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Abstract 
This article proposes a Dual Complexity Gradient theory of speech perception in the 
brain. The theory unifies a previously proposed phonetic-to-phonological complex-
ity gradient along the ventral auditory processing stream in the temporal lobe with 
a recently suggested cortical structure complexity gradient. Findings supporting the 
theory are discussed as well as its predictions. 
 
Introduction 

To improve methods of language teaching and 
rehabilitation in a society with increasing linguis-
tic diversity and a growing elderly population, we 
need fundamental information about the way na-
tive speakers process language. However, to date, 
the very fundamental process of how the brain in-
tegrates acoustic information into phonetic fea-
tures, phonemes, syllables, and words is still not 
completely understood. We propose a theoretical 
framework, the Dual Complexity Gradient theory 
of speech perception, which can be used to gen-
erate new hypotheses about the relation between 
brain structure and phonetic processing. The 
Dual Complexity Gradient theory unifies a previ-
ously proposed phonetic-to-phonological com-
plexity gradient along the ventral auditory per-
ception stream with a recently suggested cortical 
structure gradient for phonetic-to-phonological 
processing. As preliminary evidence, it takes re-
cent findings of correlation between native pho-
nological proficiency and cortical thickness in 
different brain areas. 

Auditory perception streams 
Speech processing in the brain proceeds in 

two different streams (Saur, Kreher, Schnell, 
Kümmerer, Kellmeyer, Vry, Umarova, Musso, 
Glauche, Abel, Huber, Rijntjes, Hennig, & 
Weiller, 2008) most strongly represented in the 
left hemisphere (Peelle, 2012). Both streams 
begin in primary auditory cortex. The dorsal 
stream then extends to the superior temporal gy-
rus and through the parietal lobe via the superior 
longitudinal fasciculus to frontal cortex. The con-
nection between auditory regions in temporal 
cortex and motor cortices in the frontal lobe is 
crucial for language learning, subvocal rehearsal 

(Buchsbaum, Olsen, Koch, & Berman, 2005), ef-
fortful processing, and predictive processes 
(Rauschecker & Scott, 2009; Roll, Söderström, 
Frid, Mannfolk, & Horne, 2017) possibly involv-
ing emulation (Grush, 2004). A parallel pathway 
through the arcuate fasciculus has been argued to 
be more involved in combinatorial syntactic pars-
ing (Friederici, Chomsky, Berwick, Moro, & 
Bolhuis, 2017). The primary functions of the dor-
sal stream are sound localization and auditory 
sensorimotor integration (Rauschecker & Scott, 
2009). 

The ventral stream extends laterally and fron-
tally from Heschl’s gyrus to the anterior superior 
temporal gyrus and even the anterior superior 
temporal sulcus. From the anterior temporal lobe 
this stream continues to the ventral part of the 
frontal lobe through the extreme capsule. The 
basic function of the ventral stream is auditory 
object identification based on increasingly com-
plex analysis of acoustic features (Rauschecker & 
Scott, 2009). 

Spatial complexity gradient 
A meta-analysis involving over 100 imaging 

experiments found a spatial phonetic complexity 
gradient along the ventral stream (DeWitt & 
Rauschecker, 2012). Thus, the further away one 
travels from primary auditory cortex along the 
ventral stream, the more complex the phonetic-
to-phonological representations become, involv-
ing phonetic features, phonemes, syllables, 
words, and even short phrases. Primary auditory 
cortex has a rather detailed representation of the 
spectrotemporal characteristics of sounds. It is 
even tonotopically organized, meaning that dif-
ferent center frequencies map to different loca-
tions of the cortex (Humphries, Liebenthal, & 
Binder, 2010; Merzenich & Brugge, 1973). 
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Secondary auditory cortex (Fig. 1) has neurons 
that are sensitive to specific constellations of the 
spectrotemporal characteristics detected in pri-
mary cortex. These correspond to distinctions in 
manner of articulation—further organized into 
larger groups of sonorants and obstruents—and 
place of articulation. Secondary cortex also com-
bines formants, giving rise to perception of vowel 
distinctions (Mesgarani, Cheung, Johnson, & 
Chang, 2014). Secondary auditory cortex further 
has normalized neural representations of tone and 
intonation patterns independent of absolute F0 
level (Tang, Hamilton, & Chang, 2017). Tertiary 
auditory cortex, anteriorly located in the superior 
temporal gyrus, is sensitive to categorical audi-
tory object perception in both humans (Patterson, 
Uppenkamp, Johnsrude, & Griffiths, 2002) and 
rhesus monkeys (Tsunada, Lee, & Cohen, 2011). 
For speech, this region seems sensitive to recog-
nition of units at the word level. Slightly ven-
trally, in the frontal part of the superior temporal 
sulcus, even shorter phrases seem to be pro-
cessed. 

