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Meaning in the brain

cumscribed region Broca described in the posterior third frontal
convolution.

Broca referred to the ‘posterior’ third frontal convolution, corre-
sponding to the Pars opercularis,5 as the nidus of the convergence
zone that determined the aphasic syndromes endured by Leborgne
and Lelong. Whilst lesions to this region alone cannot explain the
complex and sustained aphasic syndrome referred to as Broca’s
aphasia, this region of the brain does indeed have important func-
tions for language. In particular, cortical stimulation of this region
can result in speech arrest (Ojemann, 1979; Quinones-Hinojosa,
Ojemann, Sanai, Dillon, & Berger, 2003; Rasmussen & Milner,
1975), and circumscribed lesions to this area can lead to transient
speech problems that may resolve within a few weeks after injury
(Penfield & Roberts, 1959). Therefore, the opercular part of the third
frontal convolution may subserve an end-stage articulatory function,
perhaps assisting in control over the muscles of articulation (Dron-
kers et al., 2007). These functions are clearly fundamental language
abilities that are uniquely human, and therefore the study of brain
area(s) crucial for these abilities may be an important endeavour
to understand how the brain is structurally organised to support
language functions. This has been the core objective of many macro-
scopic and microscopic anatomical and neuroimaging investigations
of Broca’s area.

Paul Broca was one of the first researchers to recognise that the
left cerebral hemisphere was dominant for the expression of lan-
guage, and many have since assumed that Broca’s area is more
developed, larger, or basically different in some aspect to the
homologous region in the right hemisphere in order for the left
hemisphere to be dominant for language. The subsequent sections
of this manuscript critically evaluate the available evidence for and
against asymmetry of Broca’s area, however it is defined. The struc-
ture of, and studies investigating this area, are considered sepa-
rately for gross morphological (i.e. gyral) and cytoarchitectonic
(i.e. microstructural) approaches. We show that macroanatomical
measures of inter-hemispheric asymmetries in particular do reveal
conflicting results, whereas microanatomical studies seem to sup-
port the notion of structural asymmetry. However, the question re-
mains how precisely the demonstrated microanatomical measures
are related to functional lateralization of language, which seems to
be more robust and obvious than asymmetry of the underlying
microstructure.

3. Gross anatomy

Paul Broca described the posterior third frontal convolution –
hereon referred to as the inferior frontal gyrus – as most crucial
for the expression of speech. The majority of studies limit the def-
inition of Broca’s area to the sulcal contours defining the inferior
frontal gyrus (Albanese, Merlo, Albanese, & Gomez, 1989; Falzi
et al., 1982; Foundas, Leonard, Gilmore, Fennell, & Heilman,
1996; Foundas, Leonard, & Heilman, 1995; Foundas, Weisberg,
Browning, & Weinberger, 2001; Galaburda, 1980; Keller, Highley
et al., 2007; Knaus, Bollich, Corey, Lemen, & Foundas, 2006; Knaus,
Corey, Bollich, Lemen, & Foundas, 2007; Petrides, 2006; Petrides &
Pandya, 2004; Tomaiuolo et al., 1999; Wada, Clarke, & Hamm,
1975). Some have included more posterior cortical regions, such
as the rostro-ventral precentral gyrus (Foundas, Bollich, Corey,
Hurley, & Heilman, 2001; Foundas, Eure, Luevano, & Weinberger,
1998). Others have included an anterior extension that reaches
the orbital surface (Hervé, 1888). Fig. 3 indicates the major sulcal
contours that have been used to delineate Broca’s area in the hu-

man brain on a rendered three-dimensional magnetic resonance
(MR) image.

