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Purpose: Understanding the brain basis of language and
cognitive outcomes is a major goal of aphasia research.
Prior studies have not often considered the many ways that
brain features can relate to behavioral outcomes or the
mechanisms underlying these relationships. The purpose
of this review article is to provide a new framework for
understanding the ways that brain features may relate to
language and cognitive outcomes from stroke.
Method: Brain–behavior relationships that may be important
for aphasia outcomes are organized into a taxonomy,
including features of the lesion and features of brain tissue
spared by the lesion. Features of spared brain tissue are
categorized into those that change after stroke and those
that do not. Features that change are further subdivided,
and multiple mechanisms of brain change after stroke are
discussed.
Results: Features of the stroke, including size, location, and
white matter damage, relate to many behavioral outcomes
and likely account for most of the variance in outcomes.
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Features of the spared brain tissue that are unchanged by
stroke, such as prior ischemic disease in the white matter,
contribute to outcomes. Many different neurobiological and
behavioral mechanisms may drive changes in the brain
after stroke in association with behavioral recovery. Changes
primarily driven by neurobiology are likely to occur in
brain regions with a systematic relationship to the stroke
distribution. Changes primarily driven by behavior are likely
to occur in brain networks related to the behavior driving
the change.
Conclusions: Organizing the various hypothesized brain–
behavior relationships according to this framework and
considering the mechanisms that drive these relationships
may help investigators develop specific experimental designs
and more complete statistical models to explain language
and cognitive abilities after stroke. Eight main recommendations
for future research are provided.
Presentation Video: https://doi.org/10.23641/asha.
10257578
Long-term aphasia outcomes vary substantially
between individual stroke survivors, including dif-
ferences in the profile of deficits and spared abilities,

as well as in the severity of specific deficits (Kertesz &
McCabe, 1977). Understanding the basis of these individual
differences would help families and clinicians address a
person with aphasia’s specific challenges earlier, leverage
their strengths more fully, and potentially provide new ways
in which to intervene in order to improve outcomes. From a
purely scientific perspective, this information will also elucidate
the brain structures and networks that are important for lan-
guage and the degree and nature of the plasticity available in
the brain. Understanding why people have such different out-
comes from stroke is thus a major goal for aphasia research.

Differences in aphasia outcome derive from a variety
of sources (Plowman, Hentz, & Ellis, 2012), including the
nature of the stroke (Yarnell, Monroe, & Sobel, 1976),
psychosocial and societal factors (González-Fernández
et al., 2011), brain health (Wright et al., 2018), exposure to
speech-language therapy (Brady, Kelly, Godwin, Enderby,
& Campbell, 2016), and possibly genetic factors (Cramer,
Procaccio, & GAIN Americas and GAIN International
Study Investigators, 2012). Understanding how each of
these factors contributes to language and cognitive outcomes
is important. However, as the brain is the organ of thought
and behavior, regardless of the ultimate cause of differ-
ences in language and cognitive abilities after stroke, these
behavioral differences must be mediated by differences in
the brain. As such, the brain is likely to be a key source
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of information regarding the basis of aphasia outcomes.
Furthermore, brain-based neuromodulatory treatments such
as medications that alter neurotransmitter availability
(Berthier, Pulvermüller, Dávila, Casares, & Gutiérrez, 2011)
and noninvasive electrical or magnetic stimulation tech-
niques that affect brain activity (Fregni & Pascual-Leone,
2007) now allow us to directly modulate brain function.
Understanding the brain basis of language and cognitive
outcomes may help to identify optimal neuromodulatory
treatments that make the brain of a person with a poor out-
come more like the brain of a person with a good outcome
(Hamilton, Chrysikou, & Coslett, 2011; Turkeltaub, 2015).

Neuroscience has made great strides over the past
few decades in improving our ability to measure brain
structure, function, and connectivity at the level of brain
regions and networks in living humans. The measurement
of brain regions and networks is an appropriate level of
investigation in order to understand stroke outcome because
complex behaviors are largely mediated by networks of
brain regions working in coordination (Bressler & Menon,
2010). Many studies have now been published associating
language or cognitive outcomes from stroke with brain fac-
tors such as stroke size and location (e.g., Thye & Mirman,
2018) or activity in brain regions spared by stroke (e.g.,
Fridriksson, Bonilha, Baker, Moser, & Rorden, 2010).
These types of studies often describe how brain features re-
late to aphasia outcomes without fully considering the
biological and behavioral mechanisms underlying these re-
lationships. Furthermore, studies often consider only one
or two factors at a time, leading to potentially misleading
results given likely interactions between factors (e.g., an
inverse relationship between lesion size and perilesional
activity). Organizing our thinking about the many ways in
which brain features may relate to behavioral outcomes
after stroke could help investigators to design studies that
examine the brain basis of outcomes more comprehen-
sively. Considering the mechanisms underlying brain–
behavior relationships will help researchers to design studies
capable of elucidating not only the patterns of brain changes
after stroke but also why these changes occur.

In this review article, I will outline a taxonomy of
ways in which brain features may relate to stroke outcome,
with a focus on aphasia. I developed this framework over
the course of several years as I reviewed prior literature on
the brain basis of stroke outcome in both humans and in
animal models in order to interpret results of my own lab’s
experiments. My purpose is not to provide a comprehen-
sive review of the brain basis of aphasia outcomes but
rather to provide a framework to organize the types of brain–
behavior relationships that might occur, giving examples
that illustrate major types of relationships suggested by
research in animal models and related fields. Other reviews
have discussed environmental, behavioral, and genetic vari-
ables that relate to aphasia outcomes (Plowman et al.,
2012; Watila & Balarabe, 2015). Here, I focus specifically
on the ways in which brain features relate to outcomes be-
cause, as noted above, all other sources of variation in out-
come must be mediated by the brain. I will focus at the
3908 Journal of Speech, Language, and Hearing Research • Vol. 62 •
level of brain structures and connections that are measurable
in living humans, rather than at the cellular or subcellular
level that may be of theoretical interest but are not directly
measurable in living humans. When relevant, however, I
will consider cellular mechanisms that likely determine
patterns in large-scale brain features. I hope that the orga-
nizational framework and mechanisms for brain–behavior
relationships described in this review article will aid re-
searchers to design experiments that consider as many rele-
vant brain variables as possible and to test increasingly
specific hypotheses of how and why brain features relate
to outcomes after stroke.

