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Human auditory cortex is organized into macroscopic one-dimensional maps for pitch 

(tonotopy, (1)) as well as for spectral bands in vowels (2). These maps are constructed 

from dipole source locations, which spatially reflect acoustic stimulus properties, 

underlying the N1/N1m (3), a robust, early (100ms post-onset), pre-attentive auditory 

response. We report here a three-dimensional cortical vowel map based on N1m 

localizations for the entire vowel system of a language. Turkish vowels are ideal in this 

respect, since they make up a symmetric array of eight vowels (4) employing all 

combinations of the articulatory parameters of tongue height (high/low), the front-back 

position of the tongue, and lip rounding (unrounded/rounded; Figure Panel C). These 

articulatory parameters generate particular vocal-tract resonance patterns, and 

consequently correlate with various spectral parameters of the resultant acoustic signal 

(5), especially the first two resonant frequencies (= formants, F1 and F2). 800 vowel 

tokens pronounced by a fluent native speaker of Turkish were presented randomly to 

thirteen fluent native Turkish listeners while their brain activity was recorded with a 157-

channel whole-head magneto-encephalographic (MEG) scanner (Figure Panel B). MEG 

offers the best combination of temporal and spatial resolution among currently available 

non-invasive brain mapping methods (6). Listeners monitored the stream for noise bursts 

interspersed with the vowels to ensure their attention during the experiment (Figure Panel 

A). The cortical positions of the underlying dipoles generating the N1m responses were 

calculated for each listener, as described in (2). Two cortical maps were discovered, each 

of which preserves the topology of the acoustic vowel space. A vertical plane contains 

the front vowels [i, y, , œ], and another, horizontal plane contains the back vowels, [ , 

u, , ], positioned perpendicular to the front vowel plane (Figure Panel D). Within the 



front map, vowels with high F1 are located superior to those with low F1 (F(1,43) = 4.28, 

p < 0.05), while medial-lateral location distinguishes between vowels with higher and 

lower F2 frequencies (F(1,43) = 4.10, p < 0.05). In back vowels, medial-lateral positions 

map F2 in the same way as in the front vowel plane (F(1,40) = 5.15, p < 0.05). Anterior-

posterior dipole locations in the right hemisphere correlate with F1 values in the back 

vowel plane (F(1,14) = 6.67, p < 0.05). Confirming earlier findings (2), the overall 

position of the front vowel map was located anterior to the back vowel map (F(1.95) = 

4.56, p < 0.05). Our results replicate and extend previous findings showing that N1m 

dipole sources spatially distinguish between all vowel categories in a language. Crucially, 

we found separate, orthogonal maps for front and back vowels located along the anterior-

posterior axis, with a consistent separation in both maps along the medial-lateral axis, 

paralleling (1) in that vowel spectra with higher centers of gravity were located more 

medially (i.e. deeper in the brain). The N1m dipole positions for Turkish vowels 

demonstrate a three-dimensional cortical population map in addition to the more familiar 

tonotopic (1) and retinotopic maps (7). These maps constitute an important new use of 

the N1m paradigm for the non-invasive mapping of vowel spaces onto cortical locations. 
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Figure.  

Panel A. Experimental design, showing an example sequence of vowels 

presented to subjects in random sequences.  

B. Magnetoencephalographic (MEG) scanner.  

C. Acoustic vowel maps and articulatory classification, showing first two 

resonance frequency values (in Hz) of all vowel exemplars used in this study, 

front vowels left (red), back vowels right (blue).  

D. Cortical maps of N1m dipoles elicited by front (left) and back (right) vowels, in 

spherical coordinates across both hemispheres. The back vowel map is rotated 

90 degree relative to the front vowel map. 
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