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a la Watanabe, Homae, Nakano & Taga, 2008

jittered ISI: 4-9 secs; mean = 6.5 secs;  
Plichta et al. 2007
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Temporal and Occipital ROIs: 
Neuroanatomically Defined, 5 channels each
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Previous Research on  
Unexpected Sensory Omissions

S. Zangenehpour, R.J. Zatorre / Neuropsychologia 48 (2010) 591–600 595

Fig. 3. Crossmodal recruitment (stimulus–fixation). Modality-specific recruitment of auditory and visual cortices in both groups is illustrated by the most prominent activation
peak in each relevant condition (A top, B bottom, F top, and G bottom). Crossmodal recruitment of visual cortex by auditory stimuli is shown in panel A (bottom) and B (top).
CBF extracted values were calculated and presented as % CBF change from baseline. Error bars represent ± 1 SEM. Talairach coordinates of the activation foci are: A top [58,
−23, 10]; A bottom and B top [7, −88, 5]; B bottom [46, −25, 17]; F top [−4, −75, 19]; F bottom and G top [58, −23, 10]; G bottom [4, −87, 2].

to either support or reject this hypothesis; we did not test areas
outside the STG because there was no hypothesis to test outside
this region. We found an area of the auditory cortex, on the border
between the right Heschl’s gyrus and planum temporale [x = 56;
y = –21; z = 11; t = 3.49], whose CBF significantly covaries with the
auditory-driven activity in the visual cortex, and which is close in
location to the area active in the unimodal auditory conditions. This
approach provided strong support for the assumption that the pri-
mary visual and auditory cortices are functionally linked to one
another (Fig. 6).

4. Discussion

Our main finding is that the primary visual cortex (BA17) is
recruited by auditory stimulation 1 day after exposure to the cou-
pling of the same auditory stimuli with spatiotemporally matched
visual stimuli. This finding can be discussed in the context of sev-
eral key issues in systems and cognitive neuroscience, and raises
new questions about the way such effects are mediated.

4.1. Multisensory convergence in unisensory cortical areas

A growing number of recent studies have provided evidence
for the convergence of multisensory information in areas of the
brain that are conventionally associated with unisensory process-
ing of environmental events. Functional neuroimaging (Calvert et
al., 1997; Pekkola et al., 2005; van Atteveldt et al., 2004), event-
related potential (ERP) recordings (Besle, Fort, Delpuech, & Giard,
2004; Foxe et al., 2000; Giard & Peronnet, 1999; Molholm et
al., 2002; van Wassenhove, Grant, & Poeppel, 2005), transcranial
magnetic stimulation (TMS; Ramos-Estebanez et al., 2007; Romei,
Murray, Merabet, & Thut, 2007) and magnetoencephalography
(MEG; Gobbelé et al., 2003; Lütkenhöner, Lammertmann, Simões,
& Hari, 2002) experiments have shown the human auditory cor-
tex, for example, to be a site of interaction of audio-tactile and
audiovisual information. These findings have been supported by
a number of intracranial recording studies in monkeys (Brosch,
Selezneva, & Scheich, 2005; Fu et al., 2003; Ghazanfar et al., 2005;
Kayser, Petkov, Augath, & Logothetis, 2005; Schroeder & Foxe, 2002;

Fig. 4. Contrast analyses. Two visual cortical areas (A top and bottom) that remained significantly more active during the auditory condition in the experience group (EA)
compared to the naïve group (NA). CBF values (% change from baseline) reveal that in both cases the same areas underwent a substantial deactivation in condition NA with a
moderate activation in condition EA (B and C). Error bars represent ± 1 SEM. Talairach coordinates of the activation foci are: A top [11, −73, 8]; A bottom [21, −92, −2].

sponse to the omission of the tone. This is illust ra ted in
Figs. 12 and 13, which show both types of omission
response in two pat ien ts. These select ive responses
were observed to have foci tha t were spa t ia lly dist inct
from the omit responses. Their la tency a lso var ied
across pa t ien ts. These select ive omission responses
preceded the omit responses in some cases and fol-
lowed it in others.

Verid ical Responses

Surpr isingly, we fa iled to find elect rodes demon-
st ra t ing ver idica l responses, i.e., obliga tory responses
only to actua l tones and not to omit ted tones.

Task Dependence

In four pa t ien ts we compared the responses in both
IGNORE (pat ien t given no inst ruct ions other than to
passively listen to the tones, ca lled PASSIVE ATTEND
by some authors) and COUNT (pat ien t asked to si-
len t ly count omit ted tones and repor t the tota l a fter -
wards) condit ions. The in ten t of th is difference in in-
st ruct ions was to eva lua te whether act ive a t ten t ion
was a necessary condit ion for observing these effect s.
We found tha t a t tending to and/or count ing the tones
was clear ly not necessary for the recording of either
omit or select ive omit responses, and had no systemat ic
effect on the amplitude of either type of response in the
middle la tency range. This is illust ra ted in Fig. 14.
Although it is not the focus of th is paper , we did find

significant task dependent P3-like effect s a t longer la -
tencies in the tempora l lobe, h ippocampus, and supe-
r ior fron ta l lobe. F igure 14 provides what might be an
example of a weak P3 in the tempora l lobe (indica ted
by the aster isk).