 

 
Figure 1. Cortical thickness of left secondary auditory 
cortex (planum temporale) in superior temporal gyrus 
correlates with proficiency in native language word 
accent processing (from Schremm, Novén, Horne, 
Söderström, Westen, & Roll, 2018). 

Structural complexity gradient 
The other part of the Dual Complexity Gradi-

ent theory is a structural complexity gradient, a 
generalization emanating from recent findings 
about the relation between brain structure and be-
havior. The structural gradient assumes that com-
plex cognitive functions are aided by thicker cor-
tex in brain areas modulating associative pro-
cessing, whereas effective pruning and cortical 
myelination help lower-level cognitive functions, 
yielding instead an advantage of thinner cortex in 
primary processing areas (Novén, Schremm, 
Nilsson, Horne, & Roll, submitted). 

Previously, gray-matter volume was the most 
commonly used structural brain metric. How-

ever, cortical volume indistinctly hides two 
measures that recent research suggests might be 
rather independently associated with cognitive 
abilities: cortical thickness and cortical surface 
area (Vuoksimaa, Panizzon, Chen, Fiecas, Eyler, 
Fennema-Notestine, Hagler, Franz, Jak, Lyons, 
Neale, Rinker, Thompson, Tsuang, Dale, & Kre-
men, 2016). Cortical surface area is strongly ge-
netically defined (Vuoksimaa, Panizzon, Chen, 
Fiecas, Eyler, Fennema-Notestine, Hagler, 
Fischl, Franz, Jak, Lyons, Neale, Rinker, Thomp-
son, Tsuang, Dale, & Kremen, 2015). Areas early 
in the auditory stream, primary and secondary au-
ditory cortex, have greater surface area in the left 
hemisphere than in the right. Left primary audi-
tory cortex is also thinner (Meyer, Liem, Hirsi-
ger, Jäncke, & Hänggi, 2014). The reason is 
thought to be that a larger surface of well-orga-
nized cortical columns with more myelinated ax-
ons increases processing speed but reduces corti-
cal thickness. This would be advantageous for the 
kind of rapid categorization involved in phonetic 
feature processing in left primary and possibly 
secondary auditory cortices (Long, Wan, Rob-
erts, & Corfas, 2018; Warrier, Wong, Penhune, 
Zatorre, Parrish, Abrams, & Kraus, 2009). In line 
with this idea but outside the language domain, 
amusic individuals have been found to have 
thicker cortex than control persons in right pri-
mary auditory areas and inferior frontal gyrus 
(Hyde, Lerch, Zatorre, Griffiths, Evans, & Peretz, 
2007). In the same vein, cortical thickness in right 
inferior frontal gyrus has been found to correlate 
negatively with pitch discrimination proficiency, 
which can be argued to be a low-level acoustic 
task (Novén et al., submitted). 

