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HISTORIC BACKGROUND

Myriad theories attempting to explain the underlying causes of cognitive, emotional, and
behavioral abnormalities have existed throughout history. In ancient Greek civilization the
heart was the organ touted as the seat of the soul, responsible for mental functions. A shift
from this belief to one professing that the seat of mental functions was the head dates
back to Demacritus and Plato (Finger, 1994), but it was not until Galen (ap 129-200)

that sensory, motor, and cognitive processes were hypothesized as distinct functions of the
nervous system and that the brain was the center of this nervous system (see Zola-Morgan,
1995, for a review).

From the time of Galen to approximately the 18th century, debate ensued as to whether
the ventricular system or the brain itself subserved cognition, emotion, and behavior.
Nemesius (c. 400 Ap), for example, postulated that sensation and perception resided in the
anterior ventricles, thinking and reasoning in the third ventricle, and memory in the fourth
ventricle (Benton, 1988). Modern concepts of functional localization, highlighting where
select cognitive processes (e.g., language, memory, visuospatial abilities) are localized
and organized in the brain, began in earnest in the 19th century with the observations,
experiments, and writings of physicians including Franz Joseph Gall, Johann Spurzheim,
Hughlings Jackson, David Ferrier, Paul Broca, Carl Wernicke, and Eduard Hitzig.

Historically, brain—behavior relations were inferred through individual case studies or
aggregates of cases with a common lesion locus, where a localized brain lesion was
associated with a specific functional deficit. Gall, in the early 1800s, was the first to
confidently hypothesize that the brain consisted of different parts or regions, and that these
different regions subserved disociable cognitive functions (Benton, 1988). Gall’s theory was
strengthened when, in the mid-1800s, Paul Broca observed a series of patients with speech
production impairment, who on autopsy were observed to have left frontal lobe damage
(Berker et al., 1986). From these observations, Broca hypothesized that the left frontal

lobe was responsible for productive speech (Lazar, 2011; Lazar and Mohr, 2011). Broca’s
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discovery of the relationship between non-fluent aphasia and anterior left hemisphere
disease was critical to the inception of hemispheric specialization and localization of
function, identifying the neural mechanisms underlying behavioral processes (Benton,
1988). In a similar vein, Carl Wernicke observed a series of patients who had difficulty
comprehending spoken language (Wilkins and Brody, 1970). Unlike Broca’s patients who
were unable to produce words, many of Wernicke’s patients could produce speech; however,
the speech produced was generally unintelligible. Autopsy revealed lesions in the posterior
temporal lobe which led Wernicke to postulate that the posterior temporal lobe subserved the
ability to understand and produce intelligible language.

Although reports of these brain—behavior relationships were groundbreaking, Jackson (1878)
wisely cautioned his fellow scientists that “to locate the lesion which destroys speech and to
locate speech are two different things.” Kurt Goldstein reiterated Jackson’s warning about
correlation and specificity in the mid-1900s (Goldstein, 1946):

We are by no means justified to infer directly from a correlation between a
localized defect and a defect in performance a relationship between the concerned
area and a definite performance. The facts allow only localisation of defects, but
not a localisation of performances. The latter remains a theoretical interpretation
which can be tried only after a careful analysis of the functions corresponding

to the performance and defect. Such an analysis induces a concept about brain
function and its relation to performance which, as unsatisfactory as it may have
been till now, differs in principle from the concept of circumscribed localisation

(pp. 25-26).

A simple correlation or relation between anatomical structure and behavioral function
provides evidence for an association and can be useful in exploratory analysis, but it is
inadequate for demonstrating specificity between a neuroanatomical structure and behavioral
function.

SINGLE DISSOCIATION MODEL: LESION STUDIES

Demonstrating a single dissociation between structures and functions extends a simple
association by showing that a lesion is related to a specific cognitive, motor, or behavioral
function and is not related to a different cognitive, motor, or behavioral function. As Figure
11.1 shows, a dissociation is demonstrated when lesion “1” is associated with impairment in
function “1” and lesion “1” is not associated with impairment in function “2.” Alternatively,
one can demonstrate that function ‘1’ is associated with lesion “1” and not associated with
lesion “2.” This dissociation model provides stronger evidence of the specificity between
structure and function compared with simply demonstrating an association between a single
structure and a single function.

