Consonance and Dissonance of Musical Chords: Neural Correlates
iIn Auditory Cortex of Monkeys and Humans

YONATAN I. FISHMAN,* IGOR O. VOLKOV,? M. DANIEL NOH,? P. CHARLES GARELL? HANS BAKKEN,?
JOSEPH C. AREZZG, MATTHEW A. HOWARD,> AND MITCHELL STEINSCHNEIDER

IDepartment of Neuroscience, Albert Einstein College of Medicine, Bronx, New York 1046iDepartment of Surgery,
Division of Neurosurgery, University of lowa College of Medicine, lowa City, lowa 52242

Received 4 April 2001; accepted in final form 27 August 2001

Fishman, Yonatan I., Igor O. Volkov, M. Daniel Noh, P. Charles perception is still in its infancy. A fundamental feature of
Garell, Hans Bakken, Joseph C. Arezzo, Matthew A. Howard, music is harmony, which refers to characteristics of simulta-
and Mitchell Steinschneider.Consonance and dissonance of musicglegus note combinations or “vertical” musical structure (i.e.
chords: neural correlates in auditory cortex of monkeys and humaE ords). It has been recognized since antiguity that certai'n
J Neurophysiol86: 2761-2788, 2001. Some musical chords sou’g%i)rds)sound more pleasa%t than others (Pgthggoras ca. 600

pleasant, or consonant, while others sound unpleasant, or disso .
Helmholtz’s psychoacoustic theory of consonance and dissonarcg’ in Apel 1972). Chords composed of tones related to each

attributes the perception of dissonance to the sensation of “beats” SHAET by simple (S_mall-lnteger) fre_quenc_y ratios, e.g., octave
“roughness” caused by interactions in the auditory periphery betwek$il) and perfect fifth (3:2), are typically judged to be harmo-
adjacent partials of complex tones comprising a musical chord. Cdtious, smooth, or consonant, whereas chords composed of
versely, consonance is characterized by the relative absence of bt@tes related to each other by complex (large-integer) ratios,
and roughness. Physiological studies in monkeys suggest that rougft., minor second (256:243) and major seventh (243:128), are
ness may beepresented in primary auditory cortex (A1) by oscillatorsonsidered unpleasant, rough, or dissonant.

neuronal ensemble responses phase-locked to the amplitude-modulatgq considering consonance and dissonance, it is important to
temporal envelope of complex sounds. Howevergihains unknown gistinguish between musical consonance/dissonance, i.e., of a
whether phase-locked responses also underlie the representati(()ygié%gn sound evaluated within a musical context a’nd F;Sy-

dissonance in auditory cortex. In the present study, responses ev i /di . faai
by musical chords with varying degrees of consonance and dissonahd@aCoUSUC, Or Sensory consonance/aissonance, 1.€., ora given

were recorded in Al of awake macaques and evaluated using agfund evaluated in isolation (see Plomp and Levelt 1965;
tory-evoked potential (AEP), multiunit activity (MUA), and current-T€rhardt 1974b, 1977). Musical consonance/dissonance is cul-

source density (CSD) techniques. In parallel studies, intracranidlrally determined, as evidenced by its variation across cultures
AEPs evoked by the same musical chords were recorded directly fraund historical periods (see Apel 1972; Burns and Ward 1982).
the auditory cortex of two human subjectsdergoing surgical evalu- In contrast, judgments of sensory consonance/dissonance are
ation for medically intractable epilepsy. Chords were composed of tw@turally invariant and largely independent of musical training
simultaneous harmqniq complex tones. Thagnitude qf oscillatory (Butler and Daston 1968). Moreover, rodents, birds, monkeys,
phase-locked activity in Al of the monkey correlaiesh the per- 54 hyman infants discriminate isolated musical chords on the

ceived dissonance of the musical chords. Responses evoked by diss . P
chords, such as minor and major seconds, display oscillations pho[z%- fs of sensory consonance and dissonance similarly to expert

