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MEG studies have shown that the timing (latency) of the evoked
response that peaks B100ms post-stimulus onset (M100) de-
creases as frequency increases for sinusoidal tones. We investi-
gated M100 latency using a continuum of synthesized vowel
stimuli in which the dominant formant frequency increases from
250Hz (perceived /u/) to 750Hz (perceived /a/) in 50Hz steps.
While M100 latency did vary inversely with formant frequency
overall, frequency modulation was £attened within each vowel

category.However, formid-continuumambiguous tokens (i.e. those
with increased reaction time/decreased accuracy in the concurrent
behavioral identi¢cation task),M100 reverted to formant frequency
di¡erences, agreeing with previous ¢ndings of frequency-depen-
dence. A theory is proposed in which phonological categorization
emerges from speci¢c spatial distribution of frequency-tuned neu-
rons. NeuroReport 15:1679^1682 �c 2004 Lippincott Williams &
Wilkins.
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INTRODUCTION
MEG uses a high spatial density biomagnetometer to record
extracranial magnetic fields generated by intracranial
electrical activity. MEG not only offers a noninvasive
measure of brain function, but its submillisecond temporal
resolution represents a distinct advantage over hemody-
namic imaging (cf. PET, fMRI). Thus, MEG is capable of
revealing aspects of neuromagnetic activity for which
timing is critical. Previous studies have shown that the
latency of the auditory evoked neuromagnetic component
that peaks about 100ms post-stimulus onset is sensitive to
stimulus attributes like intensity and frequency [1], leading
to the suggestion that this tonochronic encoding mechanism
might augment or supplement a tonotopic strategy in the
frequency range critical to human speech. It has also been
shown that age influences M100 latency for children and
teenagers [2].
The latency of the auditory M100 exhibits frequency

sensitivity for vowels as well as pure tone stimuli. In this
study, M100 latency is increased for the vowel /u/ relative
to the vowel /a/ [3]. Tonochrony predicts the existence and
direction of this latency differential – first formant (F1)
frequency is lower in /u/ (B300Hz) than /a/ (B700Hz).
However, /u/ and /a/ differ not only in F1 frequency (an
acoustic feature), but also in phonological category member-
ship. While F1 frequency may exert a dominant effect on
M100 latency, as supposed by Roberts et al. [3], vowel
category membership could also contribute to the M100
latency (especially given human tolerance for a range of
within-category F1 values [4]). This experiment seeks to

determine whether stimulus category membership exerts an
influence on M100 latency beyond that predictable from an
acoustic model [3].
Using a continuum of synthesized vowels with clear

exemplars of /u/ and /a/ at each end and ambiguous mid-
continuum tokens, we ask whether M100 characteristics
cluster according to stimulus phonological category or
distribute evenly according to F1 frequency? If phonological
category membership contributes to the M100, some
leveling of peak latency and/or amplitude values would
be observed within stimuli of the same category; however, if
category membership has no effect as early as M100,
physical stimulus attributes (spectral energy distribution,
dominantly around F1) are predicted to dominate M100
latencies, resulting in a characteristic 1/f shape curve with
latency prolongation at lower frequencies, similar to that
seen for tones [1,3].

MATERIALS AND METHODS
Eleven vowel-like stimuli along the /u/-/a/ continuum
were created using the Klatt synthesizer [5] implemented in
Sensyn software (Sensimetrics, MA). Only F1 varied
between tokens, from 250 to 750Hz in 50Hz increments.
To retain plausibility across this continuum, F2 values of
1000Hz and F3 values of 2500Hz were allowed broader
bandwidth (300Hz) than is typical in vowel synthesis.
Stimuli were 400ms in duration with 50ms linear ramps.
Stimuli were presented monaurally (right ear) via

