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The current status of the SMH

The main thrust of Bechara et al.’s arguments is that the
SMH is compatible with our findings and other findings
discussed in our paper. We do not entirely disagree.
Indeed, we emphasized that ‘our findings, together with
these other findings in the literature, do not prove that the
somatic marker hypothesis is wrong’ [2]. Some of the
results reviewed above are at odds with apparent predic-
tions of the SMH; however, they are not conclusive.
Nevertheless, what we have claimed, and what we think
remains clear after an analysis of Bechara et al.’s
arguments, is that there is currently no evidence calling
for SMs. The key contribution of our findings was to show
that SMs are not necessary to explain the results
regarding normal participants in the IGT. For all other
evidence that Bechara, Damasio, and colleagues have
proposed to support the SMH, there are also alternative
(and arguably more parsimonious) explanations.
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after puberty

Alice M. Proverbio’ and Alberto Zani?

"University of Milano-Bicocca, Piazza dell’Ateneo Nuovo 1, 20126 Milan, ltaly
?Institute of Molecular Bioimaging and Physiology, National Research Council (CNR), Via Fratelli Cervi 93,

20090 Segrate (Milan), ltaly

The development of reading skills is a complex and very
long-lasting process. In an influential study Booth et al.
demonstrated age-related changes in the activation of
a network of left hemisphere regions, including the
inferior frontal area, the superior temporal gyrus, and
the angular gyrus. Interestingly, they found that the
angular gyrus, which is involved in the mapping
between phonological and orthographic representation,
is automatically activated in adults during visual ortho-
graphic tasks not requiring this operation.
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Reading relies on the fast and accurate conversion of
orthographic characters into their phonological repre-
sentations. As a result of years of training and exposure
to written and spoken language, skilled readers have
faster and automatic access to phonology when reading
and to orthography when listening [1,2]. Although this
might seem obvious, the mechanisms involved in the
development of reading skills have still not been
thoroughly investigated. Neuroimaging research has
provided useful information about which brain regions
are active during reading in adults (see Figure 1). These
same areas seem to be abnormally activated in dyslexic
children [3]. However, the effects of post-pubertal brain
maturation and extensive education remain largely
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Figure 1. Localization of left hemisphere regions active during reading: the
visual word form area (VWFA) in the fusiform gyrus is involved in orthographic
processing, the superior temporal gyrus (STG) is involved in phonological pro-
cessing (input), the inferior frontal gyrus (IFG) is involved in phonological
processing (output), and the angular gyrus (AG) is involved in the mapping
between phonological and orthographic representation.

unexplored. This gap has been partly filled by Booth and
colleagues. They carried out a series of experiments to
investigate developmental differences in the neurocog-
nitive networks for linguistic processing in adults, and
pubescent children with well-established linguistic
competence. They found substantial age-related differ-
ences in the activation of several left hemisphere
regions, among which the angular gyrus (AG), most
interestingly, showed developmental increases in func-
tional activation and automaticity.

The same authors’ previous studies had shown that
children activate phonological information later and less
automatically than adults during reading [1,2]. In addi-
tion, children show fewer interaction effects between
orthographic and phonological representations of words
[4] (for example, when making decisions about whether
visually similar or dissimilar pairs of letters rhyme).
Because they had previously shown that better perform-
ance on tasks requiring grapheme-to-phoneme conversion
was associated in adults with a greater activation of the
supra-marginal/angular gyrus, the authors assumed that
children, being less skilled than adults, would show less
activation of the same regions.

Neural circuitry involved in rhyme and spelling tasks
To shed some light on this matter, Booth et al. [5] carried
out an fMRI study in which 15 adults and 15 children
(9-12-year-olds) performed tasks involving phonological
processing (spelling and rhyming judgments) and non-
linguistic control tasks in either the visual or auditory
modality. Table 1 shows some examples of words used in
the various conditions.