Measuring Aphasia Outcome
The choice of outcome measure affects the types of

brain–behavior relationships that are observable and the
hypotheses one might formulate regarding these relation-
ships. Therefore, before outlining the framework for under-
standing brain–behavior relationships after stroke, it is
worth considering what types of outcome measures are
most appropriate to examine in this context. A key to un-
derstanding the relationship between the brain and aphasia
outcome is the recognition that language is not a singular
entity but rather a composite of many interacting pro-
cesses. Correspondingly, language is performed by wide-
spread brain structures, most importantly a variety of
structures in the left cerebral hemisphere (Friederici, 2011;
Price, 2012). Although there are ongoing debates about the
degree to which cognitive processes are performed by
localized brain processors versus distributed networks, it is
clear, based on the relationship between lesion location
and deficits, that specific structures are important for par-
ticular language functions (Mirman et al., 2015). This locali-
zation of function leads to behavioral dissociations such
as the dramatically different process-level deficits suffered
by individuals with classic Broca’s and Wernicke’s apha-
sias. Because of these anatomical and behavioral dissocia-
tions, two individuals may have mutually exclusive deficits,
yet still have the same “overall aphasia severity.” As such,
measuring outcomes using global aphasia severity scores
is likely to lead researchers to miss brain factors important
only for specific language processes and is not likely to
yield insight about brain features informative of any indi-
vidual person’s outcome in terms of their strengths and
weaknesses. Generally speaking, measuring more specific
behavioral outcomes is likely to lead to a finer understand-
ing of brain–behavior relationships after stroke and be
more informative for clinicians and stroke survivors.

For some purposes, it may be useful to consider out-
comes for specific language processes or representations,
such as an orthographic buffer or orthographic representa-
tions (Rapp, Purcell, Hillis, Capasso, & Miceli, 2016).
Examining this level of specificity is important, for instance,
when investigating the impact of specific behavioral treat-
ments that aim to affect specific processes or simply for
understanding the mental or neural architecture that under-
lies behavior. However, because strokes often involve
3907–3922 • November 2019



several cubic centimeters of tissue and distributions are
determined by relatively stereotyped anatomy of blood
vessels, language deficits are typically not restricted to indi-
vidual processes (Price, Hope, & Seghier, 2017). Further-
more, somewhat broader outcome measures are likely to
be clinically important for a wider range of patients and
lead to a more generalizable understanding of the brain
basis of language outcomes. As such, for many studies, it
may be advantageous to consider outcomes at an interme-
diate level of specificity.

One approach is to conduct a thorough behavioral
aphasia assessment battery and then use a statistical tech-
nique such as principal components analysis to identify the
dissociable functions measured by the battery. Studies
using this approach typically identify three to four “core”
functions (Butler, Lambon Ralph, & Woollams, 2014;
Halai, Woollams, & Lambon Ralph, 2017; Lacey, Skipper-
Kallal, Xing, Fama, & Turkeltaub, 2017; Mirman et al.,
2015). An example from our own work is provided in
Figure 1, showing the results of a principal components
factor analysis of scores on a battery of common clinical
aphasia assessments in a sample with chronic left hemisphere
stroke (Lacey et al., 2017). The analysis identified four factors
measured by the assessment battery, and lesion-symptom
mapping identified independent lesion locations associated
with deficits in each of these behaviors. This approach pro-
vides an empirical way to determine outcome measures that
are likely to be differently affected by lesions and, for many
purposes, serves as a reasonable compromise between
global aphasia severity and specific process-level deficits.

A Taxonomy of Brain–Behavior Relationships
After Stroke

I divide brain factors related to outcome into two
groups—features of the stroke itself and features of the
brain tissue not directly damaged by the stroke, hereafter
Figure 1. Lesion locations associated with core functions measured
by a battery of common aphasia assessments (adapted from
Lacey et al., 2017). Thirty-eight individuals with chronic aphasia
underwent an extensive aphasia battery consisting of commonly
used clinical tests. Principal components factor analysis revealed
four underlying language functions measured by the tests, which
were labeled by the authors. Support vector regression lesion–
symptom mapping was used to identify brain locations where lesions
resulted in deficits in each of the language functions. The significant
brain areas associated with each language function are shown in
color. To provide a full three-dimensional view, the translucent
brains (from left to right) show the same results as viewed from the
left, from above, from below, and from the front.
referred to as “spared” brain tissue (see Figure 2). When
conducting brain imaging studies of stroke survivors, differ-
ent methods are often used to examine the lesion (e.g.,
lesion–symptom mapping) and spared brain tissue (e.g.,
functional magnetic resonance imaging [fMRI]), so this
division may help investigators to develop hypotheses
depending on the approach of their study. Moreover, this
division borrows from other reviews of factors relating to
aphasia outcome that have differentiated between lesion-
related and patient-related factors (Plowman et al., 2012;
Watila & Balarabe, 2015). Instead of “patient-related
factors,” this taxonomy includes “features of the spared
brain tissue” because, after a stroke, brain differences
associated with patient-related factors such as age, education,
gender, and handedness can only be measured in brain
regions with intact tissue.

Our consideration of brain factors related to post-
stroke aphasia outcome starts with features of the stroke.
The stroke is the reason a person has aphasia, and as such,
features of the stroke likely explain most of the variance
between individuals in their language and cognitive out-
comes (Price et al., 2017). Once the features of the stroke
have been considered, the remainder of the explainable
variance in aphasia outcomes must be accounted for by
features of the spared brain. This is not to say that statisti-
cal models based on features of the stroke and the spared
brain will ever explain all of the variance in aphasia out-
comes across stroke survivors. Technologies for measuring
the brain cannot access all relevant features that likely re-
late to outcomes, and some features will likely be transient
and only measured in certain states (Price, Warburton,
Moore, Frackowiak, & Friston, 2001), making identifying
all sources of variance virtually impossible. Measurement
error, along with inadequate mathematical models relating
brain measures to behavior, will further preclude this.
Nevertheless, any explainable variance not accounted by
features of the stroke must be related to features of the
spared brain tissue. Features of the spared brain tissue are
further divided into those that remain unchanged after
stroke and those that change after stroke. Features that
change after stroke are subdivided into those for which the
pattern of change is driven primarily by neurobiology and
those for which the pattern of change is driven primarily
by behavior.