The single dissociation model is inadequate for drawing conclusions about the specificity
between brain structure and function. Lashley (1952) and Teuber (1955) highlighted a
number of these problems, which they cautioned could lead to incorrect conclusions about
functional localization. For example, deficits observed in function “1” and not function
“2” could be due to differences between the tests used to assess these functions (one test
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being more or less demanding or sensitive to brain impairment or requiring greater cognitive
resources than the other) as opposed to demonstrating brain—behavior specificity (Jones,
1983; Young et al., 2000). Thus, differences in structure—function associations could be due
to test demand differences and not to selectivity between brain structure and function.

DOUBLE DISSOCIATION MODEL: LESION STUDIES

Ability to parse component processes of complex behaviors is necessary for understanding
structure—function relationships and drawing conclusions about functional localization.
Deficits in memory, for example, can result from impairment in a number of different
cognitive component processes affecting encoding, storage, or retrieval of learned
information. Frontal lobe lesions are often associated with impairments in the ability to
organize and plan, and these impairments can contribute to problems with memory; this is
not to say, however, that the frontal lobe is the “seat of memory functions.” Thus, even when
a brain region is associated with a particular cognitive or motor ability and that brain region
is also shown to not be associated with a different function, it does not necessarily reflect a
selective relationship between brain structure and function. Rather, it could demonstrate that
this brain region serves a supportive role in the mediation of that function.

To address the limitations of the single dissociation model, Teuber (1955) championed the
model of double dissociation (for historical reviews, see Milner and Teuber, 1968; Bates et
al., 2003; Bigler, 2009). In the double dissociation model, structure—function relationships
can be inferred between two or more individuals or clinical diagnoses when two functions
are disrupted independently from one another: Lesion “1” is associated with impairment
in function “1” but not in function “2,” and lesion “2” (a lesion in a different area of

the brain) is associated with impairment in function “2” but not in function “1.” This
model lends stronger evidence than does the single dissociation model that a particular
brain region is specifically associated with a particular function. Figure 11.2 demonstrates
a double dissociation based on the example of language production and comprehension.

In this example, a left frontal cortical lesion is associated with speech production but not
language comprehension, whereas a left temporoparietal cortical lesion is associated with
language comprehension but not speech production. This double dissociation supports the
hypothesis that the left frontal lobe is selectively related to speech production, whereas the
left temporoparietal lobe is selectively related to language comprehension.

DOUBLE DISSOCIATION MODEL IN CONDITIONS AFFECTING MULTIPLE
NEURAL SYSTEMS

Modifications of the classic double dissociation model used to establish specificity between
brain structure and function in lesion studies have been successfully used in neurologic
conditions that affect multiple brain structures, regions, and systems. Models include studies
that compare clinical groups with a control group, clinical groups with one another, and
heterogeneity within a single clinical group. These modifications to the classic double
dissociation model are presented next.
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Between-groups model

Many neurodegenerative conditions (e.g., Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease (HD)) affect multiple neural systems and cannot be characterized

by a single, discrete lesion. In these neurologic diseases, a double dissociation can be
demonstrated and brain—-behavior relations inferred by showing that one group of patients
with a specific disease (group “1”) demonstrates one pattern of spared and impaired
functions (impaired function “1” and spared function “2”), whereas another group of
patients with a different disease (group “2”) demonstrates the opposite pattern of spared
and impaired functions (impaired function “2” and spared function “1”) (Jones, 1983). This
pattern of observations suggests that brain abnormalities in these two conditions result in
different functional impairments and that these functional impairments, in turn, are related to
specific and dissociable neural networks selectively disrupted by the disease.

Dissociability of memory processes (e.g., explicit versus implicit memory processes) has
been demonstrated using this model. Individuals, for example, with Korsakoff’s syndrome
(KS), an amnesia associated with chronic heavy drinking and concomitant thiamine
deficiency, show severe anterograde explicit memory impairment with relatively intact
implicit, procedural memory compared with control subjects (Cermak et al., 1985; Fama

et al., 2006). By contrast, individuals with HD demonstrate the opposite pattern, with
relatively intact explicit memory but impaired implicit, procedural memory (Heindel et al.,
1988; Gabrieli et al., 1997). These patterns of sparing and impairment lend support to

the hypothesis that explicit memory and implicit memory are dissociable processes and

that the different neuropathology associated with KS and HD underlies the dissociation:
thalamic regions and associated neural networks in KS and striatal regions and associated
neural networks in HD. This type of double dissociation can be demonstrated by comparing
two neurologic groups to a normal control group (Fig. 11.3, left) or to each other (Fig.

