
Neuroimaging in aphasia treatment research: Standards for
establishing the effects of treatment

Swathi Kiran1, Ana Ansaldo2, Roelien Bastiaanse3, Leora R. Cherney4,5, David Howard6,
Yasmeen Faroqi-Shah7, Marcus Meinzer8, and Cynthia K Thompson9,10

1Boston University, Sargent College of Health and Rehabilitation Sciences, Boston,
Massachusetts, USA 2Centre de recherché de l’Institut universitaire de gériatrie de Montréal,
Montréal, Québec, Canada 3University of Groningen, Center for Language and Cognition
Groningen (CLCG), Groningen, The Netherlands 4Rehabilitation Institute of Chicago, Center for
Aphasia Research Language and Treatment, Chicago, Illinois, USA 5Northwestern University,
Department of Physical Medicine & Rehabilitation, Feinberg School of Medicine, Chicago, Illinois,
USA 6Newcastle University, Centre for Research in Linguistics and Language Sciences,
Newcastle, UK 7University of Maryland, Department of Hearing and Speech sciences, College
Park, Maryland, USA 8Charite Universitätsmedizin, Department of Neurology, Center for Stroke
Research Berlin & Cluster of Excellence NeuroCure, Berlin, Germany 9Northwestern University,
Department of Communication Sciences and Disorders, Evanston, Illinois, USA 10Northwestern
University, Department of Neurology and the Cognitive Neurology and Alzheimer’s Disease
Center, Feinberg School of Medicine, Chicago, Illinois, USA

Abstract
The goal of this paper is to discuss experimental design options available for establishing the
effects of treatment in studies that aim to examine the neural mechanisms associated with
treatment-induced language recovery in aphasia, using functional magnetic resonance imaging
(fMRI). We present both group and single-subject experimental or case-series design options for
doing this and address advantages and disadvantages of each. We also discuss general components
of and requirements for treatment research studies, including operational definitions of variables,
criteria for defining behavioral change and treatment efficacy, and reliability of measurement.
Important considerations that are unique to neuroimaging-based treatment research are addressed,
pertaining to the relation between the selected treatment approach and anticipated changes in
language processes/functions and how such changes are hypothesized to map onto the brain.
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1.0. Introduction
The goal of this paper is to provide guidelines for designing and implementing treatment
studies that aim to examine the neural mechanisms associated with language recovery in
aphasia, using functional brain imaging. This research requires measurement of neural
changes from pre to post intervention using functional magnetic resonance imaging (fMRI),
PET (positron emission tomography) or other methods (e.g. ERPs). In addition, and the
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focus of the present paper, careful measurement of language and/or cognitive changes from
pre- to post-intervention and interpretation of the relationship between the two sets of
changes (neural and behavioral) are required. As pointed out in recent reviews, there is
variability in regions of the brain recruited by people with aphasia to support language
recovery both within and across studies (see Crinion & Leff, 2007; Thompson & Den
Ouden, 2008, Meinzer, 2011). Possible reasons for this may be related to the treatment
provided and the experimental designs used to evaluate its efficacy. Although there have
been recent methodological advances in the measurement of language behavior in
individuals who have suffered a stroke using fMRI (Abutalebi, Rosa, Tettamanti, Green, &
Cappa, 2009; Bonakdarpour, Parrish, & Thompson, 2007; Fridriksson, Morrow-Odom,
Moser, Fridriksson & Baylis, 2006; Kurland et al., 2004; Peck et al., 2004; Rorden,
Fridriksson, & Karnath, 2009, Marcotte & Ansaldo, 2010), few studies have systematically
investigated the effects of rehabilitation on brain mechanisms recruited to support recovery.
In this paper, we address a series of questions on the design of treatment studies when
treatment effects are assessed both behaviorally and in terms of brain activations, presenting
the consensus derived from discussions among experts in neuroimaging and aphasia at the
Neuroimaging in Aphasia Treatment Research Workshop, held at Northwestern University
in September, 2009. Because the nature of the experimental design, task manipulations and
spatio-temporal manifestations of the data are different for fMRI studies and ERP studies,
we limit our discussion to fMRI studies in this paper.

The first section of the paper considers different options for designing treatment
experiments. Specifically, we discuss group versus single-subject experimental or case-
series design options for establishing the effects of treatment and consider their advantages
and disadvantages. We examine the general components of and requirements for treatment
research studies, including the operational definition of variables, the criteria for defining
behavioral change and treatment efficacy, and the reliability of measurement. We also point
out unique considerations required in neuroimaging-based treatment research, concerning
the relation between the treatment approach selected and the anticipated changes in language
processes/functions and hypotheses about how changes in language function are expected to
map onto changes in brain function. Other design considerations relevant to relating the
effects of treatment directly to changes in brain function are covered in other papers in this
series. For example, questions related to the reliability of activation patterns seen on
repeated scans, fMRI task selection, and single-subject versus group approaches to analysis
of the fMRI data are discussed in Rapp et al. (this volume) and Meinzer et al. (this volume).