A limitation of proposing a taxonomy such as this is
that binary divisions oversimplify complex interactions,
for instance, between injured and spared brain tissue or be-
tween behavioral experience and neurobiology. Notably,
dividing the brain into lesioned and spared tissue is an
oversimplification as lesions are known to cause anatomical
knock-on effects and distant dysfunction in brain structures
spared by the stroke (Carrera & Tononi, 2014). One could
reasonably argue that no such division is necessary and that
most relevant stroke features (e.g., size, location) could
equivalently be described in the inverse as features of spared
brain tissue (e.g., size of spared brain tissue, location of
spared brain tissue). As most researchers and clinicians are
in the habit of considering how features of the stroke relate
Turkeltaub: Brain Basis of Aphasia Outcomes 3909



Figure 2. A taxonomy that organizes major ways that brain features can relate to behavioral outcomes from stroke.
to outcomes and measurement tools are often different for
the lesioned and spared tissue, I think the practical benefits
of dividing the brain into lesioned versus spared tissue
outweigh the ambiguities resulting from this division.
Another important caveat is that changes in spared tissue
that are related to recovery likely all result from interac-
tions between neurobiology and the environment, most
notably the behavioral experience of the stroke survivor (Jones
et al., 2009). Nevertheless, making a binary division between
brain changes in which the pattern of change is primarily
driven by neurobiology versus those primarily driven by
behavior facilitates predictions regarding the location and
timing of brain changes.
Features of the Stroke That Contribute
to Aphasia Outcomes

As noted above, features of the stroke are likely to
be the most important brain factors for behavioral out-
comes, including aphasia. While lesion-related factors in
prior reviews have included both brain measures (e.g., lesion
size) and behavioral measures (e.g., initial aphasia severity),
I will focus solely on brain measures. Behavioral predictors
such as initial severity are themselves the product of a
combination of brain features, including both features of
the lesion and features of the spared brain related to resil-
ience or vulnerability to deficits, and so considering their
relationship to outcomes will not help us to understand
brain–behavior relationships after stroke. Certain stroke
features relate to broad functional outcomes, including
whether the stroke is ischemic or hemorrhagic (Paolucci
et al., 2003) and the volume of intraventricular hemor-
rhage when present (Tuhrim, Horowitz, Sacher, & Godbold,
1999). These and other stroke features may relate to aphasia
outcome, but I will focus on three main features of strokes
3910 Journal of Speech, Language, and Hearing Research • Vol. 62 •
well known to impact aphasia outcomes: lesion size, lesion
location, and white matter involvement.

Lesion Size
The first attribute of the stroke to consider is the size

of the lesion. Lesion size is an important determiner of
outcome for at least two reasons. First, many complex be-
haviors are performed by large-scale networks in which
information flows through pathways that are widely dis-
tributed in the brain (Bressler & Menon, 2010). A small
lesion may cause only limited disruption of information
flow through the network, whereas a large lesion will cause
more profound disruption of the overall network architec-
ture, leading to greater behavioral deficits (Thye & Mirman,
2018). Second, even when a behavior relies on only a single
small brain region, across the population of stroke survi-
vors, stroke size will often still relate to outcomes in the
behavior. This is simply because the larger a stroke, the
more likely that any individual region in question is dam-
aged. As a result, across a broad range of behaviors, lesion
size is related to outcome. In one study, we examined
20 different scores of widely varied language functions (e.g.,
auditory sentence comprehension, reading, verbal fluency,
picture naming, trails) and found that lesion size signifi-
cantly related to 15 of them, explaining up to 47% of the
variance in individual scores (DeMarco & Turkeltaub,
2018b).

Lesion Location
The second stroke attribute to consider is the location

of the lesion (Price et al., 2017). Because many, perhaps
all, behaviors rely at least to some degree on specific brain
structures, two individuals with lesions of identical size
may have mutually exclusive deficits if the lesions affect
3907–3922 • November 2019



different brain regions. A canonical example of this is the
dissociation between the language deficits typically faced
by individuals with anterior versus posterior lesions. One
individual may have a large anterior lesion and have Broca’s
aphasia as a result, whereas another individual may have
the same size of the lesion in posterior cortex and have
Wernicke’s aphasia. Although these two individuals
have lesions of the same size, their outcomes, in terms of
the specific difficulties they face, are quite different. The
relative importance of lesion size versus location to out-
come depends largely on the degree to which a function
relies on a distributed network of brain structures versus
individual structures (Thye & Mirman, 2018). In some cases,
lesion location may be more important than size. For
example, upper extremity hemiparesis outcomes can be
predicted with relatively high accuracy by measuring the
degree to which the lesion overlaps with the corticospinal
tract, and lesion size does not provide any additional pre-
dictive value (Feng et al., 2015). In our work, lesion size
has been unrelated to certain deficits, such as depression
symptoms or loss of phonotactic knowledge, but lesion–
symptom mapping has revealed specific lesion locations
associated with these problems, dorsolateral prefrontal
cortex in the case of depression (Grajny et al., 2016), and
posterior parietal cortex in the case of phonotactic knowl-
edge (Ghaleh et al., 2018). However, even for processes
that rely on widely distributed brain networks, some spe-
cific gray matter structures may serve as hubs, in that they
are connected to many different parts of the network,
making them pivotal to the flow of information through
the network. Lesions to these structures may cause greater
deficits than lesions to other regions (Gleichgerrcht et al.,
2016; Warren et al., 2014). For example, we recently demon-
strated that virtual lesions using transcranial magnetic
stimulation (TMS) cause greater deficits in a working
memory task when applied to hub regions as compared with
nearby nonhub regions in the same gyrus (Lynch et al.,
2018).

White Matter Involvement
A specific consideration regarding lesion location is

the degree to which lesions disrupt white matter pathways.
White matter damage has long been recognized as a key
determinant of outcomes for certain language functions
such as severe nonfluency (Naeser & Palumbo, 1994; Naeser,
Palumbo, Helm-Estabrooks, Stiassny-Eder, & Albert, 1989).
Outcomes for behaviors relying on distributed brain net-
works may depend on overall white matter lesion burden,
whereas outcomes for behaviors that rely on specific white
matter tracts relate to the degree of damage to those spe-
cific tracts. Recent studies have demonstrated that white
matter damage that disrupts global network architecture
relates to broad aphasia outcome measures such as overall
severity (Marebwa et al., 2017). In our work, we have
found that damage in several specific white matter tracts
connecting gray matter regions activated during picture
naming in control subjects is associated with naming
outcomes independent of overall lesion size, whereas dam-
age in the gray matter structures themselves is not (Xing
et al., 2018). As predicted by dual stream models, damage
in ventral pathways is associated with semantic deficits,
whereas damage in dorsal tracts is associated with phono-
logical deficits, both in our work and in others’ (Kümmerer
et al., 2013; Xing et al., 2018). We have also demonstrated
that temporal lobe white matter damage relates to auditory
comprehension outcomes, with anterior temporal white
matter especially important for word-level comprehension
and posterior white matter especially important for sentence-
level comprehension (Xing, Lacey, Skipper-Kallal, Zeng, &
Turkeltaub, 2017).

Features of Spared Brain Tissue That Contribute
to Aphasia Outcomes

As noted above, after accounting for features of the
stroke itself, which likely explain most of the variance in
outcomes, remaining explainable variance in aphasia out-
comes must relate to features of the spared brain tissue.
Given the expected outcome based on the severity of an in-
dividual’s stroke, features of the spared brain tissue deter-
mine whether an individual has a better-than-expected or
worse-than-expected outcome. I have divided these brain–
behavior relationships into two categories, brain features
that do not change after the stroke and those that do. The
first category encompasses relatively static features that
were in place at the time of the stroke that render a person
more or less prone to severe deficits from the stroke or
more or less able to relearn or compensate after the stroke.
The second category, features of spared brain tissue that
change after stroke, includes changes that occur as a
direct biological effect of the stroke and changes related to
recovery.

