Neural Routes toComprehension:
Insights from electrophysiology and fMRI

Gina R. Kuperberg MD PhD
Dept. Psychology, Tufts University &
Athinoula A. Martinos Center for Biomedical Imaging

Challenges

1. How are our brains able to make maximum,
efficient use of information stored in semantic
memory and its verbal representation?

2. How are our brains flexible & adaptable
enough to compute novel relationships between
people, objects and actions and their verbal
representations?




Through a tightly balanced interacting
system with more than one neural route to
comprehension

Semantic-

memory-based >

retrieval

mechanisms:

Building up meaning
through the use

of multiple constraints
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Perspective:
Neuroscience: Neural Streams




Perspective:
Clinical Populations:
Dissociations

A
A\

Double Dissociation? Function A Function B

Patient(s)

/ w/lesion to region X 60% 92%

Patient(s)
w/lesion to region Y

Control(s)

When these challenges arenOt me
Schizophrenia

Loosening of Associations Misinterpretation of real-
world events

OIf you think you are being
wise to send me a bill for
money | have already paid, |
am in nowise going to do so
unless | get the whys and
wherefores from you to me. But
where the fours have been, then
pves will be, and other
numbers and calculations and
accounts to youno-account no-
bill, noble, nothing....O

(quoted byMaher,1983




When these challenges arenOt me

Semantic-
memory-base

retrieval ‘
Combinatorial

i —
mechanism(s):

Building up meaning
through the use
of multiple constraints

Sentence comprehension and
Non-verbal event comprehension
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The N400: Verbal Comprehension
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Bentin et al. 1985 ; Rugg et al. 1985; Kreher, Holob and Kuperberg, 2006



The N400: Verbal Comprehension
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R. Medial Central

They wanted to make the hotel look more like ait@presort.
So along the driveway, they planted rows of E

palms
Federmeir & Kutas 1999

The N400: Non-verbal Comprehension

Object Priming

McPherson & Holcomb, 1999

Related Objects

— —Unrelated Objects




The N400: Non-verbal Comprehension

congruous

congruous
incongruous

West & Holcomb, 2000

The P600: Verbal Comprehensiol

Osterhout & Holcomb, 1992

— The broker hoped tsell the stock.

' -~ The broker persuaded sell the stock.
paoo

Hagoort et al. 1993
=21V

1sec
Pz

— For breakfast the boys would dat
" For breakfast the boys woulctsE

Kuperberg et al. 2003




The P600: Verbal Comprehension

Gunter, Friederici & Schriefers, 2000

High cloze Low cloze

_: 1000 msec

~ P600

Sie bereist das Land E ) Sie befShrt das Land E )
She travels the, e e, 1aNd,qer E She drives the e e, 1and e e E

Sie bereist den Land E Sie befShrt den Land E )

She travels the ... 1and,e e E She drives the . 1and,e er E

MYnte, Matzke & Johannes, 1997

- 3uv
700 msec 700 msec

Cz

— P600

Viele Wenken donzen E

Viele Passagiere zahlen E :
= Many Buzzies brin E

Many passengers pay E
Manche Verzinker trigelt E

Manche Lehrer bestraft E a
Some globbies haggles E

Some teachers punishes E

Two Experiments
Two surprising findings




Sentence comprehension

Real-world
associative

semantic
knowledge Semantic X N400

L

relationships related to
animacy constraints

Every morning at breakfast the boys would eatE
Every morning at breakfast the boys would plant E

Every morning at breakfast the eggs would eat E

Kuperberg et al. 1999, 2003

Sentence comprehension

N400

P600
Every morning at breakfast the boys would eatE

Every morning at breakfast the boys would plant E

Every morning at breakfast the eggs would eat E
Kuperberg et al., CBR 2003




Non-verbal event comprehension

Real-world

associative

semantic

knowledge Semantic

Action-related
functional constraints

Sitnikova, Kuperberg & Holcomb 2001, 2003

Non-verbal event comprehension

21V

Congruous Anomalous

Sitnikova et al
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Semantic-Thematic Analysis

Sentences Visudtvents

Participant Participant Participant Participant
properties properties properties properties
H w I / ~a spatial relations Ve

| 4

Syntactic Syntactic motion motion
form form

Sitnikova 2002

Sentence comprehension

Associative & : N400

semantic

memory-based o .
relationships Subdivisions within the

semantic system
Semantic-

thematic —

structure

Kuperberg et al., CBR, 2003
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Sentence comprehension

