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Key Principles to be Covered in this Workshop

 Functional systems vs. Extreme Localization

 Inhibition and Excitation in Functional Connectivity

 Domain-Specificity vs. Domain Generality

 Disconnection vs. Processor Impairment



Functional Systems vs. Extreme 
Localization

WTF?



Key Questions

 To what extent are complex functions localized in 
specialized cortical processors?

 Alternatively, to what extent are complex functions 
dependent on activity within distributed brain 
systems?

 Does one answer fit all complex functions? 

 Sub-questions

 If there are specialized processors, what do they process?

 How do focal lesions affect such systems?



Phrenology:  The Forerunner of 
Localizationist Theory



THE LEBORGNE IDENTITY

The Era of Cortical Localization

• Paul Broca (1824-1880) and Monsieur Leborgne

• Localization of expressive speech

• Area in posterior, inferior region of the left frontal lobe

• Lesion produces nonfluent aphasia

LE



Equipotentiality Karl Lashley (1890-1958)

• Helped found experimental neuropsychology

• Initially searching for the ―engram‖, the biological locus of 
memory

• Rats / maze running experiments

• Formulated the principle of mass action

• Extent of behavioral deficits is directly proportional to the mass 
of the removed tissue, doesn‘t matter where from.

• Also emphasized the multipotentiality of brain tissue 

• Each part of the brain participated in more than one function; 
undamaged parts of the brain can assume function for damaged 
regions

• This critical proposition is forerunner of modern notion of 
―neuroplasticity‖



The Brain Hierarchies of
John Hughlings Jackson (1835-1911)

• Hierarchical Organization
• Higher-level processes made up of lower-level skills
• No such thing as a the ―speech center‖. Rather, speech is a a higher 

mental function made up of smaller  sub-processes: hearing, 
discrimination of speech sounds, fine –motor and kinesthetic control 
of speech movements.

• Accounts for the diversity of clinical presentations

• An integration of localization and equipotentiality theory
• Localizationist: each brain area has a specific function
• Holistic: even the simplest behavior  requires all levels of the nervous 

system.



Functional System (Luria)

Aleksandr Luria (1902-1977)—Each area of the brain has a specific 
role and all behavior requires the interaction of three 
functional systems (brain working as a whole):

• I:  Brainstem (arousal and muscle tone)
• II:  Posterior cortex (reception, integration of sensory info)
• III:  Frontal/prefrontal cortex (planning, executing, verifying 

behavior)

• Behavior results from integration of functional systems
• A disruption at any stage can cause deficits
• But also plasticity

• Pluripotentiality: any area of the brain can be involved 
in relatively few or many behaviors



Contemporary Localizationist Perspectives

 ―Modules‖ in the brain
 separate innate structures which have established evolutionarily 

developed functional purposes

 Characteristics of ―Modules‖
 Domain specific/specialized for processing one type of information 

 Informationally encapsulated modules need not obtain broad inputs in order 
to operate 

 Obligatory firing, modules process in a mandatory manner 

 Fast speed, probably due to the fact that they are encapsulated (thereby 
needing only to consult a restricted database) and mandatory (time need not 
be wasted in determining whether or not to process incoming input) 

 Shallow outputs, the output of modules is very simple 

 Limited accessibility 

 Characteristic ontogeny, there is a regularity of development 

 Fixed neural architecture

 KEY CHARACTERISTIC:  cognitive impenetrability 



Modular Claims

 Language Module (Pinker)

 Weak evidence

 No one area for language

 No clear double dissociation between language and cognition

 Not informationally incapsulated (McGurk effect)

 Visual Modules

 V5/hMT+ :  motion detection

 Extrastriate Body Area (EBA): body parts

 Parahippocampal Place Area (PPA): places and scenes

 Fusiform Face Area (FFA):  faces





Pitcher et al., (2009), Current Biology

Triple dissociation among faces, objects, and 
bodies in extrastriate cortex using TMS



Stiers, et al. (2006) Neuroimage suggests motion-sensitive stream, not module



Functional Systems Perspectives

 Distributed system for memory

 Medial Temporal lobe/Hippocampal/Amygdala circuits

 Diencephalon

 Basal Forebrain

 Attention

 Posterior v. Anterior attentional systems

 Subcortical structures in attention

 Language

 Perisylvian language system

 Subcortical structures in language



Integrated Circuitry Linking Temporal, Diencephalic, and 
Basal Forebrain Regions





Anterior and Posterior Attentional Systems





Examples of Functional Systems

Wernicke‘s AreaBroca‘s Area

Heschl‘s Gyrus (auditory)

Angular Gyrus



So….