These two classes of brain features (those that change
after stroke and those that do not) can be differentiated
using longitudinal measurements or by testing for differ-
ences between stroke survivors and matched control groups.
A longitudinal change after the stroke or a difference be-
tween groups in spared brain tissue suggests that the brain
feature changes after the stroke. A relationship between
stroke size or location and features of the spared brain tissue
also suggests a change in that tissue related to the stroke.
The absence of these effects, especially if similar brain–
behavior relationships can be demonstrated both in patients
and controls, suggests an unchanged feature related to
resilience rather than recovery (Pani, Zheng, Wang, Norton,
& Schlaug, 2016). While longitudinal measures are needed
to confirm that changes have occurred after the stroke and
to measure the timing of these changes, the logistical diffi-
culties and extra resources required for longitudinal re-
search often limit the number of participants that can be
enrolled, reducing the power available to examine individual
differences in the brain that relate to outcomes. Therefore,
for many research groups, cross-sectional comparisons
between stroke survivors and controls with large sample
sizes may be advantageous to address questions about
Turkeltaub: Brain Basis of Aphasia Outcomes 3911



individual differences in spared brain features contributing
to outcomes.

Features of Spared Brain Tissue That Do Not
Change After Stroke

Several attributes of brains that do not change after
stroke make a person resilient or vulnerable to deficits, or
more or less able to relearn or compensate after stroke.
Prior brain injury from subclinical strokes, microbleeds,
and leukoaraiosis (i.e., microvascular white matter injury)
portends poor outcomes from further neurologic insults in
general (Gardener, Wright, Rundek, & Sacco, 2015) and
for poststroke aphasia specifically (Wright et al., 2018;
Yarnell et al., 1976). Perhaps not surprisingly, pre-existing
dementia at the time of stroke is also associated with poor
long-term cognitive outcomes (Hénon et al., 1997).

In addition to so-called brain health factors such as
these, features of brain organization prior to stroke may
impact the severity of deficits experienced. The most promi-
nent such feature is native lateralization of language pro-
cesses. Although the vast majority of right-handed people
and the majority of left-handed people are left-lateralized
for language (Knecht et al., 2000; Szaflarski et al., 2002),
there are individual differences in the degree of lateraliza-
tion even among right-handed people (Szaflarski, Holland,
Schmithorst, & Byars, 2006). Virtual lesion studies using
TMS demonstrate that the severity of language deficits
from left hemisphere disruption depends on the degree of
native lateralization (Knecht et al., 2002). Prior studies
have not clearly implicated handedness as a factor in aphasia
outcome at the population level, but this may be because
left-handers represent a small part of the population and
most of these individuals are left-lateralized for language,
so very large populations and more sensitive language
measures than have been used previously might be needed
to find effects of handedness on aphasia outcomes (Pedersen,
Jørgensen, Nakayama, Raaschou, & Olsen, 1995). Measuring
premorbid language lateralization directly would likely be
more fruitful if it were possible to obtain lateralization
measurements prior to stroke. A more feasible approach
is to measure right hemisphere structures shortly after
stroke, before any anatomical remodeling takes place. In-
deed, prior work has demonstrated that right arcuate fascic-
ulus volume measured shortly after stroke relates to long-term
aphasia outcomes (Forkel et al., 2014).

Subtler differences in brain organization may also
affect resilience to stroke deficits, although this is less clear
at present. For example, there are individual differences
in reading strategies employed by children as they go through
schooling, for example, relative use of lexical versus sub-
lexical reading strategies (Baron, 1979). Differences in
strategies such as these relate to subtle differences in the
architecture of networks utilized for reading (Graves et al.,
2014; Hoffman, Lambon Ralph, & Woollams, 2015) that
may (speculatively) lead to differences in resilience to strokes
that damage structures more important for one strategy
or another. Similarly, overall higher level of education may
3912 Journal of Speech, Language, and Hearing Research • Vol. 62 •
lead to richer representations, particularly for orthography,
leading to resilience of representational access in the face
of brain lesions (González-Fernández et al., 2011). Relatedly,
individual differences in brain networks supporting learn-
ing and memory could impact one’s ability to benefit from
behavioral aphasia treatments. These differences could
reflect personal traits predating the stroke or could relate
to deficits incurred by the stroke (Meinzer et al., 2010),
in which case they might best be considered a feature of
the stroke itself.

Features of the Spared Brain That Change
After Stroke

Many studies, including our own, have provided
evidence for changes in the structure and function of spared
brain regions after a stroke that relate to behavioral out-
comes (Saur et al., 2006; Skipper-Kallal, Lacey, Xing, &
Turkeltaub, 2017a, 2017b; Turkeltaub, Messing, Norise,
& Hamilton, 2011; Xing et al., 2016; for reviews, see
Hartwigsen & Saur, 2019). Often, the nature of such changes
are discussed in descriptive terms based on location (e.g.,
right hemisphere vs. perilesional) or their relationship to
behavior (e.g., compensatory, inefficient, maladaptive), some-
times with heuristics for the preferred pattern of activity
based on the severity of the stroke (Anglade, Thiel, &
Ansaldo, 2014; Hamilton et al., 2011; Heiss & Thiel,
2006). Such descriptions are informative but fall short of
a mechanistic understanding of why such patterns arise
(Ward, 2017). When specific mechanisms have been pro-
posed, they have often not thoroughly considered other
competing hypotheses that might also explain similar pat-
terns of brain change (Heiss & Thiel, 2006). Research in
animal models of stroke have demonstrated many different
changes that occur in spared brain tissue, including sub-
cellular changes, synaptic plasticity, changes in dendritic
arborization, axonal degeneration, axonal sprouting, and
others, all of which can contribute to changes in functional
maps (Murphy & Corbett, 2009). By considering the spe-
cific mechanisms involved in brain changes after stroke,
one can develop predictions regarding the expected pattern
of changes at the scale measurable by human neuroimaging.
Specifically, different mechanisms of change predict differ-
ent patterns in the type of brain changes (e.g., structure,
function, connectivity, properties of network organization),
the relationship of brain changes to stroke size and location
in the case of biologically driven changes, the relationship
to deficits and spared abilities in the case of behaviorally
driven changes, the timing of changes in relation to the
stroke or to behavioral interventions, and the relationship
between observed brain changes and behavioral outcomes.
Such mechanistic hypotheses will facilitate the design of
experiments capable of providing more specific conclusions
regarding the brain basis of aphasia recovery.