DISCUSSION

Using a var ian t of the auditory oddball paradigm, we
have recorded and character ized in t racran ia l field po-
ten t ia ls tha t a re evoked by the omission of tones. Au-
ditory responses were consisten t ly recorded from cor-
tex in the vicin ity of the tempora l–par ieta l junct ion ,
a lthough simila r responses were occasiona lly obta ined
from more remote sites, most commonly in the dorso-
la tera l aspect of fron ta l lobe.
Tone pa irs produced two dist inct responses tha t fol-

lowed each tone by approximately 100 ms. Compar i-
sons between the response to a single tone when tone
pa irs were expected (DOUBLE OMIT condit ion) and
responses elicited by an ident ica l tone when a single
tone was expected (SINGLE condit ion) revea led tha t
the field poten t ia ls were highly sensit ive to context : a
clear , incrementa l cor t ica l response occur red about 120
ms following the omission of the second tone. This
response was found in every pa t ien t , and it closely
approximated the t iming and topography of the re-
sponse elicited when the second tone was actua lly pre-
sen ted (DOUBLE condit ion).

FIG. 8. Illust ra t ion of response t iming for the SINGLE, DOUBLE, and DOUBLE OMIT condit ions. The lower panels show normalized
waveforms obta ined from each subject in the vicin ity of the tempora l–par ieta l junct ion , while the upper panels show the absolu te median
waveforms ca lcu la ted from the individua l subjects. Although there was considerable var ia t ion in la tency across subjects, there were clear
responses in INTERVAL1 for a ll th ree condit ions, followed by dist inct responses in INTERVAL2 for the DOUBLE and DOUBLE OMIT
condit ions.
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Fig. 3. Crossmodal recruitment (stimulus–fixation). Modality-specific recruitment of auditory and visual cortices in both groups is illustrated by the most prominent activation
peak in each relevant condition (A top, B bottom, F top, and G bottom). Crossmodal recruitment of visual cortex by auditory stimuli is shown in panel A (bottom) and B (top).
CBF extracted values were calculated and presented as % CBF change from baseline. Error bars represent ± 1 SEM. Talairach coordinates of the activation foci are: A top [58,
−23, 10]; A bottom and B top [7, −88, 5]; B bottom [46, −25, 17]; F top [−4, −75, 19]; F bottom and G top [58, −23, 10]; G bottom [4, −87, 2].
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Fig. 4. Contrast analyses. Two visual cortical areas (A top and bottom) that remained significantly more active during the auditory condition in the experience group (EA)
compared to the naïve group (NA). CBF values (% change from baseline) reveal that in both cases the same areas underwent a substantial deactivation in condition NA with a
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condit ions.

1081HUMAN CORTICAL RESPONSES TO OMITTED TONES

Visual cortex response  
after audio-visual association 

Auditory cortex response  
to unexpected omission of tone 

sponse to the omission of the tone. This is illust ra ted in
Figs. 12 and 13, which show both types of omission
response in two pat ien ts. These select ive responses
were observed to have foci tha t were spa t ia lly dist inct
from the omit responses. Their la tency a lso var ied
across pa t ien ts. These select ive omission responses
preceded the omit responses in some cases and fol-
lowed it in others.

Verid ical Responses

Surpr isingly, we fa iled to find elect rodes demon-
st ra t ing ver idica l responses, i.e., obliga tory responses
only to actua l tones and not to omit ted tones.

Task Dependence

In four pa t ien ts we compared the responses in both
IGNORE (pat ien t given no inst ruct ions other than to
passively listen to the tones, ca lled PASSIVE ATTEND
by some authors) and COUNT (pat ien t asked to si-
len t ly count omit ted tones and repor t the tota l a fter -
wards) condit ions. The in ten t of th is difference in in-
st ruct ions was to eva lua te whether act ive a t ten t ion
was a necessary condit ion for observing these effect s.
We found tha t a t tending to and/or count ing the tones
was clear ly not necessary for the recording of either
omit or select ive omit responses, and had no systemat ic
effect on the amplitude of either type of response in the
middle la tency range. This is illust ra ted in Fig. 14.
Although it is not the focus of th is paper , we did find

significant task dependent P3-like effect s a t longer la -
tencies in the tempora l lobe, h ippocampus, and supe-
r ior fron ta l lobe. F igure 14 provides what might be an
example of a weak P3 in the tempora l lobe (indica ted
by the aster isk).

DISCUSSION

Using a var ian t of the auditory oddball paradigm, we
have recorded and character ized in t racran ia l field po-
ten t ia ls tha t a re evoked by the omission of tones. Au-
ditory responses were consisten t ly recorded from cor-
tex in the vicin ity of the tempora l–par ieta l junct ion ,
a lthough simila r responses were occasiona lly obta ined
from more remote sites, most commonly in the dorso-
la tera l aspect of fron ta l lobe.
Tone pa irs produced two dist inct responses tha t fol-

lowed each tone by approximately 100 ms. Compar i-
sons between the response to a single tone when tone
pa irs were expected (DOUBLE OMIT condit ion) and
responses elicited by an ident ica l tone when a single
tone was expected (SINGLE condit ion) revea led tha t
the field poten t ia ls were highly sensit ive to context : a
clear , incrementa l cor t ica l response occur red about 120
ms following the omission of the second tone. This
response was found in every pa t ien t , and it closely
approximated the t iming and topography of the re-
sponse elicited when the second tone was actua lly pre-
sen ted (DOUBLE condit ion).

FIG. 8. Illust ra t ion of response t iming for the SINGLE, DOUBLE, and DOUBLE OMIT condit ions. The lower panels show normalized
waveforms obta ined from each subject in the vicin ity of the tempora l–par ieta l junct ion , while the upper panels show the absolu te median
waveforms ca lcu la ted from the individua l subjects. Although there was considerable var ia t ion in la tency across subjects, there were clear
responses in INTERVAL1 for a ll th ree condit ions, followed by dist inct responses in INTERVAL2 for the DOUBLE and DOUBLE OMIT
condit ions.

1081HUMAN CORTICAL RESPONSES TO OMITTED TONES

Tones 

Zangenehpour & 
Zatorre (2010) 

!
den Ouden et al. 

(2009) 