11.3, right) (Jones, 1983). A control group can be helpful in establishing whether clinical
groups show impairment relative to controls as well as a difference in cognitive performance
pattern. For example, one group demonstrates impairment compared with control subjects
while the other group performs comparably to controls, or both clinical groups demonstrate
impairment that simply differs in level of severity between the groups.

Within-group model

Another modification of the classic double dissociation model can be used within a single
neurologic condition when heterogeneity and variance in brain damage and behavioral
impairment are adequate for correlational analyses. Alcohol use disorders modify brain
structures and, although not a result of a frank lesion, neurologic dysfunction in alcoholism
includes widespread neuronal damage and cognitive, motor, and behavioral deficits. These
deficits show a specific pattern of selective damage, with particular brain structures

(e.g., frontal lobes, corpus callosum, and cerebellum) and selective neural networks more
affected than others (Fein et al., 1995; Pfefferbaum et al., 1997, 2006, 2009; Meyerhoff,
2005; Makris et al., 2008). Understanding how alcohol-related brain abnormalities affect
cognition, motor, and emational processes is clinically and theoretically relevant. Identifying
patterns of impairment and sparing lends evidence as to the specificity of different neural
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systems and cognitive processes (Caramazza, 1986) and to the functional and neural
separation of abilities (Bates et al., 2003).

Unlike neurodegenerative conditions, brain impairments and behavioral deficits associated
with alcoholism can improve or worsen depending on the time assessed during its typical
dynamic course. Abstinence, for example, can be associated with increased volumes of gray
and white matter and improvement in selective cognitive and motor functioning (Cardenas
et al., 2007; Rosenbloom and Pfefferbaum, 2008; Sullivan et al., 2010). Heterogeneity in
both brain structure and cognitive processes measured with quantitative measures of brain
structure (magnetic resonance imaging (MRI): regional tissue volume) and quantitative
measures of behavioral processes (e.g., neuropsychologic tests of cognition, motor, and
emotional abilities) allows for brain—behavior associations to be demonstrated with
correlational analysis on a continuum. Single and double dissociations in brain structure
and function have been observed in alcoholism; examples of how this model can be used in
alcoholism are shown below.

A single dissociation involving cerebellar volume and postural balance (Sullivan et al.,
2006) was demonstrated when longer sway paths measured on a force platform, indicating
imbalance during quiet standing, correlated with smaller volumes of the anterior cerebellar
vermis (Fig. 11.4). In addition to this simple association, no relationship between lateral
cerebellar volumes and postural balance was observed. This pattern of findings demonstrates
the selectivity of the relationship between vermian (but not lateral) cerebellar volumes and
postural stability using the single dissociation model.

A double dissociation in alcoholism was identified by Pfefferbaum and colleagues (2006)
(Fig. 11.5) using the mean diffusivity metric of MR diffusion tensor imaging measuring
local microstructural integrity of the corpus callosum and two cognitive tests. In this study,
lower working memory scores were associated with greater diffusivity in the genu but not
the splenium, whereas poorer matrix reasoning scores correlated with higher diffusivity in
the splenium but not the genu. This double dissociation provides evidence for the specificity
of fiber tract integrity of the anterior versus posterior corpus callosum to information
processing and reasoning. These examples demonstrate that selective brain regions within
chronic alcoholism can differentially affect behavioral processes.

Multiple dissociations and relevance to establishing network selectivity

Although the classic double dissociation model and its modifications provide strong
evidence for selective brain structure—function relations, there are theoretic limitations to
this model (Van Orden et al., 2001; Barr and Goldberg, 2003). A fundamental limitation is
the assumption of modularity of function, which assumes that each structure and function
can be separate and dissociable (Shallice, 1988), and that there are at most two components
to differentiate from one another (Baddeley, 2003). That limitation, however, might be
considered a “straw man” argument and be readily supplanted by models involving multiple
dissociations. Neural networks and systems underlie complex neuropsychologic functions;
a functional and structural network model has supplanted the simple localization model.
The network approach posits that neuropsychologic functions (e.g., memory, attention,
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visuospatial processes) comprise multiple component processes, any of which, if impaired,
affects that function.