Although most brain changes after stroke derive
from interactions between biological mechanisms of neural
plasticity and the behavioral experience of the stroke
survivor (Jones et al., 2009), for the sake of developing
3907–3922 • November 2019



specific experimental hypotheses, it is useful to divide these
changes into those in which the pattern of change is pri-
marily driven by neurobiology and those in which the
pattern of change is primarily driven by behavior.

It is important to note that the specific examples pro-
vided below should be viewed as hypotheses regarding
how specific mechanisms might result in specific spatio-
temporal patterns of brain change measurable in stroke sur-
vivors. To the extent possible, I will provide examples from
our research or the literature of findings that might corre-
spond to each mechanism of change, but further research
will be needed to test whether the exact predicted patterns
arise in humans and how important they are for aphasia
outcomes. Furthermore, I intend the examples below to
illustrate the ways that biological and behavioral mecha-
nisms of change might lead to specific patterns of results,
but I do not intend to provide an exhaustive list of all of
the possible mechanisms of brain change that contribute
to aphasia recovery.
Brain Changes Primarily Driven by Neurobiology
Brain changes primarily driven by neurobiology are

those for which the neurobiological mechanism provides
the main constraints on the pattern of changes in terms of
timing, location, and relationship to behavioral outcome
(see Table 1). As such, this type of brain change likely
occurs in regions with a systematic relationship to the loca-
tion of stroke, for example, regions that are directly ana-
tomically connected to the lesioned area, regions that
project to the same axonal targets as the lesioned area, or
regions that form functional networks with the lesioned
area. The exact biological mechanism of change determines
the nature of this relationship and also the expected timing
of these effects. For example, electrophysiological phenomena
such as disinhibition should occur immediately, synaptic
plasticity should lead to rapid but not immediate changes,
Table 1. Example neurobiological mechanisms of change after stroke and
neuroimaging experiments.

Mechanism Location

Brain changes occurring as a direct biological effect of the lesion
Maladaptive disinhibition Region that is directly inhibited by a lesion

tissue, typically the homotopic region o
the right hemisphere

Deafferentation atrophy Structure that receives axonal projections
from the lesioned structure

Diaschisis Regions that form a functional network
with a lesioned tissue

Brain changes related to recovery
Axonal collateral sprouting Region that shares axonal targets with

the lesioned tissue

Engagement of secondary
processors due to
synaptic plasticity

Network that is already involved in the
behavior to some degree or was
involved early in development
and more substantial anatomical remodeling may result
in brain changes over weeks or more. Some changes after
stroke occur as a direct biological consequence of the stroke
on spared brain tissue. These changes could reasonably be
considered features of the lesion itself, but since they are
measured in the spared brain tissue, I consider them here
instead. The other group of changes I consider here are those
associated with recovery, that is, mechanisms of neural
plasticity.
Brain Changes Occurring as a Direct Biological Effect
of the Lesion

The brain is composed of networks of interconnected
and interdependent brain structures, so a stroke to one
structure necessarily has effects on other spared structures.
Most such indirect effects of the stroke are thought to
cause dysfunction of spared brain regions, and so these
changes are typically negatively associated with outcomes.
Perhaps the most widely discussed example of this cate-
gory of brain change is the maladaptive release of inter-
hemispheric inhibition, a popular theory that guides many
brain stimulation treatments for aphasia (Turkeltaub,
2015). In the motor system, transcallosal inhibitory con-
nections between the hemispheres may help to coordi-
nate bimanual movement (Daffertshofer, Peper, & Beek,
2005). After stroke, the interhemispheric inhibitory
balance is disrupted and the uninjured motor cortex inhibits
the injured side (Rehme, Eickhoff, Wang, Fink, & Grefkes,
2011; Takeuchi & Izumi, 2012), contributing to deficits
(Duque et al., 2005; Murase, Duque, Mazzocchio, & Cohen,
2004). If this mechanism also occurs in the language net-
work, one would expect that a stroke to a left hemisphere
structure important for language would cause an immediate
increase in the activity of the corresponding structure in
the right hemisphere and that this increased activity would
correspond with poorer performance in a language function
hypothesized spatiotemporal patterns observable in human

Timing Relationship to behavior

ed
f

Immediate Impedes performance on behavior
performed by a perilesional tissue

Delayed, gradual Atrophy may correspond with reduced
performance for behavior served by
the atrophied structure

Immediate Dysfunction in the network impedes
behavior performed by the network

Delayed, gradual Compensates for behavior served by
the lesioned tissue, effective to the
degree that the new region is similar
to the original region in computations
and connectivity

Early, gradual Compensates for behavior, likely to be
less efficient than the lesioned network
was prior to stroke
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performed by the injured left hemisphere tissue. TMS
studies have indeed demonstrated that a “virtual lesion”
of the left inferior frontal cortex results in immediate in-
creases in activity in the corresponding cortex of the right
hemisphere (Thiel et al., 2006), although this increased
activity is actually protective against behavioral conse-
quences of the virtual lesion, counter to the theory suggesting
such activity should have negative behavioral consequences
(Hartwigsen et al., 2013). A prominent longitudinal imaging
study demonstrated that right hemisphere language-related
brain activity does not arise immediately after a stroke as
would be predicted by a direct physiological mechanism
such as disinhibition but rather is maximal weeks after the
stroke, suggesting a change that occurs more slowly over
time (Saur et al., 2006). In a single case, we found that the
behavioral benefit of right frontal TMS inhibition for pic-
ture naming was unrelated to the level of brain activity at
the site of stimulation, that such inhibition did not result
in increased activity in the corresponding perilesional left
frontal area, and that a subsequent right hemisphere stroke
resulted in worsening of aphasia, all findings that fail to
support predictions of the theory of maladaptive interhemi-
spheric inhibition (Turkeltaub et al., 2012). Subsequent
functional neuroimaging studies from our lab have also
failed to find patterns predicted by this theory (Skipper-
Kallal et al., 2017a, 2017b). These results raise doubts
about whether maladaptive interhemispheric inhibition
plays a significant role in aphasia outcomes. The critical point
for the purposes of this discussion though is that specific
mechanistic theories such as this one lead to specific test-
able predictions regarding the pattern of expected brain
changes in terms of the timing, location, and relation-
ship to behavior. This allows the opportunity to support or
disprove these hypotheses, or to alter them to accommodate
new scientific evidence. Without such clear hypotheses, the
interpretation of results can only be descriptive.

Another example of a change in spared brain tissue
that occurs as a direct result of the stroke is atrophy caused
by deafferentation of intact brain regions. Atrophy by
this mechanism should be limited to structures that receive
axonal projections lost due to the lesion, and the behavioral
consequences should relate to the role of the atrophied
structure in the behavior of interest. For example, structural
disconnection of Broca’s area is associated with impairment
of naming independent of the degree of direct stroke damage
to this area (Bonilha, Rorden, & Fridriksson, 2014).