The visual orthographic tasks did not require access
to phonological information, and the rhyming auditory
ones did not require orthographic information (hence
these are ‘intramodal’ tasks). Conversely, the visual
orthographic rhyming tasks required access to
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Table 1. Examples of words (with phonetic transcription) used
in the various tasks in the study by Booth et al. [5]

Task: visual or Similar orthography Dissimilar orthography
auditory
Rhyming SEAT [sit] HOME [havm]
HEAT [hit] FOAM [favm]
Spelling VOTE [vavut] SOAP [savup]
NOTE [navut] HOPE [havp]

phonological information and the auditory spelling
tasks required orthographic information (‘crossmodal’
tasks). The authors hypothesized that there would be
substantial differences between adults and children, in
particular in the crossmodal tasks, which require
activation of a mechanism providing a strict mapping
between phonological and orthographic information.
Overall, the adults showed greater activation of the
left inferior frontal gyrus (IFG) than did the children
in all linguistic tasks. This is consistent with the
literature showing age-related increases in the acti-
vation of this area during various tasks of noun or
verb generation, fluency and reading (e.g. [6]). Neuro-
imaging studies suggest that the left IFG has a role in
processing word phonology in tasks involving rhyme
judgments [7] or word vs. pseudo-word reading [8].
The right IFG was also more activated in adults than
in children during the visual and auditory spelling
tasks (consistent with Booth et al. [9]), and the visual
rhyming task. Moreover, both adults and children
showed greater activation of the left than the right
fusiform gyrus during the visual tasks, thus support-
ing the view that this area might correspond to the
visual word form area (VWFA) [10], and of the left
than the right superior temporal gyrus (STG) during
the auditory tasks, compatible with the idea that this
area is crucial in phonological processing [11,12].

The angular gyrus mediates access to heteromodal
linguistic information

Interestingly, both children and adults showed activation
of the left STG during the visual rhyming task that
required access to phonological information, and acti-
vation of the VWFA during the auditory spelling task that
required access to orthographic information. Scalp electro-
physiological recordings reveal a selective response of the
VWFA to phonemic incongruity at about 185 ms post-
stimulus [13]. This finding provides the possible timing for
the activation of VWFA in the auditory spelling task.
Moreover, Booth et al. [5] showed a manifest greater
activation of the left AG in adults than in children in
crossmodal tasks (auditory spelling and visual rhyming),
indicating that the left AG is involved in these processes
(see Figure 2).

Before concluding this section it must be noted that
although some authors have observed increased acti-
vation of the AG during combined processing of visual
and phonological word-form information [5,9,14], other
groups have failed to provide supporting evidence for this
hypothesis (e.g. [8,15]).
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Figure 2. Significant differences in brain activation between adults and children
during the auditory and visual tasks used by Booth et al. [5], shown as (a) voxels;
(b) Z scores; averaged adult minus child scores in the activation of the AG and
neighboring areas (i.e. superior parietal lobule and middle temporal gyrus). The
tasks involved the sequential presentation of three stimuli and subjects were
required to determine whether the third stimulus matched one of the previous ones
on the basis of either spelling (visual) or rhyme (auditory).

Cerebral maturation leads to the automatization of
reading routines

Undoubtedly the most important result found by Booth
et al. [5] is that in adults the left AG was more activated in
crossmodal than in intramodal tasks, thus suggesting that
this area is involved in phoneme-grapheme mapping.
Furthermore, in intramodal tasks not requiring access to
heteromodal information (e.g. in the visual spelling task,
see Figure 2, first column) the AG was significantly more
activated in adults than in children. Altogether, these data
indicate that skilled readers have automatic access to
phonological information during reading [1,2].

The evidence provided by Booth et al. [5] that the
phoneme—grapheme mapping system is activated in
adults independently of sensory modality and task require-
ments also indicates a prevalence of automatic versus
controlled processes in adults compared with young
readers. This may correlate with maturational differences
in synaptogenesis, glucose metabolism, myelination and
cortical white matter increases occurring between puberty
and adulthood (10-20 years), especially in prefrontal areas.
Booth et al. [16] have suggested a strict correlation
between the development and specialization of neural
systems devoted to reading after puberty, which would
lead to an improvement in the transmission of neural
signals and in the interconnection of brain regions
involved in reading. According to this hypothesis, brain
maturation, along with practice and exposure to appro-
priate inputs, would lead to specialization of a network of
left brain regions involved in reading. Within this net-
work, the angular or supramarginal gyrus might play a
crucial role in the interconnection between heteromodal
regions in the mature reader [5].
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Does the development of the visual word form area end
at puberty?