The fundamental principles of double dissociation can be applied to intrinsic functional
networks, which are identified with resting-state functional MRI, are replicable across study
sites, are dissociable, and appear to be a network substrate of complex constellations of
behavior. For example, nodes of the default mode network (DMN), comprising the medial
prefrontal cortex, posterior cingulate cortex, precuneus, and medial temporal lobe (Raichle
et al., 2001; Greicius et al., 2003, 2009), are maximally active during rest and considered

to serve functions of self-reference. The DMN is distinct from other intrinsic networks,
such as the executive control network, which links dorsolateral frontal and parietal structures
and is relevant to salience processing functions (Seeley et al., 2007; Tomasi et al., 2009).
These networks are dissociable and are differentially vulnerable to disease (Seeley et al.,
2009). The distinction of these networks indicates their dissociability and therefore the need
for rigorous application of selectivity models to establish their specificity constellation of
functions.

Regardless of the model, brain—-behavior relationships demonstrate associations
(correlations) and do not speak to causation or directionality of effect. Despite these
limitations, the double (or multiple) dissociation model has been and continues to be a
powerful heuristic and statistical tool to pursue objective and quantitative understanding of
complex cognitive systems (Baddeley, 2003). Knowledge of the current limitations of the
double dissociation model and understanding of the strength of the inferences obtained from
the results of these studies can guide future hypotheses concerning the relationships of brain
structure and function in chronic alcoholism and other conditions affecting the brain and
nervous system whether characterized by discrete or widespread damage.
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Single Dissociation

Left frontal lesion

Speech production

+

Speech comprehension

Fig. 11.1.

This figure demonstrates the single dissociation model. Individuals with lesions in the
left frontal lobe (green-shaded area) often demonstrate speech production but not speech
comprehension impairments.
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Double Dissociation

Speech production Speech comprehension
Left frontal lesion + —
Left temporoparietal lesion — +

Fig. 11.2.
This figure demonstrates the classical double dissociation model. Left frontal lobe

lesions (green-shaded area) are associated with impairments in speech production and not
speech comprehension, whereas left temporoparietal lobe lesions (orange-shaded area) are
associated with the opposite pattern, specifically, impairment in speech comprehension
with relative sparing of speech production. This double dissociation lends confidence to
the selectivity of brain structure—function relations, where a specific brain region is more
relevant to a selective process than to another.
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Dissociation Model in Nonfocal Lesion Conditions
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Fig. 11.3.
Dissociations can be demonstrated in non-focal lesion conditions. Here, explicit and implicit

memory scores in individuals with Korsakoff’s syndrome (KS) and others with Huntington’s
disease (HD) are compared with a control group and between themselves. Studies have
generally demonstrated that explicit memory processes are more affected than implicit
memory processes in KS, whereas the opposite pattern, greater impairment in implicit than
explicit memory processes, has been demonstrated in conditions with primary subcortical
dysfunction such as HD. This pattern of deficits can be visually compared with a group of
controls (left and middle graphs) or can be shown as a cross-over interaction between the
two neurologic groups (right graph). The differences in mnemonic processes observed in
these conditions are presumably caused by the different neuroanatomic regions affected in
these disorders: frontolimbic deficits in KS and basal ganglia dysfunction in HD.
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Single Dissociation in Alcoholism
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Fig. 11.4.

These scatterplots depict a single dissociation within a group of alcoholics. Here it was

d

emonstrated that volumes of the anterior vermis, but not lateral cerebellar hemisphere

volumes, were associated with balance stability as assessed by path length sway.
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Double Dissociation in Alcoholism
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Fig. 11.5.
In a group of 57 alcoholics, lower working memory scores were selectively correlated with

high mean diffusivity (MD) in the genu but not the splenium, whereas lower visuospatial
test scores were selectively correlated with high MD in the splenium but not the genu.
Selectivity of these relations was established with multiple regression analysis. As reported
in Pfefferbaum et al. (2006, p. 1004), “Genu and splenium MD values of the focal regions
were entered as simultaneous predictors of working memory and accounted for 13% of

the variance. Genu MD made a significant independent contribution to the variance (partial
F=4.10, p< 0.05), whereas splenium MD did not (partial /=1.18, p> 0.70). For

matrix reasoning, both genu MD (partial ~= 3.55, p< 0.07) and splenium MD (partial
F=4.92, p =0.03) were independent contributors to the total variance (26%). When all
four regional DTI [diffusion tensor imaging] measures (i.e., genu fractional anisotropy (FA)
and MD and splenium FA and MD) were entered as predictors of matrix reasoning, 28%

of the variance was accounted for but only splenium MD made a significant independent
contribution (partial F=4.28, p< 0.05) to the overall variance. (For a detailed description of
DTI methods, see Chapter 17 in this volume.)
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