2.0. Establishing the Effects of Treatment (Internal Validity)
The first essential requirement in designing a treatment study to evaluate treatment-induced
neural plasticity is that the experiment uses a design that allows the researcher to establish
that behavioral changes are a result of treatment (internal validity). There are several
experimental approaches for accomplishing this – group approaches that compare the
performance of experimental and control groups, and single-subject approaches that
compare performance between experimental and control phases in the same participant.
Both design types, if implemented properly, rule out the influence of extraneous variables,
(e.g., environmental or participant factors), on the language behaviors or processes under
study. The philosophy is the same for both: between-group experimental designs compare
the performance of groups of individuals (experimental and control groups), whereas,
single-subject experimental designs compare the performance of individual participants
during experimental and control (baseline) phases. The idea is that similar extraneous
variables are at play in both the experimental and control groups or conditions and that the
influence of these variables on the behavior(s) under study can be ruled out by comparing
patterns of performance between the two groups or conditions (see Thompson, 2006).
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In studies examining the neural mechanisms of treatment-induced language recovery, the
experimental treatment design employed is not only relevant to establishing the efficacy of
treatment, but it also impacts analysis of the neuroimaging data. Between-group treatment
design requires averaging the treatment effect in the experimental groups and comparing
change over time between the treated and untreated groups. Thus, to estimate the effects of
treatment on brain processing, a group approach to analysis of the fMRI data is required.
However, the group approach may be confounded because it is possible (and likely) that not
all participants in the experimental group will change to the same extent. As pointed out by
Meinzer et al., (this volume), group analyses of aphasic neuroimaging data, in general,
should be approached with caution because of individual differences in variables such as
lesion site and extent, unless the goal of the study is to account for the effects of such
variables on either treatment-induced behavioral performance or neural recruitment patterns,
which requires large, rather than small sample sizes. Conversely, single-subject/case-series
designs require measurement of language change throughout the treatment period, with no
data averaging across study participants. The neuroimaging data derived from pre- and post-
treatment scans of individual participants then can be examined and evaluated with regard to
treatment improvement. However, there is an inherent lack of power to detect changes in
activation over time when comparing changes in neural activation in individual study
participants. It is therefore, important during the experimental design phase to include a
sufficient number of experimental trials in the neuroimaging task. In addition, this practice
has drawbacks with regard to external validity, or generalization to other individuals with
aphasia. However, this latter problem can be addressed by replication of treatment across
participants (see below for further discussion of single-subject experimental designs with
regard to replication across study participants).

Independent of experimental design, it is important to conduct a power analysis and sample
size estimation to justify the inclusion of a particular sample size and interpretation of a
particular effect size. Particularly for neuroimaging treatment studies that are inherently
clinical in nature, justifying the sample size and benchmarks for effect size can be very
beneficial in evaluating what constitutes a clinically (or theoretically) important effect.

2.1. Establishing Experimental Control Between Groups
Between-group designs require at least two groups of participants, an experimental group
that receives the (experimental) treatment, and a control group that either does not receive
treatment or is provided with an alternative treatment or placebo. At the beginning of the
study, both experimental and control participants are tested on one or all dependent
measures, both behavioral and neuroimaging, and at the end of the study these measures are
repeated. Performance on each measure is averaged across participants in each group at each
time point and a treatment effect is established when the experimental group shows
significantly greater pre- to post-treatment changes than the control group. One requirement
of between groups experimental designs is that study participants be randomly selected from
a population of people (e.g., those with aphasia or a particular aphasia profile). When
random selection is not accomplished, an unwarranted extrapolation from the sample to the
study population may occur, creating a problem of sample bias. Notably, when studying
disorders such as aphasia, random selection of participants from the entire population of
people with the disorder is not possible. Hence, researchers generally use “populations of
convenience” from which to select their study participants (e.g., aphasic individuals in a
particular geographic region). Although this practice itself does not preclude hypothesis
testing and the use of parametric statistics, researchers rarely, if ever, randomly select study
participants. Indeed, one of the advantages of well-designed group studies is that inferential
statistics can be applied elegantly to estimate the generality of the findings to the population.
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Importantly, however, this is not possible if the study sample is not randomly selected from
the population.