 If modules exist to handle specific evolutionarily 
based neuropsychological functions, how are they 
connected with other brain systems in which the 
output of those modules is important?

 And…if distributed brain systems exist to handle 
complex functions like memory, language, and 
attention, how do they operate from a network 
perspective?

 Functions of a cortical area defined by:
 Intrinsic properties (e.g., laminar organization)

 Connectivity



Network Neuroscience

 Emerging interdisciplinary science concerned with 
the study of networks

 Key features:  nodes and connections

 Examples

 Internet modeling

 Social networking and team science

 Network analysis vs. network modeling

 Types of networks







Three Concepts of ―Connectivity‖ Used to Describe Neural 
Networks

Feldt, et al., TINS, (2011)



Blumenfeld, 2002

Cortical Regions are DEFINED by Connectivity Patterns
(you can tell a lot about someone by looking at their friends)



Blumenfeld, 2002



Connectional Fingerprints of Two Prefrontal Cortical Areas

Passingham, Steffan, &  Kotter, Nature Rev Neurosci, (2002) – uses  CoCoMac



Functional Fingerprints of Five Cortical Motor Areas

Passingham, Steffan, &  Kotter, Nature Rev Neurosci, (2002)

Functional fingerprint Multidimensional Scaling



Passingham, Steffan, & Kötter (2002)

 Each cytoarchitectonic area has a unique connectional 
fingerprint (e.g., prefrontal, premotor)

 Area ―families‖ share a resemblance in their connections

 The proportion of cells that fire in association with 
different tasks or task events differs between areas; areas 
have their own functional fingerprints. 

 Differences between these functional fingerprints are 
determined by the extrinsic and intrinsic connections of 
these areas. 

 Imaging is a useful tool that could allow  formal tests of 
the relationship between functional and anatomical 
fingerprints.



Connectivity Analysis

 Anatomic
 DTI

 Functional
 rTMS

 fMRI

 Neurotropic viruses

 Key results
 Maps of human structural connectivity (―connectome‖) 

 Structural connectivity predicts functional connectivity

 Development of ―resting state‖ models of functional systems

 Can model, through computed network dynamics, effects of ‗lesions‘



Lazar, NMR in Biomedicine, 2010

FIG 8 – white matter tractography



DTI and the Connectome:  Key Results

 Small-worldness

 Modularity

 Heterogenous degree distribution (presence of highly 
interconnected ―hubs‖)



Diffusion Spectrum Imaging Diffusion Tensor Imaging

Wedeen, Wang, Schmahmann, et al., Neuroimage, 2008



Wedeen, et al., Neuroimage, 2008



Resting State Networks (RSN)

 Reproducible, distributed patterns of neural activity 
during ―rest‖

 Originally thought to reflect ―self-referential‖ 
thought, but also occur under anaesthesia and sleep, 
when no self-referential activity is occurring

 Evolving concept:  reflects anatomical connectivity 
and functional dynamics

 Example:  ―Default mode network‖

 DMN – anatomic network ―hubs‖

Deco, Jirsa, and McIntosh (2011)



Resting State Networks of the Brain

Deco, Jirsa, and McIntosh (2011)



Meunier, et al., Front Neuroinformatics, 2009

Hierarchical Modularity 
in Human Brain 
Networks using resting 
state fMRI

Note:  Simon‘s ―near 
decomposition‖ –
balance of integration 
and parcellation – an 
adaptive feature



Resting State Networks Emerge from a Dynamic Network of 
Noise, Anatomic Connectivity, and Time Delays

Deco, Jirsa, and McIntosh (2011)



Implications

 RSN‘s have functional value
 RSN variability predicts trial-by-trial cognitive function

 Noise drives network dynamics; anatomic connections 
determine what configuration emerges