The inferior frontal gyrus can be divided into three sub-regions
by virtue of the ascending and horizontal rami of the Sylvian fis-
sure, the inferior frontal sulcus and the inferior precentral sulcus.
The major rami divide the inferior frontal gyrus into a posterior
third (Pars opercularis, Fig. 3, blue), anterior third (Pars triangular-
is, Fig. 3, turquoise) and ventral third (pars orbitalis, Fig. 3, yellow),
of which the Pars triangularis is generally larger than the other
constituent regions. The Pars opercularis (pop) is demarcated cau-
dally from the ventral precentral gyrus by the inferior precentral
sulcus (ipcs), dorsally from the middle frontal gyrus – the second
frontal convolution – by the inferior frontal sulcus (ifs) and ros-
trally from the Pars triangularis by the anterior ascending ramus
of the Sylvian fissure (ar). The Pars triangularis (ptr) is demarcated
caudally from the Pars opercularis by the anterior ascending ramus
of the Sylvian fissure, dorsally from the middle frontal gyrus by the
inferior frontal sulcus, and rostro-ventrally from the pars orbitalis
by the horizontal ramus of the Sylvian fissure (hr). The Pars orbita-
lis (por) lies between the horizontal ramus of the Sylvian fissure
and the lateral orbital sulcus (los). Within the Pars opercularis
there is in approximately half of the brains a sulcus present called
the diagonal sulcus (ds). More frequently there is a sulcus present
within the Pars triangularis called the triangular sulcus (ts). There
is, however, great inter-individual variability in the shape, length,
continuity and number of these sulcal contours which gives rise
to the great variability in size, surface area and volume of the Pars
opercularis and Pars triangularis (Keller, Highley et al., 2007;
Tomaiuolo et al., 1999).

When the anterior extension of Broca’s area has been consid-
ered to reach the orbital surface, it includes both lateral and medial
orbital gyri, which are not a structural or functional extension of
the posterior half of the inferior frontal gyrus, despite early anthro-
pological evidence suggesting an extension almost to the olfactory
sulcus (Hervé, 1888). The orbital region of the frontal lobe can
hardly be considered an extension of Broca’s area given (i) Broca’s

5 Although refer to Dronkers et al. (2007), who show preferential damage to
different regions of the third frontal convolution. In particular, Leborgne had total
destruction of the triangular region and severe damage to the opercular region, whilst
the triangular region was spared in Lelong.

Fig. 3. The Pars opercularis (blue), Pars triangularis (turquoise) and pars orbitalis
(yellow) of the left inferior frontal gyrus in a MR data set of a healthy brain. Cerebral
hemisphere (grey–white matter interface) extraction and rendering (automated),
and demarcation (manual), rendering and projection of the inferior frontal gyrus
were performed using Brainvoyager software (www.brainvoyager.com). White
arrows indicate an indirect connection between the inferior precentral sulcus and
the Sylvian fissure via the diagonal sulcus. Abbreviations: ar, ascending ramus of
the Sylvian fissure; ass, anterior subcentral sulcus; cs, central sulcus; ds, diagonal
sulcus; hr, horizontal ramus of the Sylvian fissure; ifs, inferior frontal sulcus; ipcs
(d), dorsal segment of the inferior precentral sulcus; ipcs (h), horizontal segment of
the inferior precentral sulcus; ipcs (v), ventral segment of the inferior precentral
sulcus; los, lateral orbital sulcus and ts, triangular sulcus (For interpretation of the
references in colour in this figure legend, the reader is referred to the web version of
this article.).

32 S.S. Keller et al. / Brain & Language 109 (2009) 29–48

Multiple sub-systems: interplay of temporal, frontal and parietal 
cortices, limbic and striatal systems; inferior frontal gyrus (pars 
opercularis, triangularis and orbitalis), inferior parietal lobule etc.

Keller et al. (2009); Hutchinson et al. (2009)  



Quantifiers in the brain

• Inferior frontal and inferior parietal networks (McMillan et al. 
2005, 2013; Olm et al. 2014); bilateral, lateralization effects 

• Correlations between IFG and IPL with numerical quantifiers, 
MFC and PCC with Aristotelian quantifiers (Troiani et al. 2009) 

• ATL activity not modulated by quantifier phrase composition 
or interpretation (Blanco-Elorrieta & Pylkkänen 2016, MEG) 

• Division of labor between IFG and IPL: IFG form and meaning 
(e.g., ‘many’ vs ‘few’), IPL and IPS numerosity representation 
(estimation, comparison etc.; Heim et al. 2012, 2015, 2016) 

• Back to propositional logic to clarify the functions of IFG, IPL



Propositional connectives in the brain

• AND, OR and IF are basic building blocks of cognition: 
language, reasoning, planning, organization of behavior, 
strategic interaction, games etc. 