Cortical thickness increases in response to 
mental training (Román, Lewis, Chen, Karama, 
Burgaleta, Martínez, Lepage, Jaeggi, Evans, Kre-
men, & Colom, 2016) and is negatively associ-
ated with aging (Thambisetty, Wan, Carass, An, 
Prince, & Resnick, 2010) and cognitive decline 
in degenerative diseases (Gerrits, van Loenhoud, 
van den Berg, Berendse, Foncke, Klein, Stoffers, 
van der Werf, & van den Heuvel, 2016). Alt-
hough maturation in children in general implies 
cortical thinning (Porter, Collins, Muetzel, Lim, 
& Luciana, 2011), regions in higher-level areas 
in the left ventral speech processing stream rather 
increase in thickness during childhood (Sowell, 
Thompson, Leonard, Welcome, Kan, & Toga, 
2004). 

Secondary auditory cortex has shown seem-
ingly paradoxical results for cortical thickness. 
Thus, a low-level auditory experiment found 

stems, and like lexical tones, are modulated by PT in the left hemi-
sphere (Moen, 1993; Roll et al., 2015). Swedish tones function as cues
to upcoming suffixes, and thus they engage left frontal cortical areas
implicated in regular inflectional morpheme processing as well (Bozic

), with left IFGpo emerging as the major
site of activation when tone-suffix connections were implemented on
meaningless pseudowords ( ). In the present
study, the degree to which listeners relied on tones to anticipate mor-
phosyntactic structure was quantified by measuring the relative re-

ffixes on real words. No such correlation was
found for inflected pseudowords, where larger RT increase for invalidly
cued suffixes was instead associated with greater cortical thickness of
left IFGpo.

These findings suggest that relatively greater cortical thickness of
left PT is related to tonal cue processing, in ways specific to familiar
lexical items. Furthermore, the same area showed functional activation
for tone processing in the same subjects (Roll et al., 2015). Indeed,
regions of the posterior superior temporal gyrus (STG) have been im-
plicated in higher-level processes of acoustic analysis during speech
perception (Chang et al., 2010; Xu et al., 2006) and left PT has been
found to respond to phonemic changes in the native language

( ). The present
fi

phonemes – possibly syllables –
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increased electrophysiological response for thin-
ner cortex (Liem, Zaehle, Burkhard, Jäncke, & 
Meyer, 2012). For more complex tone-suffix as-
sociation, however, processing speed was seen to 
augment with thicker cortex (Schremm et al., 
2018) (Fig. 1). Further, intense language training 
increases cortical thickness in the anterior portion 
of secondary auditory cortex (Mårtensson, Eriks-
son, Bodammer, Lindgren, Johansson, Nyberg, & 
Lövdén, 2012). In line with the proposed struc-
tural gradient, this likely indexes acquisition of a 
new phonology with novel combinations of pho-
netic features. The structural complexity gradient 
provides an explanation for the apparent paradox 
of cortical thickness advantage or disadvantage if 
secondary auditory cortex is an intermediate area 
between primary auditory cortex and higher-level 
cognition areas, as its myelination patterns seem 
to indicate (Glasser & Van Essen, 2011). Thus, as 
mentioned above, increased cortical myelination 
reduces cortical thickness and is related to faster 
processing of low-level features. However, 
higher-level processing requires increased asso-
ciation between information types, and is ex-
pected to be related to increased cortical thick-
ness. Accordingly, primary cortices are highly 
myelinated whereas secondary cortices show an 
intermediate degree of myelination, and associa-
tion areas, a low degree of myelination (Glasser, 
Coalson, Robinson, Hacker, Harwell, Yacoub, 
Ugurbil, Andersson, Beckmann, Jenkinson, 
Smith, & Van Essen, 2016). 

Anterior to secondary auditory cortex, tertiary 
auditory cortex is thicker on the left side (Meyer 
et al., 2014). This is in accordance with accumu-
lation of knowledge regarding high-level phono-
logical patterns during language acquisition re-
sulting in increased number of neurons, synapses, 
and/or glial cells (Zatorre, Fields, & Johansen-
Berg, 2012). Thickness of tertiary auditory cortex  
is positively associated with speed of processing 
word accents in real words (Novén, Schremm, 
van Westen, Horne, & Roll, in preparation), pos-
sibly further indicating improved whole form 
storage in line with Schremm et al. (2018). When 
listeners were forced to use combinatorial pro-
cessing to access tone-suffix associations in 
pseudowords, cortical thickness of Broca’s area 
in the left inferior frontal gyrus rather correlated 
with speed of access (Fig. 2). 