Etymotic ER3A transducers and air-hose to an inner ear

COGNITIVENEUROSCIENCE ANDNEUROPSYCHOLOGY NEUROREPORT

0959-4965�c LippincottWilliams &Wilkins Vol 15 No 10 19 July 2004 1679

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



tip after amplification (TDT Inc., Series II, FLA). Auditory
detection threshold values were determined for all stimuli
for subsequent presentation at 40dB SL. MEG recording was
made using a 37-channel biomagnetometer (Magnes 4-D
Neuroimaging, San Diego, CA) positioned over the con-
tralateral temporal area. Positioning of the sensor array was
adjusted until the response across sensors to presentation of
a 1 kHz reference tone formed an antisymmetric evoked
response distribution. The 11 stimuli were randomly
interleaved (ISI 10007100ms) and at least 200 trials of each
stimulus were presented. Subjects lay on their side during
the procedure, inside the magnetically shielded room.
During stimulus presentation, subjects performed a two
alternative forced choice classification (with button box
response, using fingers of the left hand). Reaction time and
classification were monitored. Categorization was deter-
mined from the proportion of responses to the 200 elements
of each stimulus token. After 50% of the trials, the role of the
buttons was reversed to compensate for potentially con-
founding mechanical/logistical differences in making one
response over another.
MEG data was sampled at a rate of 1041Hz/channel and

grouped into 600ms epochs time-locked to stimulus
presentation (incl. 100ms pretrigger baseline). Epochs were
averaged by stimulus type for each subject, filtered at
1–40Hz, and M100 peak latency and amplitude were
determined. The M100 was defined as that response
occurring in a latency window of 80–150ms post-stimulus
with maximum r.m.s. field strength across sensors (at least a
factor of 6 greater than pretrigger noise), satisfying a single
equivalent dipole model with a correlation coefficient of
r40.95.

Subjects: Six healthy right-handed adult volunteers parti-
cipated with the approval of the institutional committee on
human research; written informed consent was obtained.
All were competent English speakers, indistinguishable
with respect to performance on behavioral classification: all
exhibited categorical perception for first three stimuli
(F1: 250–350Hz; 97% /u/ response) and last three stimuli
(F1: 650–750Hz; 98% /a/ response), and variable categor-
ization of mid-continuum stimuli (/a/ response 10% at
400Hz, 27% at 450Hz, 49% at 500Hz, 72% at 550Hz, 90% at
600Hz).

Tone control: Subjects underwent a second MEG recording
session in which stimuli were 400ms sinusoidal tones with
frequencies matching the F1 position for the vowel
continuum, with addition of extrema tokens at 100Hz and
1kHz. One hundred trials of each token were presented
pseudorandomly. All other experimental details were
similar to those described above; there was no behavioral
task.
An incidental behavioral observation led to the following

additional analysis methodology: in two subjects, the mid-
continuum stimulus of the vowel continuum (F1: 500Hz)
exhibited chance categorization characteristic of a catego-
rical perception boundary. Examining categorization of this
boundary token according to preceding context probed
perceptual modulation [6]. When preceded by one of the
clear /u/ stimuli, proportional categorization of the
boundary token shifted towards /a/; when preceded by
one of the clear /a/ stimuli, proportional categorization of

the boundary token shifted towards /u/. This raised the
issue of whether category status of the percept affects M100
latency when physical stimulus properties are held con-
stant. For these two subjects, MEG epochs from presenta-
tions of the boundary token were additionally selectively
averaged according to preceding context to see whether
M100 latency of the same token increased after presentation
of /a/ due to the induced perceptual bias towards /u/ or
decreased after presentation of /u/ due to the induced
perceptual bias towards /a/.

RESULTS
Figure 1 shows that M100 latency across the vowel
continuum does not form a smooth 1/f function as for pure
sinusoids [1], but rather forms latency plateaus at each
extrema. Of note, the M100 latency to vowel tokens is
dominated by F1 frequency – latencies to /u/ stimuli (lower
F1) are longer than in response to /a/ (higher F1), as
predicted by F1 frequency [3].

