area exhibits systematic change during
scanning. In this case it could be inferred that subcomponent
B typically is supported by the lesioned area and also that
the reorganization of an area or recruitment of a new area
has occurred to produce the recovered processing in question.

A simpler design, which does not break down the task
into component processes, would only allow for tracking
coupled changes in behavioral outcome and the associated
neural plasticity without knowing the specific cognitive
component process that had been improved by practice. In
the simpler design, however, it may be too difficult to
differentiate between recovery that is due to a strategy shift
(i.e. compensatory masquerade) and recovery that is due to
the reorganization or reassignment of a crucial mechanism
(i.e. map expansion or homologous area adaptation). Finally,
it is important to note that this is an oversimplified and ideal
example; any assumptions regarding pure insertion in additive
factors designs must be satisfied in the same way as expected
in any previous use of additive factors studies using only
behavioral measures. Given the past success of using additive
factors methodology in behavioral studies of cognitive pro-
cessing, we believe useful inferences are possible from less
clear-cut situations as well.

In contrast, the additive factors approach used in a
comparison design does not allow for strong inferences. For
example, our study of GK’s language function included a
pseudoword reading condition that we knew he could not
perform. It was included to compare any activation from this
task with activation found during the reading of real words
to see if there was any activation in common. Following
additive factors logic, we hypothesized, one of two alterna-
tives could be at play in GK’s reading abilities. First, it could
be the case that reading words and pseudowords utilizes
overlapping processes except that pseudoword reading also
requires some additional processing that GK was no longer
able to perform. In this case, we would expect to see similar
activation patterns whether GK was reading pseudowords or
real words (with the exception of some additional areas
needed for reading pseudowords). Alternatively, two
distinctive mechanisms or processes could be utilized for
reading the different types of stimulus. In this case we would
expect that GK’s activation pattern would be different in the
two reading conditions. The results support the latter of these
possibilities. Again, however, due to the comparison approach
it is difficult to make strong inferences in this case because
we were not looking at dynamic changes, just differences
between a single case and a control group. An online approach

would allow us to be certain about the processing role of
both the perilesional activation and the homologous area
activation. Furthermore, tracking strategies in this study
would have allowed us to determine if GK’s recovered
function was due to homologous area adaptation or compen-
satory masquerade.

Finally, it may be the case that the patient will not be able
to perform the task of interest but will be able to perform a
similar task that requires some of the same processing. In
this case we believe that it is reasonable to use a simplified
task if it can be theoretically and/or empirically supported.
For example, it was not possible to scan JS on his most
impaired task (single digit multiplication) because his
response times were often 30 s or more (i.e. outside the
temporal window useful in functional MRI). Instead, we used
the numerical comparison task, on the theoretically and
empirically supported expectation that both tasks involved
intersecting cognitive processes (i.e. the representation of
numerical magnitudes).

Tracking cognitive strategies

The final practical issue we want to address involves strategy
switches, which have also been troublesome for interpreting
behavioral studies of skill learning. In our overview of current
skill learning theory, we mentioned that skill learning might
involve improvement in a single process or depend on the
switch from a resource-intensive strategy to another more
efficient one. The same is true for recovery of function in
patients through compensatory masquerade. This possibility
warrants attention in planning an online study of neuronal
plasticity. Specifically, changes in activation patterns could
be due to recruitment of new areas that compensate for
defective processes or could be due to a strategy shift. This
issue is directly related to the three theories of skill leaning
that were discussed above. Specifically, the acquisition of a
skill can be associated with the speed up or consolidation of
a single process or could be the product of a strategy shift
from a resource-intensive algorithm to a more efficient
strategy such as memory retrieval. Recovery of processing
may follow a similar path or may be enabled by a backward
shift in processing from memory retrieval to a more resource-
intensive process (e.g. Hittmair-Delazer et al., 1994). If
recovery does involve strategy shifts, issues regarding any
possible parallel processing of strategies will become
important and data regarding cognitive processing may
greatly aid in the interpretation of patterns of activation.
There are two ways to handle this issue. Patients can be
specifically instructed to use a particular strategy and then
behavioral measures can be used to verify the use of the
prescribed processing. Alternatively, strategy reports can be
collected from the patient. For a discussion on ways of
tracking strategies, see Ericsson and Simon (1993) or any
of the skill theories discussed previously.
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Table 2. Summary of all possible results from comparison and online designs for studying neuroplasticity in single cases. Each outcome is presented with
possible confounds to be considered during the design phase as well as the type of plasticity finding that such an outcome can be used to support