 

 
Figure 2. Cortical thickness of pars opercularis of left 
inferior frontal gyrus (Broca’s area) with proficiency 
in native language word accent processing when com-
binatorial processing is forced by using pseudowords 
(from Schremm et al., 2018). 

Native speaker proficiency 
Previously brain structure correlates of phonetic 
or phonological proficiency had mostly been 
measured along the dorsal stream (Golestani, 
2012). This is not strange since proficiency 
measures are mostly relevant for language learn-
ers. As mentioned above, the sensorimotor inte-
gration functions of the dorsal stream are crucial 
for language learning. However, recently, the 
speed of associating word accent tones with word 
endings in native speakers of Swedish begun to 
be measured (Roll, Söderström, & Horne, 2013; 
Roll, Söderström, Mannfolk, Shtyrov, Johansson, 
van Westen, & Horne, 2015; Söderström, Horne, 
Mannfolk, Westen, & Roll, 2017; Söderström, 
Horne, & Roll, 2017; Söderström, Roll, & Horne, 
2012). Since this phonological association seems 
to be important for online prediction and facilita-
tion in speech processing (Söderström, Horne, 
Frid, & Roll, 2016), dominating it can be seen as 
an indication of increased language proficiency, 
even in native speakers. This has made it possible 
to assess the relation between cortical thickness 
and a tentative measure of native phonological 
“proficiency” at different levels, giving rise to 
correlations along the ventral speech processing 
stream (Schremm et al., 2018). 

Conclusions 
This article has reviewed some works showing 
evidence for a previously suggested phonetic-to-
phonological spatial complexity gradient in the 
ventral stream of auditory processing. This gradi-
ent proceeds in anterior direction form primary 
auditory cortex through secondary and tertiary 
cortices in the superior temporal gyrus and ante-
rior superior temporal sulcus. The article has also 
taken up a recently suggested structural 

stems, and like lexical tones, are modulated by PT in the left hemi-
sphere (Moen, 1993; Roll et al., 2015). Swedish tones function as cues
to upcoming suffixes, and thus they engage left frontal cortical areas
implicated in regular inflectional morpheme processing as well (Bozic
et al., 2015; Tyler et al., 2005), with left IFGpo emerging as the major
site of activation when tone-suffix connections were implemented on
meaningless pseudowords (Söderström et al., 2017). In the present
study, the degree to which listeners relied on tones to anticipate mor-
phosyntactic structure was quantified by measuring the relative re-
sponse time increase for invalid tone-suffix associations. Results showed
that the thicker the cortex was in the left PT, the greater the RT increase
was for invalidly cued suffixes on real words. No such correlation was
found for inflected pseudowords, where larger RT increase for invalidly
cued suffixes was instead associated with greater cortical thickness of
left IFGpo.

These findings suggest that relatively greater cortical thickness of
left PT is related to tonal cue processing, in ways specific to familiar
lexical items. Furthermore, the same area showed functional activation
for tone processing in the same subjects (Roll et al., 2015). Indeed,
regions of the posterior superior temporal gyrus (STG) have been im-
plicated in higher-level processes of acoustic analysis during speech
perception (Chang et al., 2010; Xu et al., 2006) and left PT has been
found to respond to phonemic changes in the native language