• A class of logical constants, much like quantifiers; arguably 
simpler from a computational and algorithmic perspectives 

• Propositional reasoning engages left inferior parietal cortex, 
adjacent to the parietal number system (Prado et al. 2011) 

• The functional link between IPL and quantifier processing  
may be a special case of a general functional link between  
IPL and interpretation (models, reference structures)



Propositional connectives in the brain

‘Complexity’ at three different levels 
• Form | AND, OR and IF are all binary operators, similar 

complexity at the level of surface structure | IF≈OR≈AND 
• Meaning | Number of models of a compound: 3 for IF and 

OR vs 1 for AND (also: semantic information) | IF≈OR>AND 
• Interpretation | Context-dependent representations, e.g., 

conditionals, classical vs conjunctive | IF>IF*, IF*≈AND 
• Classical | ‘If p then q’ is false iff ‘p’ is true and ‘q’ is false 
• Conjunctive* | ‘If p then q’ extensionally equivalent to ‘p and q’



Form 
IF≈OR≈AND

Meaning 
IF≈OR>AND

Interpretation 
IF>IF*, IF*≈AND

?

?
?

Statistical analyses 
1. Activation levels 
2. Activation patterns

Propositional connectives in the brain
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Multivoxel pattern analysis (MVPA)

Norman et al. (2006) 



Maintenance and evaluation task

AND | There is a yellow square and there is a green circle 

OR | There is a yellow square or there is a green circle

IF | If there is a yellow square then there is a green circle

Baseline | Press the key that turns orange

+ I    C I    C

Compounds Cues

CUE DELAY TARGET TARGET
1000 ms 6000 ms 3000 ms 3000 ms

Baseline task

‘Press the key that turns orange’

There is a yellow square 
and a green circle

Incompatible I

Compatible C



Compounds X Y

Multivoxel pattern analysis (MVPA)



Behavioral results

Consistency (on correct responses): 
AND 89% (SD=4.5%) 
OR 89% (SD=3.8%) 
IF 91% (SD=4.4%) 

Response times (F(2,58)=49.7, p<.001): 
AND 1342 ms (SD=208 ms) 
OR 1531 ms (SD=175 ms) 
IF 1428 ms (SD=211 ms) [all interpretations] 
IF 1540 ms vs IF* 1326 ms (t(27) = 3.0, p=.006)



Maintenance phase

No univariate effects, no pattern similarity differences: IF≈OR≈AND



Evaluation phase

IPS/BA40
IF>AND t(28) = 4.29, p < .001
OR>AND t(28) = 4.66, p < .001 
IF≈OR t(28) = .48, p = .63

IFG/BA44

IF>AND: t(28) = 3.36, p = .002 
OR>AND: t(28) = 4.93, p < .001 
IF≈OR: t(28) = -1.05, p =.30

VLPFC/BA47

IF>AND: t(28) = 5.17, p < .001 
OR>AND: t(28) = 3.47, p = .002
IF≈OR: t(28) = 1.15, p = .26

Pattern similarity: IF more similar to OR than to AND; IF≈OR>AND



Evaluation phase

Interaction of ROI by IF-interpretation (F(2,54)=5.56, p=.006): higher 
activation in left IPS in full logical interpretation of IF (t(27)=2.93, p=.007); 

no effect in left aIFG (t(27)=1.32, p=.20) and pIFG (t(27)=1.59, p=.12) 



Summary of results

• Form | IF≈OR≈AND | pIFG the only cortical region showing a 
decoding effect during delay, and no univariate or RS effects 

• Meaning | IF≈OR>AND | pIFG+aIFG+IPS network showing 
similar activation levels and spatial patterns for IF and OR 

• Interpretation | IF≠IF*, IF*≈AND | IPS the only area where 
activation levels differ between logical IF and conjunctive IF* 

• Dynamic coding | pIFG (Broca’s area) can rapidly switch 
between two codes: surface form and logical meaning 

• Distributed coding | Left-lateralized IFG+IPL network 
processes logical form and meaning, beyond quantifiers



Interpretation in the brain

• Interpretation | Mapping a logical representation of an 
expression onto a representation of a reference structure 

• Interplay between IFG and IPL (abstract magnitude system)   
is crucial for interpreting referring expressions; IPL reference 
structure, scanning through (elements of) reference structures

Size
Time
Space
Number
Luminance

Walsh (2003); Bueti & Walsh (2009) 
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