 Brain networks have ‗small-world‘ architecture
 In presence of noise, system will visit this architecture on its 

own

 Brain is thus able to visit different network configurations that 
will likely be useful in novel contexts or impending stimuli

 May be possible to account for aspects of pathology 
through biomarkers of disordered RSN activity
 Recent research interest in RSN in brain disease



Resting State Functional Connectivity and MMSE in MCI and AD



DMN Connectivity Reduced in ADHD 

Fair, et al, Biol Psychiat, 2010



DMN Activation/Connectivity Related to Cognitive/Neuropsychiatric D/O

Broyd, et al., Neurosci Biobehav Rev, 2009





Computational Lesion Modeling 
(Alstott, et al, 2009)

 A complement to the classic ―lesion‖ method

 Basic approach

 Derive structural dataset from diffusion imaging

 Model neural dynamics based on connection strengths 
(physiological)

 Lesion network one of two ways:

 Random node deletion with successive recomputation – focused 
on ―central‖ nodes

 Localized area deletion – all nodes in specified area

 Alstott et al. (2009) lesioned cortical midline, TP cortex, 
frontal cortex, and sensory-motor cortex



Alstott, et al, PLoS Comput Biol, 2009

LEFT RIGHT

Red: weakened
Blue: strengthened

Cortical Midline Lesions

all



Alstott, et al, PLoS Comput Biol, 2009

Red: weakened
Blue: strengthened

LEFT RIGHT

Temporo-parietal Lesions

all



Alstott, et al, PLoS Comput Biol, 2009

LEFT RIGHT

Red: weakened
Blue: strengthened

Frontal Lesions

all



Vogel, Power, Petersen, and Schlaggar, Neuropsychol Rev, 2010

Connectivity Analysis in Development



Inhibition and Excitation in 
Functional Connectivity



Key Concepts

 ―Downstream‖ effect of activation on behavior depends 
on excitatory and inhibitory connections
 Inhibition/suppression occurs between areas that might compete for 

processing or output
 Excitation between areas that co-operate in performing tasks 

(―selective engagement‖)

 Concept that activity in certain areas ―modulates‖ activity 
in other areas

 Balance of excitatory and inhibitory inputs defines 
system output

 Lesion effects
 Lack of excitation
 Disinhibition (or release from inhibition)
 Compensatory dedifferentiation



Contralateral and Ipsilateral BOLD Changes with 
Unimanual Thumb Pressing

Newton et al, Neuroimage, 2005



Loss of Inhibition of Ipsilateral Motor Cortex in 
Sedentary Older Adults

McGregor,  Zlatar, Kleim, Sudhyahom, Bauer, Phan, Seeds, Ford, Manini, White, Kleim, & Crosson, 
Behav Brain Res, 2011

Right M1 hemodynamic response

Percent signal change



General Organization of Frontal cortical-striatal-pallidal-
thalamic-cortical loops



Blumenfeld, 2002

Cortical-Striatal-Pallidal-Thalamic-
Cortical Loop









Jahfari, et al., J Neurosci, 2011

Connectivity Analysis of Simon/Stop Task



Striatal Activation Predicts Contralateral Motor Deactivation in 
Stop Signal Task

Zandbelt & Fink, PLoS One, 2010

Stop success v. 
Go

Stop success v. 
stop failure

Warm colors = activation during stop success; cool = deactivation

Main Findings:  (1) striatal activation; left M1 deactivation during successful stop
(2) Striatal activation and left M1 deactivation were coupled during successful stopping
(3) Striatal activation linked to stop-signal probability, and linked to activation of SMA and rIFC

Left and right 
putaminal
activation signal 
stop success; 
note also L M1 
deactivation



Zandbelt & Fink, PLoS One, 2010

Brain regions with significant differences in coupling with the striatum 
as a function of Stop trial outcome (StopSuccess vs. Stop Failure)

Green dots indicate ―seeds‖ evaluating  proportionality between striatal
activation and activation of other regions



Retrosplenial Area Connectivity



Functional Connectivity in Healthy Subjects and 

Patients with Hemiparesis after Subcortical Stroke

Grefkes & Fink, Brain, 2011; Grefkes et al, Ann Neurol, 2008

Note:  n=7



Domain-Specificity vs. 
Domain-Generality



Key Concepts

 Idea of ―domain specificity‖ comes from fractionated 
neuropsychological deficits