Relatedly, once selected, potential participants meeting pre-specified inclusionary and
exclusionary criteria must be randomly assigned to either the experimental or control group
or a match pairs approach may be taken, where study participants are stratified based on
their lesion patterns and/or other variables. Even though some studies examining the
neurobiology of treatment-induced recovery from aphasia have studied relatively large
groups of participants with aphasia (see, for example, Richter, Miltner, & Straube, 2008 (n =
16); Fridriksson 2010 (n=26)), few have employed random selection or assignment
strategies to generate experimental and control groups (e.g., Cherney, Erickson, & Small,
2010). In fact, no studies to our knowledge have included a control group of aphasic
individuals at all. Thus, even though studies report change in the treated groups’ language
behavior from pre- to post-treatment (and associated changes in fMRI activation) the extent
to which behavioral or neural changes noted over the course of the study can be attributed to
the treatment provided (rather than other uncontrolled variables including spontaneous
change) is unclear.

As an alternative to using a control group of individuals with aphasia some studies have
included a control group of non-brain-damaged participants, examining the neural correlates
of their learning. For example, Raboyeau et al., (2008) trained non-brain damaged French-
speaking individuals to produce novel words in either Spanish or English and compared pre-
to post-treatment activation patterns associated with naming them. This approach provides
information about learning in healthy adult brains, enhancing understanding of the neural
mechanisms engaged for learning (or re-learning) in compromised brains. However, it does
not provide experimental control, substantiating that learning (in either the aphasic or
normal group) actually took place. For this, a control group of matched study participants
who do not receive the experimental treatment is required.

One reason that control groups often are not included in studies of aphasia treatment
concerns the issue of withholding treatment. Although, in theory, withholding an
experimental treatment (particularly when the effect of the treatment is unknown) is
probably not unethical, the idea of withholding treatment, even an inadequate one, is not
popular among clinicians, individuals with aphasia, or their family members. Because of
this, researchers are often faced with the less preferred option of including, as control
participants, individuals with aphasia, who for reasons such as motivation, family support,
transportation to the laboratory, and the like, are not able to participate in the experimental
group (although this strategy has not been used to date in studies examining the neural
mechanisms supporting language recovery). Both of these situations – that is, failure to
include a control group, or including groups of individuals who are unable to participate in
the study as controls – are problematic from a methodological point of view: as pointed out
above, a control group is needed in order to generate internally valid data and the control
participants must be selected from the same population as the experimental participants with
an equal chance of being assigned to the experimental group. One possible group design
strategy, which avoids withholding treatment, is to use a crossover design in which control
participants are entered into treatment after it has been completed for the experimental
group. In this design, participants are randomly assigned to a specific treatment sequence.
Participants who initially do not receive intervention serve as no-treatment controls and are
then entered into treatment during the second arm of the study. We are not aware, however,
of any fMRI studies that have used this approach (but see, Fridriksson (2011) who used this
design to evaluate the impact of tDCS).
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Another requirement of group designs is that a pre-specified number of participants be
included in order to insure sufficient statistical power to demonstrate a treatment effect. The
number of participants also is relevant to studies concerned with examining changes in
neural activity associated with treatment improvement in groups of participants. That is, the
statistical power of the data is reduced when too few participants are included in the
analysis. In addition, as pointed out by Meinzer et al. (this volume), one of the advantages of
using a group approach for analyzing neuroimaging data is that this allows researchers to
explore (e.g., correlate) the relation between behavioral and/or lesion variables and
treatment outcome. Notably, however, most studies examining the functional reorganization
of brain tissue associated with treatment-induced language recovery have included small
numbers of participants. For example, of the 24 studies summarized by Thompson (this
volume), only three included more than 10 participants, and 18 included three or fewer.
Nevertheless, some group studies have performed regression or correlational analyses on the
experimental group, even with data from few patients. For example,Menke et al. (2009)
examined the relation between short -term training effects (i.e., percent accuracy) and
BOLD signal change from pre- to post-treatment in eight anomic aphasic participants and
found positive correlations between training success and signal changes in memory related
structures, including the hippocampus.

In considering whether or not to utilize a between-groups design to examine the effects of
treatment for aphasia, the issue of homogeneity is important to consider. It is well known
that individuals with aphasia differ greatly with often varying language patterns and
associated lesions, and even study participants carefully selected for their deficit patterns are
seldom, if ever, homogeneous. They can, and do, differ markedly. Given this heterogeneity,
it is often the case that treatment effects differ across individuals, and in turn, the neural
recruitment patterns associated with behavioral change will likely differ across participant.
Thus, averaging changes either behaviorally or neurologically across participants from pre-
to post-treatment may be contraindicated and lead to inaccurate and / or misleading
interpretation of the data. On the other hand, an advantage of group designs is that if
participants are somewhat homogeneous (for example, grouped by similar lesions or similar
behavior) the data can be potentially powerful for identifying predictors for treatment
success (Menke, et al., 2009). Clearly, however, this practice has the potential to mask
information about how certain individuals respond to treatment as well as the brain tissue
recruited to support recovery. For example, treatment outcomes associated with right
hemisphere and/or perilesional activation may be masked by individual variability (Crosson
et al. 2007b). Therefore, it can be very difficult to draw any meaningful conclusions from a
group of aphasic individuals.

