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The past decade of research has provided compelling evidence that musical
engagement is a fundamental human trait, and its biological basis is increas-
ingly scrutinized. In this endeavor, the detailed study of individuals who have
musical deficiencies is instructive because of likely neurogenetic underpin-
nings. Such individuals have ‘congenital amusia’, an umbrella term for lifelong
musical disabilities that cannot be attributed to intellectual disability, lack of
exposure, or brain damage after birth. Key points are reviewed here that have
emerged during recent years regarding the neurobiology of the disorder, focus-
ing on the importance of recurrent processing between the right inferior frontal
cortex and the auditory cortex for conscious monitoring of musical pitch, and
how this relates to developmental cognitive disorders in general.

Why Study Congenital Amusia?
Musical engagement is ubiquitous and emerges early in life. Newborns respond to abstract
properties of musical pitch and time structure, such as changes in tonal key (see Glossary) [1]
and disruptions of musical beat [2]. Infants move spontaneously to music [3] and, when moved in
synchrony with music, show enhanced prosocial behavior [4]. Musical engagement is deeply
rooted in social interactions [5] and is highly pleasurable [6]. The appeal of music is documented
across the lifespan, in nearly everyone. In this context, lack of musical inclination is bewildering
and calls for an analysis of its causes.

Such anomalies are particularly intriguing when they emerge in isolation from any other dis-
turbances, such as speech delay, intellectual deficiency, acquired brain damage, or music
deprivation. The most common form of congenital amusia, which will be the focus here,
concerns the processing of the pitch structure of music (Box 1). Amusic individuals (amusics
hereafter) have a normal understanding of speech and prosody in everyday life. They can
recognize speakers by their voices and can identify all types of familiar environmental sounds
such as animal cries. What characterizes them behaviorally is their difficulty with detecting out-
of-tune singing, including their own, with recognizing a familiar tune without the aid of the lyrics,
and with maintaining short tunes in memory [7]. These sorts of lifelong difficulties for music are
called ‘congenital’ for ‘present from birth’; the term defines a likely time-period but not the
etiology. However, recent research has made major progress regarding the neurobiological
etiology of this disorder.

As I will discuss below, congenital amusia is marked by a neural anomaly affecting functional and
structural connectivity. It is also hereditary (Box 2). Thus, congenital amusia represents a rare
chance to examine the neurobiology of music cognition by tracing causal links between genes,
brain, and behavior. The logic is essentially one of reverse-engineering. Accordingly, an anomaly
observed at the behavioral level can be traced back to cognitive processes, then to neurophysi-
ological processes, and ultimately to genes and environment. I review here what has been
learned about the neurobiological basis of music through the in-depth study of individuals who
were born ‘amusical’.

Trends
The minority of individuals afflicted with
lifelong musical pitch deficits have been
increasingly studied because they can
help to reveal what is specific to music
processing at all levels from behavior
and brain to genes.

The core deficit of congenital amusia is
characterized by a lack of awareness of
acquired musical pitch knowledge.

The amusic brain shows abnormalities
in neural transmission between the
auditory cortex and the inferior frontal
gyrus in the right cerebral hemisphere.

Concerted activity over relatively dis-
tant specialized cortical regions is a
fundamental neurobiological principle
of human cognition.
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Progress in the area is notable and offers further insight regarding the emergence of cognitive
disorders in general. Indeed, congenital amusia bears striking similarities to other neurodeve-
lopmental disorders such as congenital prosopagnosia and developmental dyslexia. As with
congenital amusia, these impairments affect a particular cognitive domain (face recognition and
literacy, respectively) despite normal sensory and intellectual functioning, and despite oppor-
tunities for acquiring the relevant skill. Likewise, these disorders are hereditary and are explained