 Category-specific semantic deficits

 Living v. nonliving things

 Tools (action naming vs. object naming)

 Medical implements

 Optic aphasia (can name when feel but not when see)

 Implications for semantic memory organization

 Modality-specific organization

 Category-specific organization

 Modality-nonspecific ―hub‖ in temporal lobe



Mahon & Caramazza, 2011



Domain/Category-Specific ―Modules‖

 Identified Areas
 Faces (FFA)

 Places (PPA)

 Body Parts (EBA)

 Tools

 Animals

 Visual Word Forms (VWFA)

 Other People‘s Thoughts (POJ)

 Unresolved Question:  Are these areas sensitive to 
―higher-order‖ properties, or can their selectivity be 
explained by ―lower-order‖ selectivity?

Kanwisher, 2010



Kanwisher‘s Domain Specific Processing Areas



Category-Specific BOLD Responses in Healthy Brain

Mahon & Caramazza, Ann Rev Neurosci, 2009



Evidence for a Visual Language Center in basal temporal cortex

Mani J et al. Neurology 2008;71:1621-1627

©2008 by Lippincott Williams & Wilkins



Functional Implications of Domain-Specificity

 Origins

 Evolution (survival value)

 Expertise (becomes more specialized with experience)

 Advantages

 Efficiency – small neuronal population dedicated to specific 
function – Simon‘s ―near decomposition‖

 Dynamics – minimize ―wiring length‖ in cortex

 Fidelity – provide consistent ability to perform function 

 Disadvantages

 Graceful degradation not possible



Yovel & Kanwisher, Neuron, 2004

Evidence for Face-Specificity in FFA

predictions



1. Higher Signal Change to Faces 
than Houses

2. Inversion Effect seen in both 
Part and Configuration Condition 

for faces
3. No Inversion Effect for Houses

Yovel & Kanwisher, Neuron, 2004



Specificity

 How specific, or exclusive, is the neural response to 
in-category items?

 Two ―extreme‖ outcomes

 Neural response of module ONLY to target category

 Neural response of module driven by some physical or 
semantic dimension on which multiple categories differ in a 
―continuous‖ fashion



Downing, et al., Cerebral Cortex, 2006

Stimuli Used in Category-Specificity Experiments



Downing, Chan, Peelen, Dodds, & Kanwisher, Cerebral Cortex, 2006

Differential Response of FFA for Faces



Downing, Chan, Peelen, Dodds, & Kanwisher, Cerebral Cortex, 2006

PPA and 
Scenes

EBA and 
Bodies



Spiridon, Fischl, & Kanwisher, Hum Brain 
Mapping, 2006

Are Visual ―Modules‖ really 
selective?



Spiridon, Fischl, & Kanwisher, Hum Brain Mapping, 2006

Activation Patterns in “Visual Modules”:
Specialization is not „pure‟



Not so fast,
my 
friend!!!!



Complex Selectivity of Inferotemporal Neurons to Specific Stimuli

Tarr & Gauthier, 2000





Gauthier, et al., Nature Neurosci, 1999



L anterior R anterior R posteriorL posterior

Posterior (L and R) FFA activation increases with expertise

Gauthier, et al., Nature Neurosci, 1999



Right FFA shows expertise effect for cars and birds

Gauthier et al., Nature Neurosci, 2000



Lateral Cortical Areas: Category + motion
Ventral Areas:  Category Only

Property-based (motion vs. not) vs. Category-based  (people v. tools) activation



―Domain-Specificity‖ of PPA?

Rajimehr, et al, PL0S Biology, 2011



PPA response is not place-specific, per se, but specific to high SF

Rajimehr, et al, PL0S Biology, 2011



Summary

 Areas do exist that seem ‗preferentially involved‘ in 
the neural network that processes specific object 
categories

 Effective stimuli that elicit single-unit activity can 
vary nonintuitively

 Specific characteristics of neuronal sensitivities in 
these regions are controversial



Disconnection vs. Processor 
Impairment



Key Questions

 To what extent can deficit syndromes be 
conceptualized as network disconnections vs. the 
result of impaired processors?