2.1.1. Summary—One of the cornerstones of experimental treatment research is that
proper controls be put in place such that the effects of the experimental treatment (either
behavioral and neurological) can be established. The reader is referred to an analogous set of
standards in physical rehabilitation studies for assistance in designing group studies (http://
www.otseeker.com/PDF/PEDroScalePartitionedGuidelinesExplanations.pdf) Group
experimental designs accomplish this by randomly selecting and assigning groups of study
participants to either experimental or control groups. This practice allows the results of the
study to be generalized to the population from which the participants were selected and, if
enough participants are included, group studies have the advantage of allowing researchers
to explore the relation between behavioral and neurological variables and recovery. Notably,
no studies examining the neural mechanisms associated with treatment-induced recovery
from aphasia have included a control group of aphasic individuals, perhaps because large
numbers of study participants are required when using this approach and/or because such
designs require withholding of treatment (or application of a placebo treatment) from the
control group.
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2.2. Using Single-Subject, Case-Series Strategies to Establish Experimental Control
As discussed above single-subject and/or case-series designs involve control and
experimental phases, which are compared to one another for each participant in the study,
such that the effects of the treatment can be determined. In this case experimental control,
demonstrating that participants improve only when they are treated, is achieved by
comparing the experimental phase with the baseline/control phase within each participant.
Hence, no control groups are required. It is important to point out at the outset that these
designs are not the same as case studies which document the effects of treatment without
establishing experimental control. Technically, single-subject experimental designs also
require study of more than one participant (and, therefore, are sometimes referred to as ‘case
series design’) because replication of the treatment effect within and across study
participants is required (McReynolds & Thompson, 1986). Therefore, they are not
synonymous with N=1 studies.

The control (i.e, baseline) and experimental phases in single-subject, case-series designs are
typically labeled A and B, respectively, and the behavior under study is continuously
measured throughout these phases. This is accomplished by administration of the dependent
measures regularly, using identical procedures throughout all phases of the experiment. As
such, in these designs behavioral change is examined as it unfolds over the course of the
study for individual participants, allowing close examination of behavioral variability as a
function of the time series data. In turn, associated changes in neural activation associated
with treatment can be examined, and where appropriate, common patterns/trends in
activation across participants can be noted. In this regard, single-subject, case-series designs
are unlike group designs, which require that the dependent measures be measured only twice
– once prior to treatment and once following its completion – with averaging of group
performance at the two test points.

2.2.1. Types of designs—There are several types of single-subject, case-series designs,
which have been described extensively by others (see Kazdin, 1982; McReyolds & Kearns,
1983; McReynolds & Thompson, 1986 and many others). However, some designs are more
appropriate than others for studying treatment induced recovery of language in aphasia.
Below we discuss major single-subject experimental design types. The reader is also
referred to Tate, McDonald, Perdices, Togher, Schultz, & Savageet (2008) for suggestions
on designing and reporting single subjects/case series designs.

2.2.1.1. The A-B-A-B design: A common design is the A-B-A-B design. In this design, the
behavior(s) under study are first measured in the baseline (A phase), then treatment is
applied in a B phase, following baseline. The treatment is then withdrawn in a second A
phase, and finally treatment is reapplied in a second B phase. In order to demonstrate
experimental control using such a design (a) performance on the dependent variable must be
stable during the first A phase, (b) a change in the dependent variable(s) must be seen when
comparing performance in the first A phase with that in the first B phase, (c) the dependent
variable(s) must reverse in the second A phase, that is, return to baseline levels, and (d)
during the second B phase, the treatment effect must be re-established, that is, change in the
dependent variable(s) is once again seen. This sequence of events allows within subject
replication and when shown in several participants, across participant replication is
established.

The methodological requirement that the dependent variable(s) return(s) to baseline levels in
the second A phase presents a major problem for treatment research in aphasia, because the
goal of such research is to improve language function. If the treatment is successful, a
reversal is undesirable, and may not be possible. Although there are methods for “forcing a
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reversal”, such as training erroneous responding during the second A phase, this practice in
aphasia treatment is not recommended. Furthermore, most aphasia treatment studies are
geared toward showing longer-lasting effects. Demonstrating long term change confounds
the reversal to baseline requirements in these ABAB design, and thus need to be
implemented and interpreted with caution.

2.2.1.2. The multiple baseline design: A frequently used alternative to the A-B-A-B design
is the multiple baseline design across behaviors, which does not require returns to baseline
levels of responding to demonstrate internal validity. This design, in essence, is a series of
A-B designs, with sequential iterations of treatment applied to sets of stimuli, with
increasing baseline periods for each set. For example, baseline (A phase) data are collected
on two or more sets of stimuli for each participant and following this, treatment is applied to
the first set (in the B phase), while the A phase is continued for untrained sets. When a
treatment effect is established for the first set, treatment is extended to the second set, and so
on, until all have been treated. Experimental control is demonstrated when changes in the
dependent variable(s) occur only when the B phase is in effect for each behavior; baseline
performance of untreated behaviors remains stable, until treated. Replication of the
treatment effect within participants is established by showing improved performance when
treatment is applied to each set of stimuli. Across subject replication is established by
entering more than one participant into the study.