The findings of Booth et al. [5] demonstrate developmental
changes in brain activation after puberty. One of the
questions still left open is whether these changes homo-
geneously concern all neural structures or whether there
are age-related functional differences between areas.

In this regard, Turkeltaub et al. [17] carried out an
fMRI study on subjects aged between 6 and 22 years. They
found a linearly progressive increase in the activation of
the left IFG and middle temporal cortices, as well as a
disengagement of the right inferior temporal cortex as age
and reading ability increased from early childhood to
adulthood. However, they did not observe significant
changes in the activity of VWFA across ages. By contrast,
other studies have suggested a dramatic development and
specialization of this region in the first years of learning to
read (5-9 years). Moreover, studies on dyslexic children
[18,19] demonstrated that reading skills are positively
correlated with the magnitude of activation in the left
occipito-temporal region. Evidence for the development
of the VWFA after puberty is unclear. For example, Booth
et al. [16] reported a greater activation of left BA 19 and 37
in adults than in young adolescents for processing written
word forms, but were unable to replicate these findings in
the later studies. Therefore, it is still unclear at this point
whether the maturation of VWFA ends with puberty or
undergoes subsequent functional modifications due to
cerebral maturation or expertise.

Summary and future perspectives

An important issue in developmental cognitive neuro-
science is whether the activation of brain systems special-
ized in reading changes throughout or after the period of
acquisition of this skill. Booth et al. [5] have demonstrated
that these changes continue even after puberty, accom-
panying the refinements of reading ability throughout
adolescence. In neural terms these changes are associated
with a greater activation of a network of left hemisphere
regions, including the IFG and STG. Further research is
needed to clarify the role of age- and skill-related changes
in VWFA functionality. For example, Shaywitz et al. [18]
found that reading skill was associated with more activa-
tion in the left fusiform gyrus, but they did not find an
association with age. Indeed, the real challenge is to dis-
entangle skill from age effects. One way this question
could be addressed is to measure brain activation of
readers with a different degree of education (for equiva-
lent cerebral maturation), or of different ages but a similar
degree of education.

Another aspect that needs further investigation is the
precise role of the AG in linguistic processing. Indeed,
besides phonemic—orthographic mapping, AG seems deeply
involved in semantic processing [15]. The general question
is whether the age-related increase in activation of AG
(as well as of IFG) might be related to significant changes
in the conceptual system and lexical knowledge of adults
compared with children. To tap into different represen-
tational systems across ages one might use multiple tasks
with parametric manipulations (such as the word/pseudo-
word contrast).
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Right, left or both? Brain hemispheres and apraxia of

naturalistic actions
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Neuropsychology allows us to see more clearly how
brain processes are organized by looking at the way they
fall apart. For example, a hundred years of research on
brain-damaged individuals with deficits of higher-level
motor abilities have shed light on the organization of
normal motor abilities. A consistent finding has been the
dominant role of the left hemisphere in motor control in
right-handers. However, the recent paper of Hartmann
et al. challenges this tradition by suggesting that
both hemispheres can contribute to complex object
and tool use.

In everyday life humans skilfully use a very large range of
objects and tools. It has often been reported, though, that
after left-brain damage the ability to use them can be
dramatically reduced in right-handed individuals. The
recent paper by Hartmann, Goldenberg, Daumdiiller and
Hermsdorfer [1] seems to suggest that the right hemi-
sphere can also contribute to successful tool use.
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Ideational apraxia as a left-brain-damage syndrome
Over the years, the specific deficit of object and tool use
has been given different labels such as ideational apraxia
[2,3], agnosia [4] or amnesia of object use [5], and
conceptual apraxia [6], each corresponding to different
accounts. However, all these readings of the deficit share
the view that it is conceptual in nature. Recently, some
patients have been described with dramatic difficulties in
using objects in everyday activities but spared lexical
semantic knowledge about them [7,8]. By contrast,
patients with semantic impairment but spared object use
have also been reported [9]. Taken together these
observations suggest a relative independence of the action
and semantic domains [10].

To distinguish it from a semantic deficit proper, it has
been proposed that ideational apraxia might be due to
a malfunctioning of the contention scheduling system
(see Box 1), the object representation either triggering the
incorrect schemas or being disconnected from action
schemas when a goal-directed action is attempted [8,11].
In a functional imaging study in healthy volunteers, the
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