Associative &

semantic —

memory-based

relationships Subdivisions within the

semantic system
Semantic-

thematic —

structure

Thematic role violation
P600

Morphosyntactic b

structure

Kuperberg et al., CBR 2003

Non-verbal event comprehension

Associative & » N400

semantic

memory-based o .
relationships Subdivisions within the

semantic system
Semantic-

thematic —

structure

Sitnikova et al., 2002
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Non-verbal comprehension

Associative & ; N400

semantic
memory-based

relationships Subdivisions within the

semantic system
Semantic-

thematic —

structure
Thematic role violation

P600
Spatiotemporal |

relationships

Sitnikova et al. 2002

Traditional Models of language processing:
The semantic challenge

Semantic- >

thematic

o

Morphosyntactic
structure )
Ambiguity Complexity

Ferreira, 2003
Traxler et al., 2002
Chen et al., 2005

Ferreira & Clifton, 1986
Trueswell & Tanenhaus, 1994
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Traditional Models of language processing:
The semantic challenge

Semantic- B

Siucture l l l l l l

Morphosyntactic
—>

structure
2-stage models Constraint-based models
P600: Syntactic reanalysis ~ P600: Syntactic integration
Friederici et al. Kaan et al.

Strong semantic cues can challenge
a simple, unambiguous syntax

Kuperberg et al., 2003 Every morning at breakfast the eggs would eat E

Kim and Osterhout, 2005 The hearty meals were devouring E

Kolk et al., 2003; The cat that from the mice BedE
van Herten et al., 2005  De kat die voor de muizen viuchtteE

The javelin has the athletes thrown.
Hoeks et al., 2004 De speer heeft de atleten geworpen.
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Whatsemantic cues can challenge the syntax’

1. Semantic-attraction or reparability?

2. Strong semantic associative relationships?

3. Semantic-thematic structure related
to certain semantic constraints e.g. animacy?

What semantic cues can challenge the syntax?
1. Semantic attraction or reparability?

Kuperberg et al., 2003  Every morning at breakfast the eggs would be eatenE

Kim and Osterhout, 2005The hearty meals were devoured E

Kolk et al., 2003; The mice that from the cat BedE )
van Herten et al., 2005 De muizen die voor kat de viuchtteE

Hoeks et al.. 2004 The athlete has the javelin thrown
v De atleten heeft de speer geworpen
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What semantic cues can challenge the syntax’

1. Semantic attraction, reversibility or reparaipii

Every morning at breakfast
the boys would eat E

Every morning at breakfast To make good documentaries
the eggs would eat E cameras must interview E

Kuperberg et al. LCP, 2006

What semantic cues can challenge the syntax’

2. Strong semantic associative relationships?
Kim & Osterhout JML, 2005, . A V400

900 ms X 900 ms

The hearty meal was devoured E
*The hearty meal was devouringE *The dusty tabletops were devouringE
Van Herten, Chwilla & Kolk, JCN, 2006

Pz
P600 S5 J{f
- A

§ oy "1"‘ J"\,P’)‘ ?r_fv\/' '\IJ_’N
g5 "
Time [msec) . 0 200 400 600 800 1000
John saw that the elephants the trees pushed-over g Time [msec]
Jan zag dat de olifanten de bomen omduwden E
___ *E the elephants the trees pruned ) E L *E the elephants the trees caressed E
E olifanten de bomen snoeiden E E olifanten de bomen verwenden E
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What semantic cues can challenge the syntax’
2. Strong semantic associative relationships?

BUT
Kuperberg et al. B&L, 2006

! 1 sec -2V
Pz
~ \\\ I"‘.

-
s

.
N Every morning at breakfast
P600 ~¥ the boys would eat E P600 W ™

*Every morning at breakfast *To make good documentaries
y € ”
the eggs would eat E the cameras must eat E

What semantic cues can challenge the syntax’
3. Violation of a semantic-thematic structure?