Because the multiple baseline design requires sequential application of treatment to separate
sets of stimuli, order effects must be ruled out. Thus, application of treatment to selected
stimulus sets is counterbalanced across participants and the number of participants required
for a particular study depends on the number of sets. Take for example, a study examining
the effects of treatment on naming. The experimenter decides to study two sets of words,
with each set tested in the baseline phase and subsequently sequentially trained. To rule out
order effects, the order of training each word set is counterbalanced; hence a minimum of
two participants is required with each receiving a different order (i.e., word set order : 1, 2;
2, 1). For full replication in such a study, four participants are required. Notably, as the
number of behaviors selected for treatment increases, the number of participants required
also increases. For example, for a study with three sets of words, six participants would be
required for complete counterbalancing (i.e., word sets in the order 1,2,3; 1,3,2; 2,1,3; 2,3,1;
3,1,2; 3,2,1) and an additional six for full replication. The nature of single-subject
experimental design, however, allows researchers some flexibility with regard to participant
numbers. For example, if in a study that technically requires 12 participants (i.e., in an
experiment using a multiple baseline design across behaviors, involving three behaviors),
the first six participants all respond to treatment as expected (i.e., they show acquisition of
trained word sets as each is trained and maintain baseline levels of performance on untrained
sets), this would constitute 18 replications of the treatment effect (3 replications×6
participants), which is adequate for demonstrating the effects of treatment and for
establishing internal validity (see Thompson & McReynolds, 1986; Connell & Thompson,
1986)

Another issue relevant to the multiple baseline design across behaviors is that the behaviors
must be functionally independent and, at the same time, amenable to the treatment under
investigation. This means, for example, that in a naming study using three sets of words,
training one set would have no effect on the untreated sets. If the behaviors are not
functionally independent, treatment of one set may influence the others, that is,
generalization may occur across sets. Although such an effect is often desired, particularly in
aphasia treatment research when one goal is to examine for (and promote) generalization to
untrained language behavior, this situation is experimentally problematic, that is,
experimental control is lost.
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Rather than using a multiple baseline design across behaviors, which requires sequential
training of selected sets of items following baselines that remain stable according to a pre-
set criteria (e.g., no greater than 20% change across three sessions) some researchers select
multiple sets of items, with the intent of leaving one set untrained, and expecting behavioral
change on the trained, but not on the untrained (control) items. Changes in the experimental
compared to control items is then compared statistically. This strategy provides internally
valid data, if enough items are included in the trained and untrained lists. Note that the larger
the stimulus set sizes, the greater the power for detecting changes as a function of treatment.
However, this strategy carries a risk that generalization may occur from the trained to the
untrained items. Although this often is a goal of aphasia intervention, its occurrence in this
situation would result in a lack of experimental control, and hence a failed treatment study.
It also is possible that untrained items may, for some reason, not be amenable to
improvement under any circumstances. To avoid this potential issue, stimuli can be
randomly assigned to trained and untrained sets such that the comparisons of change are
meaningful. Another approach to circumvent the potential confound of generalization/
experimental control is to use a multiple baseline design across behaviors. Such a design
requires checking for generalization to untrained sets throughout the course of treatment and
applying the treatment to any untrained sets to which generalization does not occur.

An alternative to the multiple baseline design across behaviors is the multiple baseline
design across participants. Rather than using behaviors or stimulus sets to demonstrate
experimental control, study participants are employed for this. Specifically, treatment is
applied to one (of several) study participants following baselines phases of varying length.
The logic here is that treatment will improve language when and only when it is applied.
Thus, if it is the treatment, and not extraneous variables, that are responsible for the
behavioral effect, no change will be seen for any participant during the baseline phase,
regardless of its length.Fridriksson et al. (2007), for example, employed this strategy by
varying the order of treatment application across participants in their examination of the
effects of phonological and semantic cueing in three aphasic individuals.