 What are the key differences between the two 
possibilities?

 What classic syndromes are likely the result of 
disconnection?

 What does contemporary brain science have to say 
about disconnection syndromes?



Meynert's classification of white matter tracts visualized with diffusion tensor tractography

and superimposed on medial and lateral views of the brain surface.

Catani M , ffytche D H Brain 2005;128:2224-2239

© The Author (2005). Published by Oxford University Press on behalf of the Guarantors of Brain. 

All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org

Cortical to subcortical

Hemisphere to hemisphere

Ipsilateral cortical to cortical



Barrick, et al., Cerebral Cortex, 2006



The classical disconnection syndromes.

Catani M , ffytche D H Brain 2005;128:2224-2239

© The Author (2005). Published by Oxford University Press on behalf of the Guarantors of Brain. 

All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org



Geschwind's disconnection syndromes.

Catani M , ffytche D H Brain 2005;128:2224-2239

© The Author (2005). Published by Oxford University Press on behalf of the Guarantors of Brain. 

All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org



C

M A

Lichtheim’s Model

C

M A





Brief History

 EFK saw 41-year old, right-handed policeman grasping 
doorknobs; had translated a German paper indicating 
PMA was a form of grasp reflex

 Headache, apathy, forgetfulness, confusion

 Resection of left frontal lobe and frontal polar artery

 Mild tremor, marked grasp, in R hand; dense weakness 
of R leg

 Sensory grossly normal on R, normal on L, but obscured 
by problems reporting L-sided sensory experiences

 EFK discovered on 5/22/61 that the patient could not 
write with his left hand.



Spared and Impaired Abilities

Patient could… Patient could not…

Write spontaneously and to dictation with 
right hand, though there were grasp-related
writing deficits

Write with left hand (aphasic)

Type with right hand Type with left hand

Name objects placed in right hand Name objects placed in left hand

Draw objects placed in right hand Select, write the name, or draw with one 
hand an object placed in the other hand

Appropriately handle objects in both hands Recreate with left foot an object drawn in 
his left hand

Perform matching-to-sample with both 
hands

Perform actions with his left hand

Perform actions with right hand

Imitate examiner‘s movements with either 
hand

Perform bilateral movements involving 
both hands



Right Hand



Left Hand - aphasic



L



Key Lessons

 Unit of analysis is not ―the patient‖ but the set of inputs, 
processes and outputs in a given task

 Test protocol should manipulate these factors

 Task performance is possible if processor is accessed 
appropriately

 Task performance is the product of processors and their 
connections (functional system)

 Disconnection and processor impairment may have 
different performance signatures

 Analysis requires knowledge of functional anatomy of 
disordered system



Disconnection v. Processor Impairment

 Processor Impairment

 Task cannot be completed under any circumstances

 Deficit is ―cognitively impenetrable‖

 Manipulation of response alternatives has no effect

 Disconnection

 Task can be completed under certain circumstances

 Manipulation of input (e.g., modality) and output (e.g., 
response alternatives) has significant effect

 Deficit is often ―fractional‖ (material-specific, modality-
specific, lateralized, response-specific)



Language Area 
(naming)

Corpus 
Callosum

R Occipital LobeL Occipital Lobe

Visual-Verbal Disconnection:  Alexia without Agraphia, Color Anomia







Visual-Limbic Disconnection:  Sensory-specific hypoarousal



Occipitotemporal pathways.

Catani M , ffytche D H Brain 2005;128:2224-2239

© The Author (2005). Published by Oxford University Press on behalf of the Guarantors of Brain. 

All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org



A hodotopic framework for clinicopathological correlations.

Catani M , ffytche D H Brain 2005;128:2224-2239

© The Author (2005). Published by Oxford University Press on behalf of the Guarantors of Brain. 

All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org

White Matter Damage

Cortical Damage

Combined Damage



Pure Alexia and White Matter Tractography

Epelbaum, et al., 2008



Epelbaum, et al., Cortex, 2008

Pure Alexia and White Matter Tractography



Summary

 New structural imaging techniques validating 
aspects of disconnection theory

 However, cortico-cortical connection is more 
complex than originally thought

 Hodologic models and concepts useful for further 
understanding syndromes