The role of animacy

N400 Kuperberg et al. B&L, 2006 ,,

K 1sec

Every morning at breakfast the boys would eat E ) P600

. . YEthe eggs would eat E
* Ethe boys would plant E

*Ethe eggs would plant E

Paczynski& Kuperberg
A,N4OO

1sec

At the church the baptism was conducted by the ministerE PG00

*E by the infant E .- *E by the bible E
*E by the author E *E by the pen E




What semantic cues can challenge the syntax’

3. Violation of a semantic-thematic structure
But not necessarily animacyE

Kim & Y 4 N400
Osterhout, 2005 ~

Carl ' —— The hearty meal was devoured E
*The dusty tabletops were devouringE

Kolk et al, 2003 Pz
sV ____ The mice that from the cat BedF

The cat that from the mice BedF

What semantic cues can challenge the syntax

1. Semantic-attraction or reparability

2. Strong semantic associative relationships

3. Potential alternative semantic-thematic struestur

4. Making sense of sentences
5. Some semantic context

Kuperberg, Brain Research, 2007
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What semantic cues can challenge the syntax
Some combination of these factors

. Semantic-attraction or reparability

. Strong semantic associative relationships

. Violation of a semantic-thematic structure redht
to animacy constraints

. Making sense of sentences
. Some semantic context

Kuperberg, Brain Research, 2007

What semantic cues can challenge the syntax
Some combination of these factors

. Semantic-attraction or reparability

. Strong semantic associative relationships

. Violation of a semantic-thematic structure redht
to animacy constraints

. Making sense of sentences
. Some semantic context

Kuperberg, Brain Research, 2007
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What semantic cues can challenge the syntax
Some combination of these factors

1. Semantic-attraction or reparability

2. Strong semantic associative relationships

3. Violation of a semantic-thematic structure redat
to animacy constraints

4. Making sense of sentences
5. Some semantic context

Kuperberg, Brain Research, 2007

Traditional Models of language processing:
The semantic challenge

Semantic- >

thematic

o

Morphosyntactic

structure .
Ambiguity Complexity
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Implications for language processing:
The semantic challenge

Semantic- B

thematic
structure

Morphosyntactic »

structure

Semantic-thematic inBuences may not necessarily modulate the activation
levels of syntactic frames, but may be able to act directly.

Implications for language processing:
The semantic challenge

Associative & .

semantic
memory-based
relationships

Semantic-

thematic —

structure

Morphosyntactic »

structure

Semantic-thematic inBuences and associative semantic memory-based
relationships may not necessarily modulate the activation levels of syntactic
frames, but may be able to act directly.
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Implications:
Models of processing

Associative & .

semantic
memory-based
relationships

Semantic-

thematic —

structure

Morphosyntactic »

structure

Semantic-thematic inBuences and associative semantic memory-based
relationships may not necessarily modulate the activation levels of syntactic
frames, but may be able to act directly.

Implications:
Models of processing

Retrieval

Associative & .
semantic
memory-based

relationships

Semantic-

thematic ———————

structure

Combinatorial

Morphosyntactic »

structure
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Implications:

Models of processing
Retrieval

Associative & .

semantic

memory-based

relationships
Semantic-
thematic

structure
Combinatorial . ‘ ‘ ‘ ‘ .
—

Morphosyntactic
structure

Implications:
Models of processing

Retrieval
Associative &

. ﬁ lexico-semantic match
semantic

memory-based
relationships

Semantic-

thematic —)  NO Violation or incongruity

structure
Combinatorial

Morphosyntactic —)  NO Violation or incongruity
structure
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Implications:

Models of processing
Retrieval

ASSOCIgtlve &% Lexico-semantic MISmatch
semantic

] Bentin et al.; Rugg et al. 1985
me"?c’ry bgsed N400 van Petten et al. 1993
relationships

Federmeir & Kutas 1999

Semantic-

thematic —)  NO violation or ambiguity

structure
Combinatorial

Morphosyntactic —)  NO Violation or ambiguity
structure

Implications:
Models of processing

Retrieval

Associative & Modulated by_ t_he meaning of
semantic 9 e 9 e P N400 \\//Vh0|§ DFSDOSIttIOTSlggg

an Berkum et al.
mler?ory-k?ased Hoeks et al. 2004
relatonships Otten & Van Berkum et al. 200
Semantic- Kuperberg et al. 2007

thematic —)  NO Violation or ambiguity

structure

Combinatorial

Morphogyntactic _> No violation or amblgwty
structure




Implications:

Models of processing
Retrieval

Associative & N400
semantic >
memory-based

relationships

Semantic-
thematic
structure

—

Combinatorial

I\/Iorphosyntactic * P600

structure Syntactic violation or

syntactic ambiguity Sztgecggrotﬁteatl a29199392

Implications:
Models of processing

Retrieval

ASSOCia.tiVe &ﬁ N400
semantic

memory-based
relationships

Semantic-
thematic
structure

T E——

Combinatorial

I\/Iorphosyntactic * P600

structure . _—
syntactic ambiguity

Trueswell & Tanenhaus, 1994
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Implications:

Models of processing
Retrieval

ASSOCia.tiVe &ﬁ N400
semantic

memory-based
relationships

. Kuperberg et al. 2003, 2006, 2007a&b
Seman.tlc- Kaan et al. 2000
thematic

structure 5 E . P600

Combinatorial

Morphosyntactic
structure

Implications:
Models of processing

Retrieval

Associative & N4oo Potentially coherent
semantic b

semantic relationship
memory-based

relationships Kim & Osterhout 2005

Van Herten et al. 2006
Semantic-

thematic
structure

Combinatorial

structure Syntactic assignment of
thematic roles
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Implications:
Models of processing

Retrieval

Associative & N4oo Potentially coherent
semantic b

semantic relationship
memory-based

relationships

Semantic-
thematic
structure

Combinatorial

Morphosyntactic

structure
Gunter,Friederici
and Schriefers, 2000

Implications:
Models of processing

Retrieval
Associative & N400
semantic >
memory-based
relationships

Semantic- Potentially coherent
thematic thematic structure

—3» P600
structure Kuperberg et al. 2003, 2007

Combinatorial Paczynski & Kuperberg 2007
Weckerly & Kutas

Bornkesse2002, 2003 (early positivitie
Morphosyntactic

structure Syntactic assignment of
thematic roles




Sentence comprehension

Associative & Retrieval
semantic memory-based

.

Thematic-semantic
— e

Combinatorial

Morphosyntactic

Sentence comprehension

Associative & Retrieval
semantic memory-based

e

Thematic-semantic
- >

Combinatorial

Morphosyntactic
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Sentence comprehension

Associative & Retrieval
semantic memory-based

.

Thematic-semantic

——m m

Combinatorial

Morphosyntactic

Real-world visual event
comprehension

Associative & Retrieval
semantic memory-based

e

Thematic-semantic

—_— —m -

Combinatorial

Spatiotemporal |

relationships,

affordances,

functionally necessary properties
for a given action
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Real-world visual event
comprehension

Associative & Retrieval
semantic memory-based

Thematic-semantic

Thematic role
Combinatorial violation: P600

Spatiotemporal |

relationships,

affordances,

functionally necessary properties
for a given action

Real-world event comprehension

Associative
semantic
relationships
stored within
semantic memory
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Real-world event comprehension

combination
Thematic 5
relationships > <
[ [ [l

slicing motion  unsturdy
contact object

Spatiotemporal
relationships, object with
Affordances, sharp edge
Functional

relevance I I I

Real-world event comprehension

combination

Thematic —> <

relationships
. ) [ [ [l
Spatiotemporal
relationships,
Affordances,
Functional
M [ [l

relevance

object with slicing motion  unsturdy
sharp edge contact object




Real-world event comprehension

Associative
semantic
relationships
stored within
semantic memory

Semantic memory-based
Incongruity
? N400 only

Movie clip 1

Congruous
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Real-world event comprehension

Thematic
relationships

Spatiotemporal
relationships,
Affordances,
Functional
relevance

combination

[nstument] - [Acion] < [Theme

Thematic role

I I violation

object with slicing motion unsturdy ?P600
sharp edge contact object

H Il

Movie-clip 2

Congruous
oy

Associative &
Thematic violation
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Real-world event comprehension

Event-related potentials
N400 N400

20V AL
cz LMY, L Lsec
|

Associative

violation Congruous Associatively &

thematic

Sitnikova et al., 2003 violation

Sitnikova, Holcomb & Kuperberg, 2007 Submitted

Challenges

1. How are our brains able to make maximum,
efficient use of information stored in semantic
memory and its verbal representation?