Similarly, a lesion can disrupt information flow
through a functional network, causing dysfunction in ana-
tomically intact parts of the network. This phenomenon,
referred to as diaschisis, has been recognized for over
100 years (Feeney & Baron, 1986), although the term has
sometimes been used for other related phenomena, including
structural disconnections (Carrera & Tononi, 2014). Brain
changes due to diaschisis are expected in regions function-
ally connected to the lesion, whether or not they have direct
anatomical connections, and decreased functioning should
be associated with behavioral deficits. Diaschisis was origi-
nally thought to resolve relatively early after stroke, but
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metabolic imaging studies have demonstrated long-lasting
hypometabolism in regions functionally connected to the
lesion, even if multiple neurons and synapses intervene
between the regions. For instance, years after cerebellar
stroke, contralateral cerebral regions that are indirectly
connected to the cerebellum via the thalamus demonstrate
hypometabolism that relates to functional outcomes (Sobesky
et al., 2005). A series of recent studies have demonstrated
that poorly localizing behavioral syndromes can be under-
stood by assuming widespread dysfunction in brain regions
that form a functional network with the lesioned tissue
(Fox, 2018). We have recently developed a new method,
termed functional anomaly mapping, that uses resting fMRI
data to identify dysfunctional tissue in individual stroke
survivors both at the site of the anatomical lesion and
in the anatomically spared parts of the brain (DeMarco &
Turkeltaub, 2018a). Years after stroke, this technique
identifies dysfunction in right hemisphere sites homotopic
to the left hemisphere lesion, likely reflecting transcallosal
diaschisis (see Figure 3). Furthermore, right cerebellar
dysfunction as measured by these maps relates to speech
fluency outcomes (DeMarco & Turkeltaub, 2018a), in accor-
dance with prior findings demonstrating right cerebellar
hypometabolism in stroke survivors with nonfluent aphasia
(Metter et al., 1987).

Brain Changes Associated With Recovery
Brain changes associated with recovery-related neuro-

plasticity are often constrained by neurobiology, resulting
in patterns of changes that are systematically related to the
stroke in time and also in location within the brain. One
important mechanism of brain change in this category is
axonal collateral sprouting due to synaptic competition
(Carmichael, 2003). Throughout the central and peripheral
nervous systems, neurons that send axons to the same
targets compete for synapses. When one of these neurons
dies, the others that project to the same target sprout new
axonal branches that take over denervated synapses (Edds,
1953). In rat models of stroke, enhancing axonal sprouting
in the hemisphere opposite the stroke increases re-innervation
of subcortical targets, improving behavioral performance
with the impaired limb (Chen, Goldberg, Kolb, Lanser, &
Benowitz, 2002; Zai et al., 2009), demonstrating that this
mechanism of plasticity is likely to be important for func-
tional outcomes after stroke. In contrast to the immediate
changes expected by direct disinhibition described above,
brain changes related to axonal collateral sprouting are
likely to occur over a longer period of time, given that
anatomical remodeling is required (Carmichael, 2003).
Whereas direct disinhibition should result in increased activity
in regions directly connected to the lesioned area, increased
activity or other changes in brain features related to axonal
sprouting should occur in regions with cell bodies that
share axonal targets with lesioned neurons. These neurons
in effect “take over” for the lesioned neurons in the network
and are likely to produce positive behavioral outcomes to
the degree that their connectivity and computational prop-
erties are similar to the lesioned neurons (Ward, 2017).
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Figure 3. Example of results suggestive of axonal collateral sprouting (adaptedfrom Skipper-Kallal et al., 2017b). Thirty-nine individuals with
chronic left hemisphere stroke were tested using the Philadelphia Naming Test and underwent functional magnetic resonance imaging
scanning during a delayed response naming task. The group was divided into those with lesions involving the mouth area of motor cortex
in the left hemisphere and those with lesions not involving that region. Because the mouth areas of motor cortex in both hemispheres share
axonal targets in the brainstem, the principles of axonal collateral sprouting predict the pattern of findings: (A) The mouth area of motor cortex
in the right hemisphere was active only when the left mouth area of motor cortex was lesioned, and (B, C) the activity in the right mouth area
of motor cortex related to naming ability only when left motor cortex was lesioned.

Figure 4. Functional anomaly maps demonstrate abnormal function
distant from lesions, consistent with diaschisis (adapted from
DeMarco & Turkeltaub, 2018a). Machine learning analysis of resting-
state functional magnetic resonance imaging data is used to grade
the degree to which spontaneous brain activity differs in individual
stroke survivors from a group of controls. Maps are shown for two
individuals (P1 and P2). P1 has a large cortical lesion, and dysfunction
is identified at the site of the anatomical lesion and also in regions
opposite the stroke in the right hemisphere (white arrows). P2 has
a subcortical lesion with widespread cortical dysfunction in the
lesioned hemisphere and in locations of the right hemisphere opposite
areas of prominent left hemisphere dysfunction (white arrows).
The network can likely never be as effective as it was prior
to injury, however, because the postsynaptic neurons at the
axonal target are controlled by a smaller number of neu-
rons than they were prior to injury. This results in coarse
coordination of activity, a phenomenon that is easily demon-
strated in the peripheral nervous system as enlarged and
irregular motor unit action potentials on electromyography
after peripheral nerve damage and subsequent reinnerva-
tion via axonal sprouting (Krarup, Boeckstyns, Ibsen,
Moldovan, & Archibald, 2016).

This mechanism of plasticity could theoretically account
for well-known patterns observed in aphasia neuroimaging
studies. For example, one might expect that nearby cortical
regions share axonal targets, so perilesional neurons with
similar axonal targets to nearby lesioned neurons are able
take over denervated synapses at those targets, resulting in
increased activity in perilesional cortex. This mechanistic
explanation for perilesional recruitment leads to specific
testable hypotheses, for instance, that perilesional regions
can effectively compensate for nearby lesioned tissue only
to the degree that they share axonal targets. The degree to
which two structures share axonal targets could potentially
be measurable as shared patterns of structural connectivity.
A more generalized version of this hypothesis is that effec-
tive behavioral compensation after a lesion to a given
cortical processor will occur in regions that have similar
structural connectivity patterns to the injured processor.

As in the animal models noted above, contralesional
recruitment after stroke may result from competition for
shared subcortical axonal targets. For example, we have
found that, in a cohort of left hemisphere stroke survivors,
only those with damage to the mouth area of left motor
cortex activate the corresponding motor area in the right
hemisphere during picture naming and only in those indi-
viduals does the level of right motor activity relate to naming
performance (see Figure 4; Skipper-Kallal et al., 2017b).
This pattern is consistent with that expected by axonal col-
lateral sprouting, given the bilateral projections from the
mouth area of motor cortex to the brainstem (Triggs,
Ghacibeh, Springer, & Bowers, 2005).