Glossary
Awareness: the ability to
consciously perceive, feel, or
experience sensory events.
Bottom-up sensory information:
external information taken up by the
senses and projected to primary
sensory cortices, which in turn drive
secondary and higher-order
association cortices via forward
connections.
Congenital prosopagnosia: a
severe disorder of face recognition
that cannot be attributed to a brain
injury or to sensory deficiencies.
Dyslexia: a disorder in word reading
development. It is characterized by
an unexpected impairment in the
acquisition of reading skills despite
normal intelligence, motivation, and
adequate schooling. The best-
understood cause for dyslexia is
weak phonological awareness for
spoken (auditory) language that
predicts and accompanies the
disorder.
Encapsulated: refers to
inaccessibility of the processing
system from higher levels.
Early right anterior negativity
(ERAN): see mismatch negativity.
Key: defines a group of five to seven
pitches made of intervals of
semitones and whole tones upon
which a given musical piece is built.
Mismatch negativity (MMN): both
MMN and ERAN are negative
potentials that are derived from the
scalp with electroencephalography,
and that are time-locked to a
particular event and averaged across
many trials. They peak around
200 ms from event onset and reflect
a deviance in electrical activity in
response to the event, with the
strongest intensity in temporal and
frontal areas of topographic scalp
maps. These negative brain
responses are termed MMN or ERAN
depending on the type of deviance
considered. They are typically
followed by a late positive peak
between 300–600 ms (P600) in
posterior areas when the deviance
attracts attention.
P600: see mismatch negativity.
Tonal: refers to the hierarchical
arrangement of the pitches within the
key, such that particular in-key tones
occur with greater frequency and
have greater stability than others.
Top-down predictive coding:
bottom-up input receives top-down
predictions from higher brain areas in

Box 1. Prevalence of Congenital Amusia

Congenital amusia impacts a minority of people who never acquire normal perception and production of musical pitch.
From the latest and largest survey (with more than 15 000 participants) that does not rely on self-referral and uses instead
objective auditory tests, we establish that congenital amusia affects 1.5% of the population, with no marked difference
between men and womeni.

To reach this prevalence of 1.5%, we use a conservative criterion based on three tests derived from the Montreal Battery
of Evaluation of Amusia (MBEA) [65], which is the most widely used tool for the diagnosis of amusia. We consider
participants to be amusic if they have an abnormal score (two SD below the mean) on two separate tests, the Scale and
Off-key tests, and a normal score on the Off-beat test. The Scale and Off-key tests both require access to tonal
knowledge, while the Scale test additionally entails maintaining a melody in memory for comparison. Therefore, an
abnormal score in each test ascertains the genuineness of a deficit in detecting melodic key violation, which is the
behavioral signature of the disorder. By contrast, the Off-key and Off-beat tests have the same task demands but differ in
the musical dimension that is measured (pitch vs time). Therefore, a normal score on the control Off-beat task excludes
difficulties related to attention and motivation. If we consider instead the more-lenient (but most-widespread) criterion for
identification of congenital amusia, which corresponds to an abnormal score on the Scale test only, the prevalence of
congenital amusia rises to 4.2%.

The prevalence of congenital amusia is determined statistically and is relative. Its usefulness resides in its capacity to
reflect the performance of a large population without confounding factors such as attention, education, or musical
experience. Prevalence also entails that the distribution of musical abilities is continuous. This is often misinterpreted
because traditional medical and psychological practice tends to operate with discrete diagnostic categories. However,
most cognitive abilities are distributed normally and continuously in the population. For example, dyslexia corresponds to
the low end of a continuous distribution of reading ability relative to age or IQ. Therefore, the setting of a discrete threshold
will always be somewhat arbitrary and may vary among different research groups. Fortunately, current research on
congenital amusia uses the MBEA and similar criteria, such that homogeneity and convergence of the data are currently
very high in the field.

Box 2. Why Search for Genetic Variants Underlying Congenital Amusia?

Basic musical abilities, including listening to and enjoying musical pitch structures, are increasingly scrutinized as a
fundamental human trait. Advances in molecular technologies make the genomic factors associated with its emergence
possible. The search for the genetic correlates of musicality has gained interest, but it still lags behind research in other
cognitive domains such as language [66]. In language, the study of speech disorders has been instrumental in the
identification of a gene underlying language, namely FOXP2 [67]. Likewise, the study of congenital amusia may provide
new entry points for deciphering the key neurobiological pathways for music.

Evidence for the notion that a musical pitch deficit might be a good target for phenotype–genotype correlations comes
from a family aggregation study of amusia by our group [68] and from an independent twin study [69]. In the family
aggregation study, the musical pitch disorder was expressed in 39% of first-degree relatives in amusic families, whereas
it was only present in 3% in control families [68]. This incidence of amusia is of the same order of magnitude as the
heritability of speech disorders [70]. In the search for genetic variants underlying congenital amusia, it is useful to note that
the Scale test of the MBEA (Box 1), the most widely used test for diagnosis, is more determined by genetic factors than
any other test according to a recent twin study [71]. Similarly, in a prior twin study [69], monozygotic twins obtained more
similar scores than dizygotic twins in a test requiring the detection of anomalous pitches in popular melodies. Genetic
model-fitting indicates that the influence of shared genes is more important than shared environments, with a heritability
of 70–80%.