Combining the multiple baseline across behaviors and participants design is a particularly
useful strategy for studying the effects of treatment for aphasia if one goal of the work is to
examine for generalization from trained to untrained items. For example, Thompson, den
Ouden, Bonakdarpour, Garibaldi, & Parrish (2010) used this experimental design to study
changes in neural activation associated with treatment of sentence level deficits in six
individuals with Broca’s (and concomitant agrammatic) aphasia. Three different, but
psycholinguistically related, sentence types were selected to comprise the multiple baseline
across behaviors and participants were tested for their ability to comprehend and produce
them in baseline phases of differing lengths. One sentence type at a time was then trained
while generalization was examined to the untrained sentence types. Results showed
successful generalization across sentences for all participants, as expected, precluding the
necessity of training all sentence sets, but resulting in a lack of ability to show experimental
control across behaviors (i.e., sentence sets). Rather, experimental control was demonstrated
across participants, in that no behavioral change was noted for any sets of stimuli during the
baseline phase for any participant. Changes in the dependent measures (i.e., sentence
comprehension and production) only occurred when treatment was applied. This extra
design component serves as an insurance policy; if generalization occurs, experimental
control is maintained. There are other types of single subject controlled experimental
designs that can be used to examine the effects of treatment, however, the multiple baseline
strategy – either across behaviors or participants – is the most commonly used and is likely
the best suited for most studies of aphasia.
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The primary limitation of single subject experimental, case-series designs pertains to the
putative lack of ability to generalize findings derived from such studies to a larger
population. This idea is true if one relies on inferential statistics to estimate the
generalizability of findings. Indeed, parametric statistics is inappropriate for use with data
derived from single subject experimentation (i.e., comparing performance in baseline
compared to treatment phases) for a number of reasons including serial dependency. In
single subject, case series designs external validity is addressed through replication of
treatment effects within and across participants, both within individual studies and across
studies. The logic is simple: the greater the number of replications, the greater the generality
of the effect. This is no different than logical, non-statistical generality statements derived
from between-group studies in which random selection is not accomplished.

2.2.2. Summary—Single-subject experimental or case series designs are powerful
alternatives to group experimental design strategies and have several advantages. Not only
are fewer participants required, control groups of participants are not necessary because
experimental control is demonstrated within participants rather than between participant
groups. Additionally, and of particular importance for establishing the neural mechanisms of
language recovery, these designs afford careful inspection of individual participant’s
learning patterns over time which can be captured as changes in BOLD signal as a function
of treatment. We emphasize, however, that regardless of which design strategy is used, both
single-subject and group approaches require that the proper experimental controls be put in
place such that both behavioral (i.e., treatment-induced) and BOLD signal changes
occurring from pre- to post-treatment can be directly attributed to the treatment provided.
The precise design selected for this, of course, is at the discretion of the researcher and
depends on the aims of the study.

3.0. Requirements of Experimental Treatment Research
Independent of the experimental design used to establish experimental control, there are a
number of other important requirements and considerations for designing studies to examine
the neurobiology of language recovery. Several of these are discussed in other papers in the
series, pertaining to describing and quantifying participant criteria associated with brain
lesions (see Crinion et al., this volume) as well as the disrupted language system (see Rapp
et al., this volume). Here we address requirements for specification of and rationale for the
treatment selected, including the dosage of treatment (i.e., the intensity and duration of
treatment application), and the behavioral tasks included to evaluate the outcome of
treatment. We also address the linking between treatment outcome variables and the
neuroimaging tasks selected. We also briefly discuss reliability of measurement.

3.1. Treatment and Outcome Measures
All experimental studies require specification of the independent and dependent variables. In
research examining the neural mechanisms of treatment, the former include primarily the
treatment itself (although other independent variables such as lesion age or volume, the
extent of hypoperfused tissue, etc. also may be included in such studies), whereas the latter
refer to measures employed to examine for changes in behavior and brain processing.

Defining the treatment under investigation in neuroimaging studies is no different than in
any other study examining treatment efficacy in that a detailed description of all aspects of
the treatment, including the stimuli, response criteria, and any training procedures is
required. This is important such that the treatment can be replicated in future studies and
applied with precision clinically. The dependent measures also require precise description,
detailing how the outcome of treatment is to be measured. A common practice in treatment
research is to develop probe tasks explicitly designed to measure the language behavior
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under study, as well as related behaviors, in conditions in which no feedback is provided.
These tasks can include both on-line measures, such as reaction time, and/or off-line
measures, depending on the goal of a particular experiment. It is the participant’s responding
to these probe tasks that serve as the primary dependent variable throughout the study.

For neuroimaging-based treatment research there are additional considerations pertaining to
the independent and dependent variables. First, the relation between the selected treatment,
and the impaired process(s) it is putatively addressing, and the behavioral outcome measure
needs to be considered. That is, a clear explanation of how the treatment task addresses the
impairment and how the dependent measure captures any change in the impaired process
needs to be provided. For instance, in Marcotte & Ansaldo (2010) a semantic feature
approach addressed severe anomia by boosting the targets’ semantic representations to
improve access to the impaired phonological word forms, a rationale based on Spreading
activation Theory (Collins & Loftus, 1975); Also, Davis, Harrington, & Baynes (2006)
sought to improve naming in a patient with Wernicke’s aphasia with a word comprehension
deficit, putatively related to difficulty selecting items from lexical-semantic competitors. To
remediate this problem, Davis et al., used a semantic-feature treatment, which trained the
aphasic individual to select target items based on their semantic attributes. The idea was that
this treatment would influence the ability to inhibit competitors and, hence, improve word
comprehension.