Possible outcomes Possible confounds Possible plasticity finding

Comparison approach
No performance or activation differences Power No
No performance differences but activation differences Pre-morbid strategy difference, perilesional activation All except map expansion
Performance differences but no activation differences Power, perilesional activation All except map expansion
Performance and activation differences Perilesional activation All except map expansion

Online approach
No behavioral improvement and no activation changes Power, inadequate training No
No behavioral improvement with activation changes Inadequate training All types
Behavioral improvement and no activation changes Power Unclear
Behavioral improvement and activation change None All types
Behavioral deterioration and activation change None All types but maladaptive
Behavioral deterioration and no activation change Inappropriate training Unclear

Substantive issues to be resolved

The critical issue in using functional neuroimaging in single
case studies of neuronal plasticity is to produce a design in
which the results will be unambiguous. Hence, investigators
should consider possible outcomes during planning. We
define a comparison approach as any study that compares
experimental results from a patient or group of patients with
unimpaired control participants in the same experimental
tasks. The following critiques hold regardless of whether the
comparisons are quantified by a statistical test or are more
descriptive in nature. In contrast, online studies dynamically
track behavioral and activation changes across partial or full
recovery of a skill. This section outlines the full range
of possible outcomes for both the online and comparison
approaches. A summary of these outcomes is presented in
Table 2 and warrants two general comments. First, notice
that even if all the possible confounds can be addressed with
a particular outcome in a comparison design, it is still difficult
to make a case for plasticity in the form of map expansion.
Imaging the patient only once and comparing the patient’s
activation profile with a control group makes it difficult to
compare the size or spatial extent of activation across
participants. In contrast, online designs allow for inferences
regarding these possibilities. The second general comment
concerns the ability to understand perilesional activation. In
comparison designs, perilesional activation is quite trouble-
some, but in online designs we can predict that there will be
activation changes in these areas to the extent to which they
are involved in the patient’s performance. We will discuss
these issues in more detail below.

Comparison approach outcomes

We begin our discussion of possible outcomes by focusing
on comparison approaches. There are four outcomes, pro-
duced by all combinations of significant or null behavioral
or neuroimaging results. First, there could be neither
performance nor activation differences between the patient
and the controls. Assuming adequate power, this would
suggest that processing is not affected by the lesion. It is

rarely an interesting result, so investigators are unlikely to
design a study in which this is a possible finding. We include
it here for completeness.

Second, there could be null performance differences but
significant activation differences between the patient and the
controls. This outcome does not necessarily imply plasticity
or functional recovery. Activation differences could be due
to a strategy difference (either pre-morbid or compensatory)
between the patient and the controls that makes the patient’s
performance appear normal. Thus, strategy report measures
should be collected to try to rule out this interpretation.
Activation differences could also be due to a general blood
flow artifact caused by arterial reorganization.

A recent study (Price et al., 1999) focused on a patient
with a lesion which included a left frontal area which was
activated in unimpaired controls making semantic similarity
judgements. The patient was not obviously impaired in the
task and activated a similar network of areas as the controls,
except for the damaged left frontal area. The authors argued
that these results suggested that the left frontal area is
superfluous for this task. However, without pre-morbid or
recovery data from the patient or some sort of strategy report,
the possibility remains that compensation strategies were
developed following the lesion. It is well documented that
most, if not all, of the recovery of function occurs in the first
6 months post-insult (Choi et al., 1994; Katz et al., 1999;
Nudo and Friel, 1999; Thulborn et al., 1999; Kertesz, 2000).
Thus, it could be the case that the patient’s ability was
due to neural reorganization that occurred prior to testing.
Although this study was not specifically focused on the
recovery of function, it demonstrates many of the uncertainties
that are inherent to a comparison design. See the discussion
above for a similar problem in our own comparison study
of patient GK regarding the interpretation of perilesional
activation.

The third outcome is significant performance differences
but null activation differences between the patient and the
controls. Several interpretations are possible. First, the patient
could be using a different strategy but recruiting the same
neuronal network. Present research on plasticity and skill
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learning has yet to address the relationship between strategy
selection and activation patterns. Second, the neuroimaging
design might have insufficient statistical power for a single
case. A group analysis of neuroimaging data (from the
controls) is more powerful than a single subject analysis (for
the patient). Third, the patient may be using a typical but
damaged network which is not processing with normal
efficiency or the damaged network may have undergone
some reorganization (i.e. map expansion). This may be the
case with JS, but it is difficult to make such a quantitative
argument with a comparison study. Specifically, with JS the
peak of activation seems to be the same for him and the
controls but the geometric center of JS’s region of activation
seems to be shifted superiorly. This finding suggests that the
neural topography of this simple numerical processing shifted
over time to use territory (i.e. superior parietal cortical region)
that is typically used for more complex numerical processing
(cf. Rickard et al., 2000). Unfortunately, it is difficult to test
this difference statistically or to make strong claims about
the shift being due to plasticity unless it is possible to observe
this change with repeated activation studies. We believe that
online designs will enable this type of inference because any
shift in processing should result in a detectable shift in the
pattern of activity.