2. How are our brains flexible & adaptable
enough to compute novel relationships between
people, objects and actions and their verbal
representations?
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Non-verbal comprehension
Through dynamic, continually interacting
neural streams

REEVE
Associative &

semantic
memory- based
relationships

Semantic-thematic

structure
Combinatorial ‘ ‘ ‘ *‘ ‘ P600

Visual constraint

Verbal comprehension:
Through dynamic, continually interacting
neural streams

REEVE
Associative &

semantic
memory- based
relationships

Semantic-thematic

structure
Combinatorial ‘ * . * . ‘ P600

Morphosyntactic
structure >< i
Continued combinatorial processing past 500mse@(Rffect) occurs when

(a) there is a violation of morphosyntactic or setitathematic structure, and/or
(b) there are conflicts in the initial outputs ob2more streams of processing




Features in common with
other models
Jackendoff, 1972, etc etcE 2002E
Pinker, 1989
McDonald et al. 1994
Federmeir & Kutas 1999, 2000
Friederici 2000E.
Kim & Osterhout 2005, 2006
Bornkessel & Schlesewsky 2002, 2004, 2006
Kolk 2003, 2005
Ferreira, 2002, 2005, 2006
And many others!

Neuroanatomy of processing streams:
Verbal comprehension

Retrieval

Co

Associative & .

semantic
memory-based
relationships

Semantic-thematic !

structure

inatorial

Morphosyntactic
structure
—_—
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Functional MRI

Neuroanatomy of
processing streams

Associative &
semantic
memory-based
relationships

Semantic-thematic
structure
Comkinatorial

Retrieval

Morphosyntactic
structure
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Semantic memory-based retrieval
of word associations

Lion-Chair minus Lion-Tiger

S

' SOA: 750msec :
e

Lion-Chair minus Lion-Stripes

Prime

p -
Kuperberg et al. 2006 Lateral Ventral

Semantic memory-based retrieval
within sentences

Every morning at breakfastE

Ethe boys would _plantE
Ethe boys would eat E

Kuperberg et al. 2003
Hagoort et al. 2003
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Semantic memory-based retrieval
within sentences

Every morning at breakfastE

Ethe boys would plant E
Ethe boys would eat E
Ethe eggs would eat E
Ethe boys would eats E

Kuperberg et al. 2007, Submitted

Neuroanatomical
) processing streams
Retrieval

Associative & >
semantic
memory-based

relationships
pe

Semantic-thematic
structure

Comgjnatorial

Morphosyntactic
structure

N~

R

Ethe boys would eats E
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Morphosyntactic Processing:
Sentences

Every morning at breakfastE
Ethe boys would eats E
Ethe boys would eat E

Kuperberg et al. JCN, 2003

Morphosyntactic Processing:
Sentences

Every morning at breakfastE

Ethe boys would eats E
Ethe boys would eat E
Ethe boys would plant E

Kuperberg et al. Submitted 2007

40



Neuroanatomical
. processing streams
etrieval

Associative & >
semantic

memory-based

relationships

Semantic-thematic ; é |
structure

Comkinatorial Ethe eggs would eat E

—

Morphosyntactic

structure
=

Semantic-thematic violations

Every morning at breakfastE

Ethe eggs would eat E
Ethe boys would eat E
Ethe boys would plant E

Kuperberg et al. Submitted 2007
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Overlap of regions activated to semantic-themabtations

& morphosyntactic violations
(each relative to non-violations & pragmatic viaats)

Every morning at breakfastE

Ethe boys would eat E
Ethe boys would _plantE
Ethe boys would eats E

Il Regions of overlap

Kuperberg et al. Submitted 2007

Real-world event comprehension
Functional MRI

Post. inf frontal

Superior frontal ~N .} Parietal
Basal ganglia ﬁ ’/

Pl

Ant inferior frontal

Lateral & ventral temporal

)
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Challenges for Comprehension

1. How are our brains able to make maximum,
efficient use of information stored in semantic
memory and its verbal representation?

2. How are our brains flexible & adaptable
enough to compute novel relationships between
people, objects and actions and their verbal
representations?

Through a tightly balanced system with more
than one neural route to comprehension
21V N400
Pz & - .-'.}.- L
ey
Associative

& semantic
memory-based
retrieval

Thematic

W‘_

Morphosyntacti
combination

Grounded in action-based systems
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And when the system becomes
imbalancedE

Loosening of Associations Misinterpretation of real-
world events

OIf you think you are being

wise to send me a bill for

money | have already paid, |

am in nowise going to do so

unless | get the whys and

wherefores from you to me. But

where the fours have been, then

pves will be, and other

numbers and calculations and

accounts to youno-account no-

bill, noble, nothing....O

(quoted byMaher,1983

And when the system becomes
imbalancedE

Associative

& semantic _>
memory-based

v ‘ ‘ ‘

Thematic

semantic
combination

Morphosyn'[actl_>

combination
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