In contrast to the smooth 1/f form of the M100 latency to
sinusoid tones, latencies to vowel-like sounds along the
continuum formed plateaus that correspond to continuum
endpoint vowel categories. Thus M100 latency was pro-
longed for /u/ relative to /a/, but within /u/ and /a/
stimuli, F1 frequency did not determine M100 latency
precisely; within each endpoint vowel category frequency-
dependence is leveled i.e. within-category latency differ-
ences are minimized. As such, stimuli with F1: 250–350Hz
and similarly with F1: 650–750Hz cluster together in
neuromagnetic activity, just as they clustered together in
the behavioral identification task (Fig. 2). Conversely mid-
continuum tokens that show variable categorization also
show M100 latency variability. While this discrepancy in the
mid-continuum range (F1: 400–600Hz) potentially repre-
sents either reversion to acoustic prediction in absence of a
true corresponding category or the formation of an inter-
mediate pseudo-vowel category, the lack of clustering in
either behavioral or M100 latency values speaks to reversion
to acoustically-driven frequency-dependence.

A further observation is that the amplitude (relating to the
number of synchronously activated neurons) of the evoked
response is significantly diminished for ambiguous tokens
compared to tokens with clear category membership
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Fig. 1. M100 latency for vowel continuum (solid squares) and sinusoidal
tones (open circles, with1/ f curve ¢t).
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(po0.05; Fig. 3). By implication, the M100 to mid-continuum
tokens is generated by fewer (or a less coherent set of)
neurons.
If we accept the putative tonotopic organization principle

of auditory cortex [7–9], discrete spatially contiguous
groups of neurons selectively react to specific frequencies.
One is led to speculate that the range of F1 frequencies
captured by the category /u/ (250–350Hz) could corre-
spond to a circumscribed neuronal population, such that the
frequency range defines the vowel category by virtue of
forming an area of dedicated neurons that get activated in
concert by any of the frequencies within the range covered
[10,11]. However, the lower amplitude M100s from mid-
continuum stimuli result from frequency content falling
near but not within a range that engages a circumscribed
neuronal cohort for a given category. Because mid-con-
tinuum stimuli do not strongly activate either category’s
neuronal cohort, there is no within-category M100 latency
leveling.
In two subjects, one token (F1: 500Hz) elicited almost

symmetric /a/ vs /u/ responses (49/51%), signaling an
ambiguous behavioral percept. Selectively averaging the
behavioral response to this stimulus according to whether
its predecessor was a clear /u/ or a clear /a/, categorization
was found to be influenced by preceding stimulus.
Although acoustic properties remained unaltered, categor-
ization as /u/ rose to 58% when preceded by an unequi-

vocal /a/ and conversely 57% categorization as /a/ when
preceded by /u/ (Fig. 4). Preceding context did not affect
M100 latency for the ambiguous token; M100 remained true
to the physical spectral attributes.
Disregarding preceding context, a true boundary token

gives rise to an ambiguous percept categorized at chance.
Perceptual modulation applies when acoustics alone under-
determine category membership, i.e. when category mem-
bership is equivocal. Within the design of this experiment,
context biases classification of the boundary token towards
the opposite category – the percept is recognized as different
from the clear category exemplar that preceded it. This is a
simple manifestation of selective adaptation [6].
Holding acoustics constant while varying percept shows

that the dominant effect on M100 characteristics is still
physical stimulus properties; when context biases percep-
tion, M100 latency and amplitude do not shift to the values
characteristic of those stimulus categories. A further
observation is a striking asymmetry in the behavioral
responses to the unequivocal tokens at either end of the
continuum, despite across the board 97% categorization
accuracy. Reaction time for clear /u/ tokens (683754ms) is
greater than that to clear /a/ tokens by nearly 100ms
(591741ms, po0.05). While M100 latency differences were
found to be prolonged by B20ms for clear tokens of /u/ vs
clear tokens of /a/, there was no difference in the accuracy
of classification: virtually all of the first three tokens of the
continuum were classified as /u/ and virtually all of the
final three tokens of the continuum were classified as /a/;
nonetheless, there was a significant delay in reaction time
for classification of /u/ compared with /a/. This is unlikely
to arise because of additional uncertainty as one would
expect this to impact accuracy as well. Thus we are led to
speculate that the 20ms delayed M100 response is expanded
during the processes of categorization and labeling to
almost 100ms by the time of the behavioral response.