Second, in neuroimaging studies of aphasia treatment it is necessary to elucidate how
changes in processes targeted in treatment will trigger changes in brain processing,
measurable using fMRI. That is, the brain regions engaged to support that process in healthy
individuals and regions expected to be engaged to support recovery need to be
considered.Crosson et al. (2005), for example, trained participants with aphasia to name
objects as they performed a complex left-handed movement task, with the idea that this
pairing should facilitate engagement of a right medial frontal intention mechanism and,
hence, result in an increase in right pre-SMA activation. In addition, they hypothesized that
treatment would result in an increase in right lateral frontal activation, associated with
improved naming. In Marcotte & Ansaldo (2010), the semantic feature approach used was
expected to promote the development of a semantic strategy for word retrieval, which could
rely upon preserved semantic processing areas in the left and the right hemispheres.

A third consideration is the fMRI task used to evaluate the effects of treatment. That is, the
task(s) must be designed such that the neural mechanisms underlying the language process
under study are elucidated. Therefore, it is important for researchers to integrate the fMRI
tasks and the tasks used to evaluate the behavioral outcome of treatment. This allows the
activation patterns noted during fMRI tasks to be linked with behavioral changes associated
with treatment. For example, Fridriksson et al. (2007, 2010), who used phonological and
semantic cuing strategies to improve naming in individuals with anomic aphasia, directly
examined naming ability prior to and following treatment, utilizing picture naming as the
primary outcome variable associated with treatment improvement and as the fMRI task
(Fridriksson, et al., 2006; Fridriksson, et al., 2007). Marcotte & Ansaldo (2010) examined
oral naming during fMRI scanning prior and after semantic feature therapy for anomia. The
authors showed that plasticity operated differently in either case, despite the similarity of
naming recovery profiles. In another study, Kiran, Sebastian, Chettiar, & Devous (2008)
aimed to strengthen semantic representations in aphasic participants who presented with
naming deficits resulting from an underlying semantic impairment. Hence, treatment
focused on strengthening semantic representations through feature verification and the fMRI
tasks included picture naming as well as a semantic feature verification task (Kiran, et al.,
2008). By incorporating fMRI tasks that relate directly to the treatment tasks, interpretation
of changes in patterns of activation as a function of treatment can be elucidated. When
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different tasks are used to evaluate the behavioral effects of treatment and the neurological
impact of treatment, it is difficult to link improvement in treatment to changes from pre- to
post-post fMRI scans.

3.2. Treatment Dosage
The dosage of treatment, that is, treatment intensity and duration, is also important to
consider. Indeed, the intensity of treatment for aphasia varies widely, with some treatments
provided on a dense treatment schedule, for example, several hours a day. Meinzer and
colleagues (2004, 2006) examined the effects of Constraint Induced Aphasia Therapy
(CIAT), with treatment provided for three to four hours per day. Other treatments evaluated
for their effects on brain function have been provided on less dense daily schedules (e.g., 15
minutes to 1 hour a day) (Leger et al. 2002; Raboyeau et al., 2008) or are provided for two
to three days per week for one to two hours (Marcotte & Ansaldo, 2010; Thompson et al.,
2010). Importantly, the effect of the intensity of aphasia treatment is still not clear, even
though it may critically impact treatment efficacy, including how the brain recovers
language. Therefore, we cannot make specific recommendations for treatment intensity here.
Researchers, however, need to specify how frequently treatment is applied and, ideally,
justify the choice of treatment dosage within the context of the presumed mechanisms
targeted in treatment.

Another issue is the duration of treatment, which may also directly impact brain function.
Some researchers provide treatment for a predetermined period of time, which varies across
studies. For example, in studies by Fridriksson et al. (2006), Raboyeau et al., (2008), and
Leger et al (2002) naming treatment was applied for two, four, and six weeks, respectively.
This approach can be problematic because all participants may not respond equally well to
treatment in the specified time period, and the neural recruitment patterns may vary because
of variation in the degree to which the language behavior or process under treatment
recovered. As a case in point,Vitali et al. (2007) showed differential learning (re-learning)
patterns in their two participants with aphasia, with one participant reaching 50% naming
accuracy on a set of trained items with four weeks of treatment and the other requiring eight
weeks to achieve this level of performance. An alternative to setting an a priori treatment
duration is to impose a behavioral criteria for termination of treatment. For
instance,Thompson et al. (2010), interested in examining brain function associated with
improved sentence comprehension and production in aphasia, provided treatment until their
participants achieved an 80% accuracy level (with the idea that treatment would be
terminated if this criterion were not met within 20 treatment sessions). Similarly, Marcotte
& Ansaldo (2010) examined adaptive brain plasticity in two anomia cases, by describing the
neural changes associated with a minimum of an 80% success rate following semantic
feature therapy, delivered at a frequency of 3 weekly one-hour sessions, for a maximum of 3
weeks. In another study, Meinzer et al., (2006) terminated treatment after 10 consecutive
treatment sessions and the patient was trained in the context of the constrained induced
aphasia therapy protocol. Clearly, there may be reasons for selecting one approach versus
the other (i.e., a predetermined temporal or behavioral criterion-based approach (or a
combination of the two)). However, we emphasize here the need to provide a rationale for
the approach taken and how this may influence reorganization of the language network.
Furthermore, regardless of approach, in order to ascribe changes in neural activation
resulting from treatment application, it is necessary to distinguish between responders and
non-responders to treatment.