(Jacquemot, Pallier, LeBihan, Dehaene, & Dupoux, 2003). The present
findings indicate that the nature of the representations involved in
processing related to the cortical thickness of left PT might correspond
to linguistic units larger than phonemes, since the pseudowords tested
consisted of Swedish phonemes, just like real word stimuli. For in-
stance, one might assume that listeners develop memory traces for
frequently occurring patterns such as syllables, supporting rapid ana-
lysis of native language input. This would constitute an important dif-
ference between the target words of the two experiments as none of the
pseudoword stem syllables used in the stimulus material appeared in
any real Swedish words. Thus, cortical thickness of left PT might play a
role in decoding the speech signal in terms of chunks larger than
phonemes – possibly syllables – incorporating tonal information in
Swedish, when linguistically relevant tone patterns are processed as
part of a left-lateralized network. From this perspective, the cortical
thickness of left PT might be related to the efficiency with which tonal
information is accessed and, in turn, tone-associated endings are sub-
sequently pre-activated on real words, by supporting recognition of
familiar sound patterns involving tones. In line with this assumption,
cortical thickness of left PT was associated not only with the degree to
which listeners used tonal information to activate real words but also,
for the subgroup of participants with relatively thicker left PT cortex,
showed a tendency to be related to faster suffix recognition as
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Fig. 1. Cortical thickness of left planum tem-
porale and tone processing in real words. Left
planum temporale presented on the pial sur-
face of Freesurfer common space object
fsaverage (left). Correlation between cortical
thickness of left planum temporale and re-
sponse time difference between suffixes in-
validly vs. validly cued by the preceding tone
(r= .559), indicating that the greater the re-
sponse time increase was for invalidly cued
suffixes on real word stems, the thicker the
cortex was in the left planum temporale
(right).
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Fig. 2. Cortical thickness of left inferior
frontal gyrus (IFG) pars opercularis and tone
processing in pseudowords. Left IFG pars op-
ercularis presented on the pial surface of
Freesurfer common space object fsaverage
(left). There was a positive correlation be-
tween cortical thickness of left IFG pars op-
ercularis and response time advantage for
validly over invalidly cued suffixes on pseu-
doword stems (r= .492) (right).

A. Schremm et al.
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complexity gradient, by which processing of low-
level acoustic features is facilitated by a thinner 
and more myelinated cortex, where straightfor-
ward choices can rapidly be processed. Higher-
level phonological processing is rather aided by a 
higher number of associations in a more complex 
network yielding thicker cortex. Further evidence 
is needed to corroborate the structural complexity 
gradient along the ventral speech perception 
stream, but unification of the two complexity gra-
dients into one framework, a Dual Complexity 
Gradient theory, gives a number of testable pre-
dictions. Thus, proficiency at different levels of 
processing in one’s native language should corre-
late with cortical thickness in different ways and 
in different brain areas. For lower-level pro-
cessing and in primary areas, a negative correla-
tion would be expected. This has been found to a 
certain degree in the right hemisphere for profi-
ciency in non-speech pitch discrimination. Profi-
ciency in higher-level processing would be 
thought to correlate positively with cortical thick-
ness. This is what has been found for proficiency 
in word accent processing in secondary auditory 
cortex and, when involving forced combinatorial 
processing in pseudowords, in inferior frontal gy-
rus. Many points along the ventral pathway and 
levels of phonetic-to-phonological complexity 
need to be tested for the theory to be considered 
to be corroborated. 
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complexity gradient, by which processing of low-
level acoustic features is facilitated by a thinner 
and more myelinated cortex, where straightfor-
ward choices can rapidly be processed. Higher-
level phonological processing is rather aided by a 
higher number of associations in a more complex 
network yielding thicker cortex. Further evidence 
is needed to corroborate the structural complexity 
gradient along the ventral speech perception 
stream, but unification of the two complexity gra-
dients into one framework, a Dual Complexity 
Gradient theory, gives a number of testable pre-
dictions. Thus, proficiency at different levels of 
processing in one’s native language should corre-
late with cortical thickness in different ways and 
in different brain areas. For lower-level pro-
cessing and in primary areas, a negative correla-
tion would be expected. This has been found to a 
certain degree in the right hemisphere for profi-
ciency in non-speech pitch discrimination. Profi-
ciency in higher-level processing would be 
thought to correlate positively with cortical thick-
ness. This is what has been found for proficiency 
in word accent processing in secondary auditory 
cortex and, when involving forced combinatorial 
processing in pseudowords, in inferior frontal gy-
rus. Many points along the ventral pathway and 
levels of phonetic-to-phonological complexity 
need to be tested for the theory to be considered 
to be corroborated. 
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