The cortical anomalies observed in the amusic brain provide a crucial link in the understanding of the chain of events
through which a genetic variant may result in congenital amusia. One can narrow down the search for the genes that
determine frontotemporal fiber tracks. Genes do not specify behavior or cognitive functions, but the migration of cortical
neurons is encoded in the genome. Genes influence brain development by affecting processes such as the proliferation
and migration of neurons, programmed cell death, axonal paths, and connectivity [72]. Thus, the genes involved in neural
migration and guidance are good candidates for congenital amusia (see also Outstanding Questions). An active search
for these gene variants is presently underway.
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the anatomical/functional hierarchy.
Predictions attempt to reconcile
sensory input with one's internal
knowledge of regularities. The normal
function of a cortical region is to
integrate these two sources of input.

in terms of a neural connectivity, as presented below. The similarities point to concerted activity
over relatively distant specialized cortical regions as a fundamental neurobiological principle of
human cognition.

Musical Pitch is Key
A disturbance in the processing of pitch is central to the emergence of the musical impairments
observed in congenital amusia [8]. Amusics are impaired at detecting pitch deviations that are
smaller than two semitones. Because pitch-changes in typical music are often smaller than this
abnormally high threshold, amusics will inevitably miss an essential part of musical structure.
Most notably, amusics fail to detect ‘wrong notes’ that violate the pitch regularities of Western
music. This musical pitch impediment is a clear-cut behavioral manifestation of the disorder that
is both the target of diagnosis (Box 1) and the phenotype for neurogenetic studies (Box 2).

The musical pitch disorder occurs in relative isolation from speech disorders [9]. Such a
dissociation helps to define the key characteristics of music relative to speech. Indeed, the
processing of pitch appears to be fundamentally different in music and speech [10]. Neverthe-
less, it may simply reflect the fact that musical pitch structure uses much finer-grained pitch
intervals than speech intonation. A defect in fine-grained acoustic pitch processing may disrupt
musical pitch processing while leaving speech processing intact. Indeed, amusics also exhibit
deficits in processing subtle pitch variations, such as lexical tones (e.g., [11]) and pitch-
manipulated French syllables [12]. These observations have fueled a debate on modularity
for music (e.g., [13] and Outstanding Questions).

To assess the domain-specificity of the disorder, we recently performed a meta-analysis of 42
studies on congenital amusia [14]. We found that the size of the pitch change is the greatest
determinant of performance, irrespective of whether the stimuli are composed of tones or
speech. This outcome confirms how important fine-grained processing of pitch is for developing
a normally functioning system for music. It also argues against the domain-specificity of the pitch
disorder, although precise processing of pitch may be specialized for music because it is not
typically required for speech.

The difference between music and speech can be readily demonstrated by applying a 50%
change in the magnitude of the pitch intervals (expansion or contraction) to a natural speech
sample and comparing its effect with the identical manipulation applied to a song with similar
verbal content. The speech sounds fairly natural under all conditions, whereas the song is clearly
out of tune when the pitch is altered [15]. The same phenomenon has been reported for the song
illusion in which a spoken sentence is perceived as sung after repetition [16]; listeners are better
at detecting fine pitch changes when the same sentence is perceived as sung than when
perceived as spoken [17]. Thus, a perceptual system that is unable to detect small pitch changes
will inevitably miss an essential part of musical structure, but not of speech.

In-Tune but Unaware
A deficit in pitch processing is the visible manifestation, not the underlying functional root, of the
disorder. The core deficit in congenital amusia resides in a lack of conscious access to
processed pitch deviances. The amusic brain can track and record subtle pitch variations
as normal individuals do, but the outcome of these computations does not give rise to any
conscious report. This dissociation, or disconnection, can be observed throughout processing
in amusics, from acoustical analysis to memory representations in both the perception and
production of music.