More broadly, any mechanism of plasticity that re-
sults in synaptic modifications (Abbott & Nelson, 2000),
including axonal sprouting, could result in increased activ-
ity in spared networks already involved to some degree in
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a behavior. For example, right hemisphere brain regions
homotopic to the left hemisphere language network are
often activated to some degree by language tasks (Just,
Carpenter, Keller, Eddy, & Thulborn, 1996). These regions
may play a minor role in language functions in everyone
(Hartwigsen et al., 2010), perhaps as developmental rem-
nants of early bilateral language networks (Newport et al.,
2017). When a stroke damages the left hemisphere language
network, synaptic plasticity in the spared alternate path-
way might result in increased activity, enhanced connectivity,
and possibly structural hypertrophy. These changes should
occur throughout the network, not just in regions that are
directly anatomically connected to the lesioned area or
share axonal targets with it. In the case of alternate right
hemisphere networks, recruitment is most likely to result
in positive outcomes for language processes that are less
strongly lateralized, such as auditory comprehension
(Hickok & Poeppel, 2007).

These examples demonstrate how considering biological
mechanisms of recovery can lead to hypotheses regarding
specific patterns of change expected at the region and net-
work level in humans. In general, neurobiologically driven
changes should occur in structures or networks that have
a systematic relationship to the lesion, with the nature of
the relationship determined by the biological mechanism.
The nature and timing of these changes is expected to be
determined by the mechanism, ranging from immediate
electrophysiological effects to slower anatomical remodeling.
Brain Changes Primarily Driven by Behavior
In this category, I include brain changes for which

spatiotemporal patterns are primarily determined by the
nature of behavioral experiences, rather than by neurobio-
logical constraints. Of course, behaviorally driven effects
must ultimately occur through neurobiological mechanisms,
and many of the neurobiological mechanisms described
above are shaped by behavioral experience, so in a sense,
these are not discrete categories. Nevertheless, considering
them separately may help to clarify the possible origins
of observed brain changes and the experiments and analyses
needed to disambiguate different types of changes. For
example, a clear hypothesis is that brain changes primarily
driven by behavior will occur in brain structures or net-
works capable of playing a role in the behavior in question.
In many cases, this hypothesis will produce different pre-
dictions than any of the neurobiologically driven mechanisms
described above. Behaviorally driven brain changes may
still be constrained by the anatomical distribution of the
stroke (Meinzer et al., 2010), although it seems likely that
these constraints may, strictly speaking, relate more strongly
to the profile of deficits and spared abilities than to the
stroke anatomy. The timing of brain changes will correspond
to the behavioral experience driving the change, with rapid
effects due to priming measurable as early changes in brain
activity (Nardo, Holland, Leff, Price, & Crinion, 2017)
and slower effects related to anatomical remodeling observ-
able in various brain measures (Jones et al., 2009).
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The most obvious example of a behaviorally driven
brain change is the effect of behavioral treatment for apha-
sia on the brain. Here, although treatment-induced changes
occur through similar neurobiological mechanisms as de-
scribed above, the nature of the behavioral training, likely
interacting with the individual’s capacity to relearn, should
principally determine the brain networks that change in
response to treatment (see Crinion & Leff, 2015, for a review
of recent studies). For example, alongside domain general
effects of any behavioral treatment on the brain and with
the caveat that behavioral treatments rarely if ever isolate a
single language or cognitive process without stimulating
others at all, one might expect that treatments targeting
phonology should primarily impact brain networks capable
of supporting phonology, whereas treatments targeting
semantics should primarily impact brain networks capable
of supporting semantics. Dissociations such as this have
been suggested in small studies (van Hees, McMahon,
Angwin, de Zubicaray, & Copland, 2014), but larger studies
contrasting different types of behavioral treatment are
needed to confirm this hypothesis more broadly. Another
straightforward prediction regarding treatment-induced
brain changes is that the magnitude of change might be
expected to relate to the intensity and duration of treatment.

Other behaviorally driven brain changes may occur
as a consequence of behavioral adaptations resulting from
living with deficits caused by stroke. For example, difficul-
ties communicating through oral language may provoke
use of compensatory strategies with or without formal
training to do so. These compensatory strategies, if engaged
repeatedly over a period of time, may result in long-lasting
changes in the brain networks supporting them. We re-
cently demonstrated that, in a region of the right temporo-
parietal cortex, gray matter density was greater in left
hemisphere stroke survivors with aphasia than in either
control participants or left hemisphere survivors without
history of aphasia (Xing et al., 2016). The gray matter
density in this region related to speech production outcomes
as well as verbal working memory after accounting for
effects of stroke size and location on these abilities. Although
further research would be needed to confirm the mecha-
nism underlying these findings, the pattern might suggest a
structural change driven by behavior rather than neuro-
biology, given that the change occurred across a diverse
group irrespective of stroke size and location. In an un-
selected sample with varied histories of behavioral aphasia
therapy, this type of change most likely derived from a
compensatory overreliance on a function performed by
right temporoparietal cortex. Similarly, attempting to
communicate with aphasia may place additional strain on
domain general cognitive systems, resulting in changes in
these networks (Geranmayeh, Brownsett, & Wise, 2014).

Conversely, diminished use of oral language for com-
munication could result in atrophy of language networks,
similar to learned non-use of an impaired limb (Pulvermüller
et al., 2001; Taub, Uswatte, Mark, & Morris, 2006). Less
discussed in the brain imaging literature on aphasia are the
potential consequences of reduced life participation caused
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by aphasia. Aphasia often reduces social engagement,
resulting in fewer opportunities for communication (Dalemans,
De Witte, Beurskens, Van Den Heuvel, & Wade, 2010).
This deprivation could result in secondary atrophy of both
language networks and networks supporting compensatory
communication strategies, as well as changes in other
networks supporting other social and cognitive functions.
If individuals are environmentally deprived but then achieve
improvements in functional communication and life par-
ticipation as a result of either spontaneous recovery or
treatment, the potential secondary effects of these successes
on brain networks must also be considered when examin-
ing brain data. Ultimately, it may be very difficult to tease
apart the many potential sources of brain changes in the
context of most experiments, but these potential sources
of change should be considered alongside more traditional
hypotheses regarding the neurobiology of recovery, espe-
cially when the pattern of results is unexpected or nonspe-
cific. Studies using detailed measures of language functions
as well as daily life behavior in very large numbers of
people with aphasia may be needed to tease apart various
potential behavioral sources of brain differences after
stroke.