DISCUSSION
The results of this study are that (1) for a continuum of
vowel-like sounds of varying F1, the M100 latency forms
plateaus analogous to the discrete categories defined by
categorical perception; (2) only between categories does the
M100 latency revert to the 1/f form predicted by a simple
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Fig. 2. Correlation between behavioral classi¢cation and M100 latency
averaged across all subjects.
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acoustic model; (3) ambiguous tokens can have their percept
manipulated under appropriate circumstances, but the
M100 retains a latency characteristic of actual spectral
attributes, rather than the context-biased percept; and (4)
the prolonged latency of tokens clearly perceived as /u/ vs
those perceived as /a/ is correlated with a nearly 100ms
reaction time delay in identification.
Evidence of categorical effects (latency leveling within

categories) as early as B100ms post stimulus reveals the
relevance of mentally represented categories to early percep-
tual processing. Taken together, the frequency range of both
M100 latency plateaus and amplitude plateaus suggest that
activation of distinct tonotopic cohorts is responsible for
leveling of within-category variation in the neural response,
and for concomitant categorical perception of vowels, a
manifestation of the perceptual magnet effect [12], with
minimization of within-category differences in both percep-
tion and, in this case M100 latency. We speculate that M100
latency does not resolve within-category F1 variation, because
the neural response to all vowels in a category is generated by
the same neuronal cohort. However, latency values for tone
stimuli show that the auditoryM100 latency can resolve 50Hz
frequency increments. Mid-continuum stimuli show that
neuronal responses to tokens with the spectral complexity
of vowels can in principle resolve frequency differences of this
magnitude, but this sensitivity only emerges when the
frequencies involved are not captured within a neuronal
cohort defining a particular phonological category.
The absence of M100 latency plateaus for tone stimuli

suggests that the apparent lack of sensitivity to within vowel
category frequency differences relates specifically to member-
ship in a category, as opposed to anything inherent or
epiphenomenal about the relationships between F1 frequen-
cies (e.g. 250Hz, 300Hz, 350Hz) or the way the stimuli group
in terms of their physical attributes. Since speech sounds
ultimately map onto mental representations of discrete
phonological units, vowel stimuli must come to be treated
as belonging to one category or another. The increased
acoustic complexity of vowels compared with tones does not
challenge attributing latency plateau effects to categorical
perception, since M100 latency does resolve F1 frequency
variation between mid-continuum vowel stimuli, which have
the same spectral characteristics as endpoint tokens.
In summary, we suggest that the ultimate perception is

parasitic on M100 encoding of physical stimulus properties
when they unequivocally correspond to a native language
category/neuronal cohort. For tokens that are not members
of a distinct native language category, physical stimulus
properties dominate M100 latency; in such cases, the role of
context emerges as a biasing factor (Fig. 5). A caveat exists:
the particular context effect is seen here under circum-
stances of forced choice between two alternatives and is not
necessarily predictive of effects on vowel identification
when category choices are unconstrained.

CONCLUSION
Vowel category membership influences M100 latency,
forming latency plateaus analogous to classification and

departing from the strictest prediction of a 1/f model. We
suggest that the difference between M100 latency behavior
to stimuli continua with inherent categorical differences (i.e.
vowels) vs stimuli with no inherent categorical differences
(i.e. tones) provides a potentially objective neuronal
measure of intact native language phonological representa-
tions. We predict, for example, that individuals with certain
language impairments could exhibit a vowel-continuum
latency slope with tone-like 1/F1 form, suggesting a
problem with development of neuronal cohorts appropriate
for phonological categorization that could lead to impaired
native language phonological category representations.
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Fig. 5. A simplemodel suggests that if theM100 latency is characteristic
of a particular vowel percept, the behavioral response will not deviate
(e.g. M100¼100ms or M100¼140ms). If the M100 response is not charac-
teristic of vowel categorymembership, perceptionmay be susceptible to
bias.
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