The fourth outcome is significant performance and activa-
tion differences between the patient and the controls. The
simplest interpretation is that different processes are used by
the patient, which may or may not involve map expansion,
homologous area adaptation or compensatory masquerade. It
would be difficult to make strong inferences in favor of any
type of plasticity without strategy data from both the patient
and the controls. Even with strategy data, arterial reorganiza-
tion artifacts could lead the investigator into spuriously
thinking that a perilesional area is crucial to the recovered
processing when it is not involved. The most troublesome
problem with making inferences in this case is the fact
that there are no data regarding pre-morbid behavioral and
neural activation baselines for the patient to demonstrate and
quantify any change that may have occurred in the single
case. Without any data prior to injury concerning how the
patient performed on these tasks and what cortical areas were
involved, comparisons cannot be made concerning how
much change may have occurred at both the cognitive and
neural levels.

Online studies

Now we turn to online studies. There are six possible
outcomes, produced by all combinations of significant or null
neuroimaging results and improvement, deterioration, or
no change in behavioral performance. Some outcomes are
troublesome, but one in particular allows strong conclusions
regarding neuronal plasticity.

The first outcome is no behavioral change and no activation
changes across training. This reflects one of the risks of the
online design, although in some cases one might infer that

the task or skill involved cannot be recovered. Null results
might also be due to training that was too short or otherwise
ineffective. Careful thought should be given to the training
regimen and again it may prove useful to consult previous
investigations from the behavioral skill learning literature
regarding the factors that affect training and the extent to
which transfer of training can be expected. Of course, it
should be noted that completely null results could just be
due to low statistical power.

Second, there might be null performance changes but
significant activation changes. Given that behavioral measures
are usually more powerful, this outcome might seem
implausible. However, skill learning theories allow learning
in the absence of performance improvement at the beginning
of skill acquisition and during strategy changes, both times
when the processes for more effective performance are being
set up. Interpretation depends on the particular change in
activation patterns, although to make any case for plasticity,
it would be necessary to argue that there would have been
behavioral changes had training continued. That is to say
that practice was too short to allow for improvement, but
this argument would have to be considered in relation to the
particular training program. If the training was carried out
for a significant period this would be a difficult argument to
make. If the changes in activation excluded any new areas
or areas different from those found in previous studies (or
from controls), it would suggest a subtle reallocation of
processing resources indicating possible map expansion but
perhaps not a strategy shift or compensatory masquerade. On
the other hand, if a completely different pattern of activation
emerged, it might be easier to argue for compensatory
masquerade because it seems more likely that new (i.e. non-
homologous) areas would be recruited when an atypical
strategy is being employed. In either case it is important to
assess possible strategy shifts. At present there are few data
suggesting how a cognitive strategy change is manifested in
the brain. In general, early studies regarding this issue
suggest that cognitive strategy differences are accompanied
by activation intensity differences between areas in a
distributed cortical network underlying a skill, as well as
differences in the set of areas that make up these networks
(Burbaud et al., 2000; Reichle et al., 2000). These findings
are consistent with earlier results from dichotic listening
experiments (e.g. Gordon, 1980), from other studies regarding
goal instantiation (Koechlin et al., 2000), and from some
work looking at cortical changes in the motor cortex with
the serial reaction time task (Pascual-Leone et al., 1994;
Zhuang et al., 1997). Furthermore, as the relationship between
neuronal changes and skill learning is better delineated, we
will be able to make better predictions regarding the possible
outcomes of online designs.

The third outcome is significant behavioral improvement
but null activation changes. Low statistical power is most
likely to lead to this outcome. Although it may be possible
for behavioral change to occur without concomitant activation
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changes, there is no evidence for such a finding in the early
neuroimaging studies of skill learning.