The amusic brain responds to tones that deviate by an eighth of a tone (25 cents) from a
repeated standard tone with a normal mismatch negativity (MMN) brain response, despite
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poor reported detection of these deviants. Moreover, the MMN is not followed by a normal and
typical positivity (P300/P600) associated with conscious detection [18]. This finding of percep-
tion without awareness in an acoustic context falls in line with a prior study in which amusics
exhibited a normal negative brain response, better labeled as early right anterior negativity
(ERAN) [19] in a melodic context [20]. These early and normal negative electric brain responses
(MMN, ERAN) are consistent with the blood oxygen level-dependent (BOLD) responses
obtained in fMRI when amusics listen to pure-tone melody-like patterns in which the successive
tones differ in small steps from 0 to 2 semitones [21]. Both amusic and control participants show
a positive linear BOLD response as a function of increasing pitch distance (including 25 cents) in
bilateral auditory cortices. In sum, there is evidence that the amusic brain can track and
represent subtle musical pitch variation. What is lacking is access to these pitch representations
for conscious report.

Lack of awareness can hardly be explained by inattention or unresponsiveness to pitch variations
because large pitch changes are correctly detected, at least in an acoustical (repeated tone)
sequence, and they generate a normal P300 brain response in amusics [18]. Moreover, tonal
knowledge can be demonstrated in congenital amusia when attention is carefully controlled.
Recently, we recorded electrical brain responses while participants monitored melodies for the
detection of an individually adjusted near-threshold click (Figure 1). In half of the melodies, a note
was inserted that violated the tonal rules of music but participants were instructed to ignore this. In
a second task, participants were presented with the same melodies but were required to detect
the tonal pitch violation. Both tasks require sustained attention, but only the latter requires
conscious access to musical pitch knowledge. In the click-detection task, the pitch deviants
evoked an ERAN in both amusics and controls. Interestingly, the presence of a tonal violation
disturbed click-detection accuracy similarly for amusics and controls, despite the finding that
amusics were unable to detect the mistuned notes above chance. Thus, the interference caused
by the mistuned note occurs without awareness, like an auditory attentional blink [22]. By contrast,
the pitch deviations evoked both an ERAN and P600 in the pitch-detection task, but in controls
only [23]. Altogether, these results show that the pitch regularities of tonal music are registered and
predicted by the auditory cortex of amusics without leading to any conscious report.

Tonal pitch structure is typically learned implicitly by exposure [24]. Although a few amusics may
avoid music, many listen to music and cannot be considered to be musically deprived. On the
contrary, a few of them are deeply engaged and appreciate music as normal individuals do [25]
(Box 3). Thus, early and regular musical exposure may account for the building of implicit tonal
knowledge in amusia. This knowledge is sometimes expressed in singing. Although most
amusics sing familiar songs such as Happy Birthday out of tune, a rare few (diagnosed by
objective testing of music perceptual abilities; Box 1) sing in-tune and are unaware of it [26].

Similar manifestations of intact and precise representations of pitch in singing have been
observed in non-musical contexts. In a seminal study [27], individuals with congenital amusia
could reproduce the direction of a pitch change even when they were at chance in reporting
whether the change went up or down. Amusics can also adjust the pitch of their voice in
response to a sudden pitch shift applied to vocal feedback [28]. The size and presence of the
response to small shifts are significantly predicted by participants’ vocal pitch accuracy, rather
than by their ability to detect small pitch changes. The observed dissociation between the
inability to consciously perceive small pitch changes and the production and monitoring of vocal
pitch points to an anomalous feedback loop between perception and production.

Such dissociations also suggest that perception and action can be ‘de-coupled’. That is,
perception and production may not rely on common representations of pitch [29,30]. Alterna-
tively, pitch perception and production may rely on the same pathway but differ in their demands
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Figure 1. In-Tune But Unaware. (A) Experimental paradigm. The same melodies were monitored in a pitch-detection
task (grey zone on the left) for the detection of a ‘wrong’ pitch that was either in-key, out-of-key by 1 semitone (+100 cents),
or out-of-key by half a semitone (+50 cents), and in a click-detection task (right zone) for the presence of a click occurring
after the modified target tone. Click loudness was continuously and individually adjusted to 75% correct. Participants were
asked to detect whether there was a wrong note during the pitch-detection task and whether there was a click in the click-
detection task. The latter task always preceded the pitch-detection task to avoid involuntary attention to the presence of the
pitch violation. (B) Behavioral responses. Accuracy (percentage hits – percentage false alarms) of pitch detection (in grey
zone) and of click detection, for controls and amusics as a function of pitch type. Error bars represent SEM. The pitch
violations are barely detected above chance by amusics but interfere with their click-detection performance, thereby
showing evidence of sensitivity to pitch violation without awareness. (C) Electrical brain responses. Difference waves (pitch
violation – in-key) are presented for controls (blue) and amusics (red) during the pitch-detection task (grey zone) and the
click-detection task. In the latter (right zone), amusics exhibit a normal early negative response (ERAN) in the right frontal
regions (FC6). By contrast, brain responses in amusics do not show the normal and typical positive response (P600) in
posterior regions (Pz) that is associated with conscious detection of the pitch violations. Derived from [23]. Abbreviations:
ERAN; early right anterior negativity; FA, false alarms; H, hits.
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for conscious access (see Outstanding Questions). These different hypotheses are difficult to
tease apart using behavioral experimentation, and require the consideration of neuro-functional
investigations, to which I now turn.