3.3. Reliability
One other important aspect of treatment research concerns the reliability of measurement of
both the independent and dependent variables included in the experiment. Treatment
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research largely involves observation of human behavior and inherent in human observation
is human error, as well as observer bias. Although it is difficult, if not impossible, to
overcome human error, estimates of reliability can be made using measures of inter-observer
agreement. Such measures involve use of an independent observer who, together with the
primary experimenter, scores important events in the study, including details pertaining to
delivery of treatment (reliability on the independent variable) and responses made on the
dependent measures (reliability on the dependent variable). With regard to the independent
variable, the observer quantifies salient aspects of treatment, for example, the number of
experimental trials delivered per treatment session, adherence to procedural detail within
trials, and so on. Reliability on the dependent variable involves scoring of participant
responses on the probe task(s) based on a pre-established criterion. When the independent
observers agree to a high degree, it is unlikely that human error or observer bias is operating,
adding an element of believability to the data. Lack of agreement between observers alerts
the experimenter to problems with the experiment, for example, imprecise operational
definitions of the study variables, which if discovered early in the course of an experiment
can be modified.

Reliability of performance during scan tasks also is important. Whereas reaction times are
automatically recorded in tasks that require a button press response, tasks that require
production require that at least a subset of responses be coded by independent observers,
with subsequent calculation of inter-observer agreement.

Finally, test-retest reliability is a critical issue in treatment studies, since most of the studies
that have been published to date have not had a control group or a group of patients scanned
multiple times. It is important to establish that imaging changes are actually attributable to
the intervention and not due to scanning a single patient or a group of patients twice. Very
few studies have been conducted in which imaging studies have been done multiple times
over the course of the study (Kurland, Pulvermuller, Silva, Burke, & Andrianopoulos, 2012;
Sarasso et al., 2010). In one study,Sarasso et al. (2010), conducted six fMRI scans during the
course of an intervention study, three sessions were conducted prior to the start of therapy,
the fourth and fifth three and six weeks after the initiation of therapy and the fifth week and
the sixth fMRI session conducted nine months after therapy. This study does not specifically
examine habituation effects on signal intensity changes but finds changes in functional
connectivity only in the fMRI scans subsequent to treatment and not before treatment.

4.0. Conclusion
To conclude, it is clear that the initial wave of exploratory studies examining the neural
mechanisms associated with treatment-induced language recovery have been completed. As
in any science, much of this early work was not subjected to rigorous scientific scrutiny,
because the novelty of the findings outweighed the methodological shortcomings of the
research. Nevertheless, the general finding derived from these studies is that changes in
language performance are associated with functional changes in the neural architecture of
language processing. The next phase of neuroimaging-based treatment studies using fMRI
need to be carefully designed and implemented such that any changes in neural activation
following a period of treatment can be directly associated with the treatment provided and
not to other uncontrolled variables. For instance, future studies will need to consider what
change in BOLD signal as a function of treatment may indicate. It may be possible that an
increase in task-dependent BOLD is a sign of increased neural processing (i.e., more effort
requires more BOLD signal), while others see therapy (or time-related) behavioral
improvements associated with a decrease in BOLD. Clearly, these kinds of BOLD effects
may differ between the two hemispheres and will need to be considered in the fMRI
analyses as well as interpreted within the context of treatment effects.
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We point out here that this can be accomplished using either single-subject/case series or
group experimental designs, but urge that researchers, when implementing these approaches,
adhere to the methodological requirements inherent in each. We also point out that in order
to fully understand the impact of treatment on brain function, special attention to issues
related to the treatment selected, behavioral and neuroimaging outcome variables and
reliability of measurement must be considered.

Given that considerable effort is currently focused on examining resting-state and functional
connectivity changes in stroke patients with aphasia to better understand mechanisms of
language recovery, it is expected that principles underlying accurate and systematic
examination of the effects of treatment will be the same as what is discussed in this paper.
Indeed, the ultimate goal of this work is to understand the optimal conditions for promoting
language recovery in aphasia. What we learn will only be as robust as our science.
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