The fourth and best outcome is behavioral improvement
and significant activation changes. As we have advocated,
this would be the clearest demonstration of neuronal plasticity
and is the main advantage of the online approach. Further-
more, training-related changes in imaging results would
permit the identification of areas that are important in
functional recovery. Systematic imaging changes should also
delineate the extent to which there are consistencies in
the recovery of patients with similar injuries as well as
consistencies in recoveries that are observed in patients
with different types of lesion and in different cortical areas.
It is important to note that strategy reports will again be
necessary to make strong inferences regarding what type of
plasticity has occurred. For example, strategy reports will be
crucial for differentiating between cases of compensatory
masquerade and map expansion or homologous area adapta-
tion involving the same cognitive strategy (i.e. same cognitive
strategy carried out by different cortical processing areas).
As we have alluded to previously, this outcome also allows
investigators to sidestep issues of perilesional activation and
arterial reorganization. For example, if a perilesional area is
involved in recovered processing, it should show training-
related changes. More generally, to the extent that areas are
necessary (or at least useful) for processing in a certain
domain, there should be learning-related changes in these
areas in the form of correlations with behavioral data, or,
better yet, significant trend components in activation data
(across and within scanning sessions) that are similar to those
found in the behavioral data. Although activation changes
associated with the learning of new skills have been demon-
strated, activation changes related to training in a highly
learned skill have not been established, but training-related
behavioral changes are known to occur. We speculate that
if activation changes do occur during further training of
established skills, it may be possible to assess the differences
between the areas necessary for unimpaired processing and
those used in recovered function, as suggested by previous
studies using comparison designs (Price et al., 1999).

The last two outcomes are behavioral deterioration with
or without activation changes. The interpretation is similar
to the corresponding outcomes with behavioral improvement,
but special attention should be paid to these maladaptive
changes, which may indicate possible mechanisms of inter-
ference with the recovery of function. For example, mal-
adaptive changes might be due to the recovery of another
biologically more important function affecting performance
in the process of interest (e.g. the crowding hypothesis;
Teuber, 1974).

In summary, we have outlined two current lines of
investigation using functional neuroimaging to study
neuronal plasticity: skill learning and the recovery of
function in patient populations. Our own case studies, two
of which we described, have shown many of the advantages
of applying neuroimaging techniques to the study of single

cases, as well as some concerns. We have advocated a
systematic way to study functional reorganization or recovery
in patients, blending the results from the behavioral skill
learning literature and from early neuroimaging studies of
the brain mechanisms involved in skill learning. In both
cases presented here, the online framework may have circum-
vented or overcome many concerns in these studies that
reflect current issues regarding drawing inferences from
neuroimaging data about the mechanisms of neuronal plasti-
city. In the study of patient GK, the online approach might
have allowed us to differentiate if his recovery was due to
homologous area adaptation or compensatory masquerade.
Strategy reports would have allowed us to assess whether
his recovery was due to the same cognitive strategy used by
the unimpaired controls. The online approach might also
have delineated the extent to which GK’s perilesional activa-
tion was involved in his recovered processing. Dynamic
changes in perilesional activation across GK’s recovery would
have provided strong evidence that his abilities were not the
product of only right hemisphere processing.

In our study of patient JS, the online approach might have
allowed us to quantify statistically the subtle map expansion
that we have speculated about. With JS, the online design
would be much harder to implement because of the develop-
mental nature of his deficit. Early detection might have been
entirely impossible. It may, however, be possible to document
JS’s inability to learn these facts with an online design, and
this is a topic for further research with developmental cases.
Finally, it is important to note that it would be entirely
possible with an online design to document subtle map
expansion with patients who have other etiologies.

Although functional neuroimaging has already greatly
aided the neuropsychological study of neuronal plasticity
related to the recovery of function in patients, we have just
begun to scratch the surface of what is possible with these
techniques. More clever experimental designs with these
techniques will continue to further our ability to make
inferences regarding neuronal plasticity in the study of
patients. We present the online approach as a step towards
this goal.
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Investigating cognitive neuroplasticity in
single cases: lessons learned from
applying functional neuroimaging
techniques to the traditional
neuropsychological case study
framework

S. G. Romero, C. F. Manly and J. Grafman
Abstract
We summarize two case studies as a context for discussing the use of
neuroimaging as a convergent methodology in the study of neuroplasticity in
single subjects. Throughout this paper we argue for a different approach for
including neuroimaging in these types of study. Previous case studies of
neuroplasticity in patients (ours as well as others reported elsewhere) have
added neuroimaging to the traditional neuropsychological framework of
comparing patient results with matched control groups, and synthesized results
through descriptions of anatomical and behavioral dissociations. This type of
approach is referred to as the comparison approach. We advocate a different
approach that builds on findings from previous behavioral skill learning
research. Specifically, we propose adding neuroimaging throughout learning
or recovery of the ability of interest and making inferences from systematic
changes in activation topography and intensity that occur within the context
of predicted behavioral changes. We dub this approach the online approach.
This approach should allow future investigators to circumvent many of the
interpretation pitfalls that are common in comparison studies.
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