Anomalous Recurrent Processing in a Right Frontotemporal Network
The amusic brain exhibits neuronal anomalies in a right frontotemporal network involving the
inferior frontal gyrus (IFG; BA 44/45/47) and the auditory cortex (superior temporal gyrus, STG;
BA 22), with disrupted transmission of information between these two core regions and the left
auditory cortex (Figure 2). In comparison to the brain of matched controls, the amusic brain has
lower white-matter and higher grey-matter density in the right IFG [31–33], abnormal levels of
grey-matter density in the right auditory cortex [32,33], and a reduced volume of the right arcuate
fasciculus – a major fiber tract that connects the auditory and inferior frontal cortices [34,35].
Functional differences are also reported in this structural network, with reduced connectivity
between the IFG and the right auditory cortex [33,36,37], and enhanced connectivity between
the right and left auditory cortices [21,36]. These neural abnormalities indicate that anomalous
recurrent processing between the right IFG and right auditory cortex may be responsible for the
manifestation of congenital amusia.

Anomalous recurrent processing between the IFG and STG can result either from altered
transmission of pitch information between these core regions (as illustrated in Figure 2) or from
an intrinsic dysfunction in the core regions. Current evidence points to an anomaly in transmis-
sion. Indeed, all neuroimaging techniques used so far (EEG, MEG, fMRI) reveal a normal
sensitivity of the auditory cortex to pitch in congenital amusia. To date, all reported anomalies
in the functioning of the auditory cortex can be ascribed to altered transmission from the IFG
(including the reduced early negative brain responses in [23,33,38]). Furthermore, there is as yet
no published evidence for anomalous activity in the IFG, although its contribution to working
memory for pitch makes a dysfunction in this region likely [39].

Bottom-up sensory information appears to reach the primary auditory cortex (A1 in Figure 2)
of the amusic brain normally. There is no anomaly at the level of the cochlea [40] nor at the level of

Box 3. Musical Emotions in Amusia: From Anhedonia to Musicophilia

Nearly everyone listens to music because it expresses emotions and regulates their own affective state (e.g., [73]). Such
emotional appeal may not resonate for those who have a lifelong disorder in processing the pitch structure of music. Even
so, we find that most amusics maintain a fair ability to perceive basic emotions from music. As expected, and unlike
controls, the judgments of amusics are not influenced by subtle differences in pitch, such as the number of semitones
changed by a manipulation of musical mode (from minor to major and vice versa). Instead, amusics show normal
sensitivity to pulse clarity, as well as to timbre differences such as roughness. Amusics even show sensitivity to key clarity
and to large mean pitch differences for distinguishing happy from sad music [74]. Thus, the pitch perception deficit
experienced by amusics has only mild consequences on emotional judgments.

Accordingly, amusics are expected to listen to music even if they do not appreciate the same nuances that normal listeners
do. Nonetheless, most amusics are indifferent to music, although a few actively avoid music and, conversely, a few others
listen to it avidly [25,74]. Moreover, their variable interest in music is unrelated to the severity of the disorder [74,75]. Similarly,
about 2% of the population cannot derive any pleasure specifically from music despite being able to perceive emotions
normally from music [76]. This lack of pleasure, termed musical anhedonia, is limited to music and probably reflects a
disconnection between perceiving the emotional intention of the musician or composer and experiencing the actual
emotions. Normal listeners typically perceive and feel the same emotions in response to music [77].