A final important type of behaviorally induced effect
in people with aphasia is an artifactual change in brain
activity related to increased effort during performance of
functional neuroimaging tasks. Activity in fMRI and posi-
tron emission tomography (PET) studies scales with the
effort put toward task performance (Just et al., 1996), and
so some changes in brain activity measured in people with
aphasia may simply reflect differences in the effort required
to perform the task, rather than real changes in brain orga-
nization (Wilson, Yen, & Eriksson, 2018). This phenome-
non could result in increased activity for people with aphasia
compared to control participants or could even result in
longitudinal changes in brain activity for individual stroke
survivors. For example, in the context of targeted thera-
pies, initial improvement may be achieved effortfully,
with associated patterns of activity in brain regions asso-
ciated with domain general processes, whereas longer term
gains or overlearning may be associated with reductions of
this activity (DeMarco, Wilson, Rising, Rapcsak, & Beeson,
2018; Kurland et al., 2008). Such reductions in activity
after aphasia treatment are typically interpreted as reflect-
ing increased neuronal efficiency (e.g., Nardo et al., 2017)
but might instead occur as an epiphenomenon of improved
abilities due to correspondingly reduced effort needed to
perform the task in the scanner. In our own research, we
recently showed that right hemisphere picture-naming activity
relates to lesion size in people with left hemisphere strokes,
such that people with the largest lesions have the most
right hemisphere activity (Skipper-Kallal et al., 2017b).
While it is tempting to suggest that this relationship demon-
strates the often-suggested increased reliance on the right
hemisphere by people with large lesions (Anglade et al.,
2014; Heiss & Thiel, 2006), we also identified the same rela-
tionship between lesion size and activity in the bilateral visual
cortex. This suggests that increased effort for task performance
by people with severe aphasia, also marked by longer look-
ing times at the pictures, might explain the relationship
between lesion size and activity. Use of tasks that adapt
their difficulty to participant performance (Wilson et al.,
2018) or use of effort-independent measures such as gray
matter structure (Hope et al., 2017; Xing et al., 2016) can
address this issue. Task-free measures of brain structure
and connectivity have the added benefit of allowing the
simultaneous examination of brain–behavior relationships
across a variety of specific behavioral outcome measures. In
contrast, task-related fMRI requires use of specific tasks,
placing practical limits on the number of behaviors one can
examine during a typical imaging session. Furthermore,
findings from these studies may not generalize beyond the
specific tasks used in the scanner.
Examining Both the Stroke and the Spared
Brain Tissue

Since both the stroke and the spared brain may con-
tribute to aphasia outcomes, how should these two factors
be considered in relation to each other? Given that stroke
features are clearly known to play a significant role in out-
come, it seems imperative that these factors be included
in any attempt to understand outcomes. Considering the
features of the stroke alone provides information regarding
the degree to which behaviors critically rely on injured re-
gions despite contributions of spared brain regions to resil-
ience and recovery. The variance in outcomes that remains
unexplained by these models provides a cap on the degree
to which individual differences in the spared brain can ex-
plain outcomes. Given that the stroke is the cause of the
deficits, measuring features of the spared brain without
considering the severity of the stroke is unlikely to lead to
clearly interpretable findings.

Some researchers, including ourselves, have combined
these factors using hierarchical regression approaches that
first enter features of the stroke and subsequently examine
features of the spared brain that explain additional variance
in behavioral scores (Forkel et al., 2014; Pani et al., 2016;
Skipper-Kallal et al., 2017a; Xing et al., 2016). This ap-
proach is appealing because it is simple and acknowledges
the primacy of the stroke features in causing the behavioral
deficits. Given that these statistical models already incor-
porate information about the stroke before considering
features of the spared brain, they are likely biased toward
relationships between spared brain features and behavior
that are relatively independent of stroke features, in other
words, behaviorally driven effects. Other groups have ex-
amined features of the stroke and spared brain tissue si-
multaneously using approaches such as joint independent
components analysis (Abel, Weiller, Huber, Willmes, &
Specht, 2015; Griffis, Nenert, Allendorfer, & Szaflarski,
2017), which identifies stroke features and spared brain
features that co-occur. Each approach thus has value depend-
ing on the hypothesized mechanism by which spared brain
features contribute to behavior.
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An additional consideration is the likelihood that
behavioral outcomes may depend on multiple interacting
brain features simultaneously, for instance, the presence of a
lesion in region w, structural connectivity between regions
x and y, and activity in region z. Use of multivariate tech-
niques capable of considering multiple brain regions and
imaging modalities simultaneously has already proven
useful in understanding the relationship between brain
development and cognition (Erus et al., 2015) and may
likewise be useful in aphasia research (Pustina et al.,
2017).

Recommendations
While describing the taxonomy above, I have implied

several recommendations for conducting research on the
brain basis of aphasia outcomes. For the sake of clarity,
I will restate the main recommendations below:

1. Examine specific behaviors as outcome measures
rather than overall aphasia severity.

2. Consider the different types of brain–behavior relation-
ships potentially contributing to the outcome and
generate specific mechanistic hypotheses to test.

3. Ensure the study design (e.g., longitudinal vs. cross-
sectional, observational vs. treatment) and brain
measurements (e.g., gray matter structure, white matter
tractography, functional activity) are chosen to test
the hypotheses.

4. The lesion is why a person has aphasia, so always
examine the role of the lesion in determining the out-
come. Consider features of the lesion commonly
associated with outcomes, including lesion size, lesion
location, and involvement of key white matter tracts.

5. Examine the relationship of spared brain features to
outcomes in the context of the lesion. Ask whether
features of spared brain tissue relate to better- or
worse-than-expected outcomes given the severity of
the lesion.

6. Examine the pattern of findings in spared brain tissue
to identify the type of brain–behavior relationship.
Consider whether the brain feature relates to the
same behavior in typical populations, whether there
was a change in the feature after the stroke, the tim-
ing of changes in longitudinal studies, and the rela-
tionship between the changes and the features of
the lesion.

7. Consider how effort might differ between individuals
and how this might impact functional neuroimaging
results. Use adaptive tasks or non–effort-dependent
brain measures of brain structure and connectivity to
circumvent this issue.

8. Given that multiple, different brain features relate
to outcomes simultaneously, account for multiple
brain features in statistical analyses, using tech-
niques such as hierarchical regression or multivariate
analyses.
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Conclusions
Understanding the brain factors that result in varied

language and cognitive outcomes from stroke is of great
clinical and scientific importance. A rapidly growing body
of research has contributed to our expanding knowledge of
these brain–behavior relationships, but prior studies have
generally not tested specific hypotheses regarding the
mechanisms by which brain features contribute to behavioral
outcomes. The brain basis of aphasia outcomes is complex
and multifactorial. It is vital for investigators to consider
the many ways that features of the stroke and the spared
brain tissue might contribute to behavioral outcomes.
Given the number of potential factors contributing to out-
comes, organizing the various hypothesized brain–behavior
relationships as I have here and considering the mecha-
nisms that drive these relationships may help investigators
develop specific experimental designs and more complete
statistical models to explain language and cognitive abilities
after stroke.
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