In congenital amusia, altered interactions between auditory cortices and limbic regions may result from poor fronto-
temporal connectivity. Indeed, both the IFG and STG show increased connectivity with the reward system (nucleus
accumbens) during the processing of highly-rewarding music in normal listeners [6,78]. Moreover, demented patients
exhibiting musicophilia, an abnormal craving for music, present with relative preservation of grey matter areas in the same
frontotemporal network [79]. Therefore, it is plausible that a congenital anomaly affecting the frontotemporal network may
also compromise interactions with the limbic reward system.
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the midbrain ([41]; the subtle alterations found in [42] may reflect reduced transmission of cortical
efferences [43]). Furthermore, in A1, pitch-responsive regions to harmonic tones are found to be
comparable in extent, selectivity, and anatomical location to those of matched control partic-
ipants, even in amusics with a substantial pitch perception deficit [44]. Thus, the auditory input
seems to reach the STG normally. What appears to be abnormal is top-down feedback from
the IFG to the STG. Indeed, the role of the IFG is to amplify and refine auditory processing in the
STG [45]. Cognitive amplification is an important aspect of consciousness [46], as well as of
predictive coding [47].

Abnormal top-down feedback in amusia probably occurs during vocal production in early life.
Indeed, the feedback system serves a major role in monitoring and adjusting errors in vocal
output [48,49]. Fine motor control of the vocal folds for pitch could be the target for singing in the
same way as fine motor control of the articulators is the target for speech [50]. The latter mostly
recruits the left frontotemporal network, whereas the former, for the feedback control of pitch,
recruits the right frontotemporal pathway [30]. In each cerebral hemisphere there appears to be
a dual stream with a feedforward system and a feedback system (Figure 2). In singing, the right
feedforward stream transmits an internal copy of the motor commands (an efference copy) from
the IFG to the posterior STG, and provides the basis for forward and inverse mapping between
motor actions and the production of intentional sounds. The feedback system is coupled to the
feedforward control of vocal pitch, and guides vocal intentions by monitoring and adjusting
mismatches between motor expectations and incoming sensory feedback. Initially, the feedfor-
ward stream would use a coarse, rapid, imitation-based stream for control of pitch that is less
dependent on voluntary control than the feedback system. During (successful) learning, the
feedforward system likely integrates the more fine-tuned predictions associated with feedback
corrections. The fine-tuning would in turn depend on task demands and musical expertise. In the
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Figure 2. Anomalous Recurrent Processing in the Right Frontotemporal Network. Schematic (left panel) and anatomical representation (right panel) of the
anomalies (in red) found in functional and structural connectivity between the right and left superior temporal gyrus (STG) and right inferior frontal gyrus (IFG) in the amusic
brain as compared to the normal brain. Current evidence suggests that all other connections from the cochlea up to the STG, including the primary auditory cortex (A1),
are normal. The proposed altered recurrent processing as a result of poor feedback control between the IFG and STG is represented by dashed lines.
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case of amusia, there would be essentially no fine-tuning of this recurrent loop between the IFG
and the STG.

Assuming an altered feedback control system in amusia explains the inability of amusics to judge
musical pitch accuracy and maintain it in working memory. Nonetheless, faulty feedback control
does not explain how amusics acquire abstract properties of tonal pitch structure (as reviewed
above). One possible account for the dissociation between implicit tonal knowledge and (impaired)
conscious access is to conceive of the right STG as being encapsulated in amusia by lack of
adequate feedback. In other words, the right STG of amusics would compute the statistical
properties of the auditory input (bottom-up) without top-down influences from higher-order
cortical regions. Accordingly, having and using such top-down information in a reliable feedback
control system for pitch would be essential for developing a fully functional musical system.

Cognitive Learning Disorders: A Common Origin?
The current characterization of congenital amusia as a disorder of connectivity between an intact
auditory perceptual system in the STG and impaired feedback interactions with the IFG bears
striking similarities to other congenital disorders. Failures to develop normal face recognition (i.e.,
congenital prosopagnosia) and to acquire normal literacy (i.e., dyslexia), also termed phonologi-
cal awareness deficits [51], are all disorders of conscious access to existing domain-specific
knowledge [52,53] and are explained in terms of altered connectivity between an intact core
perceptual system and the frontal cortices (e.g., [54,55]).

More specifically, the brain of prosopagnosic individuals shows a reduction of white matter tracts
that connect the core ventral occipitotemporal cortex (comprising the fusiform face area, FFA) to
anterior temporal and frontal cortices [56]. Furthermore, a majority of prosopagnosic individuals
exhibit normal face selectivity in the right fusiform face area (FFA), a key brain region involved in
face processing (e.g., [57]). The deficit may arise, therefore, not from a dysfunction of the right
FFA (that is largely intact in prosopagnosia) but from reduced connectivity with other cortical
regions ([57]; but see [58] for abnormal neural representation of facial configurations).

In adult dyslexics, a fMRI multivoxel pattern analysis (MVPA) in the STG reveals that phonetic
representations are intact in terms of robustness and distinctness in this core region, with lower
functional connectivity with the left IFG and the right primary auditory cortex. This is consistent
with the reduced structural connectivity observed in the left arcuate fasciculus, suggesting
deficient access to otherwise intact phonetic representations in the STG of dyslexics [52].
Similarly, children with dyslexia exhibit normal activity in the STG but reduced prefrontal
activation when engaging in auditory phonological awareness tasks [59].

The characterization of these three cognitive disorders – congenital amusia, prosopagnosia, and
dyslexia – in terms of anomalous connectivity between perceptual and frontal cortices attests to
the importance of integrated cortico-cortical circuits in learning highly specific and complex
knowledge. The similarities among these disorders confirm that many complex cognitive tasks
recruit distributed networks, linking together distant cortical regions, and that a disruption,
resulting from a developmental alteration that disconnects the nodes of the circuit, can give rise
to severe, albeit selective, cognitive impairments.

One may wonder if, instead of differentiating between neurodevelopmental disorders, it would
make more sense to group them all together into an overarching category, treating them as
variant forms of a common underlying disorder. However, if there were such a common disorder,
these three disorders – prosopagnosia, dyslexia, and amusia – should co-occur. To date there is
no evidence of co-occurrence between dyslexia, prosopagnosia, and amusia, although there
are indications of abnormal working memory for music in dyslexia [60]. Therefore, it is possible
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that a genetic variant may be shared with dyslexia [61]. Accordingly, an overlap in chromosomal
regions associated with risk for dyslexia (at least three susceptibility genes for dyslexia have been
identified; e.g. [62]), prosopagnosia (no genetic variant has been identified yet) and congenital
amusia (Box 2) may be found. Nevertheless, the current evidence argues against treating the
three neurodevelopmental disorders as a single condition. The observed commonalities
between the congenital disorders may therefore be seen as an example of a general and
fundamental principle of how learning operates in the human brain. Prior research has been
guided by the assumption that functions become specialized in a relatively small neural space.
Recent research on congenital disorders highlights the need to reframe research on learning in
terms of functional specialization at the level of brain networks.

Concluding Remarks and Future Directions
The study of congenital amusia reveals how the disconnection of core systems in a distributed
neural network on the right side of the brain can give rise to a severe impairment in perceiving,
producing, and, to a large extent, appreciating music. The auditory cortex, although necessary
to compute pitch variations that are essential to music, is not sufficient for successful acquisition
of normal musical abilities. Instead, it appears to depend on recurrent processing with the IFG.
To understand how the brain acquires musical skills, and probably how the brain learns in
general, we need to move past a focus on individual processing stations as single loci of activity,
disorder, and expertise, and consider instead the concerted activity of several cortical regions.

In this respect, awareness and correction of errors emerge as fundamental principles of learning.
As the study of congenital amusia reveals, these functions can be severely and selectively
disrupted in the processing of fine pitch variations, thereby compromising the proper operation
of an entire domain (music). This indicates that executive functions such as focused attention,
conscious monitoring of errors, and working memory can be further fractionated and specialized
for a particular cognitive domain, such as musical pitch.

Unfortunately, executive functions for pitch may not be easily improved in amusics because of
their awareness deficit. Stimulating the reward system may be more effective. For example,
coordinated music making, such as group singing or group guitar playing, could be a more
promising intervention because these group activities promote pleasure and shared focused
attention (e.g., [63]). As has been shown in animal studies [64], task reward structure modifies
top-down control of pitch processing and neural responses in the auditory cortex. Such an
approach, if successful in amusia, could in turn be applied more broadly to alleviate other
congenital disorders that are compromised along similar neurobiological principles, but which
are not typically experienced with as much enjoyment as music.
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