locked to the predicted differencEequencies, whereas response uman listeners and experlen_ced musicians (Fannin and Braud
evoked by consonant chords, such as octaves and perfect fifthg/1; Hulse et al. 1995; Izumi 2000; Schellenberg and Trainor
display little or no phase-locked activity. AEPs recorded in Hesch:996; Zentner and Kagan 1996). These findings indicate that
gyrus display strikingly similar oscillatory patterns to those observénsory consonance/dissonance is likely shaped by relatively
in monkey A1, with dissonant chords eliciting greater phase-lockdzhsic auditory processing mechanisms that are not music spe-
activity than consonant chords. In contrast to recordings in Hesch¢ific and that can be studied in experimental animals.
gyrus, AEPs recorded in the planum temporale do not display signif- Several psychoacoustic theories have been proposed to ex-
icant phase-locked activity, suggesting functional differentiation §fjain why musical intervals characterized by simple frequency
S;ggg%/fg%fhaﬂornec?dgnpshg‘sgﬂglir:j' rTehLﬁZ?efhns%&gﬁesggﬁﬂgti?]eArle tios sound more consonant than intervals characterized by
the physiological representation of sensory dissonance in humans crpplex frequency ratlps (see Plomp anq Le\{elt 1965 for
highlight the merits of complementary monkey/human studies in ﬂggwew). The most prominent of the_se theones.’ first promoted
investigation of neural substrates underlying auditory perception. BY Helmholtz (1954), states that dissonance is related to the
sensation of “beats” and “roughness.” These perceptual phe-
nomena occur when two or more simultaneous components of
INTRODUCTION a complex sound are separated from one another in frequency
Despite the ubiquity and importance of music in humaby less than the width of an auditory filter or “critical band-
culture, our understanding of the physiological bases of musiidth” (10-20% of center frequency) (Zwicker et al. 1957)
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MUSICAL INTERVAL STIMULI
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CONSONANCE AND DISSONANCE IN AUDITORY CORTEX 2763

and are hence unresolved by the auditory system. Unresolweaich roughness is maximal and dissipates at stimulus modu-
frequency components interact in the auditory periphery, priation frequencies at which roughness disappears (Fishman et
ducing fluctuations in the amplitude of their composite waved. 2000a). Given the involvement of Al in music perception
form envelope that are perceived as beats (fluctuations belamd assuming the validity of Helmholtz's beats/roughness the-
20 Hz) or roughness (fluctuations from 20 to 250 Hz) (Kaary of sensory dissonance, it follows that if the hypothesized
meoka and Kuriyagawa 1969a,b; Plomp and Levelt 19681echanism underlying the physiological representation of
Plomp and Steeneken 1968; Terhardt 1968a,b, 1974a,b, 197&)ghness is correct, then the perceived dissonance of musical
The rate of these amplitude fluctuations equals the differencecimords should correlate with the magnitude of Al activity
frequency between the components. The disappearanceploise-locked to the difference frequencies. The present study
roughness for stimuli with amplitude fluctuation rates exceetksts this hypothesis by examining phase-locked neuronal en-
ing ~250 Hz is thought to be due to the low-pass characterisiemble activity evoked by musical chords with varying degrees
of the auditory nervous system (Plomp and Steeneken 1968;consonance and dissonance in Al of the awake macaque
Terhardt 1974a, 1978). monkey. Macaques share similarities in basic auditory cortical
The beats/roughness theory is impressive in its ability smatomy and physiology with humans (Galaburda and Pandya
predict the perceived dissonance of musical intervals on th883; Galaburda and Sanides 1980; Steinschneider et al. 1994,
basis of a relatively low-level psychoacoustic phenomenob999) and are able to discriminate musical chords on the basis
For intervals composed of harmonic complex tones, as pmfsensory consonance/dissonance (Izumi 2000), making them
duced by most musical instruments, dissonance depends ondppropriate animal models for investigating neural representa-
ratio of the fundamental frequenciegdy of the tones: disso tion of sensory consonance and dissonance in the central au-
nance is maximal when thes of the complex tones form ditory system.
large-integer ratios and minimal when they form small-integer Correlation between patterns of cortical activity in an animal
ratios (Kameoka and Kuriyagawa 1969b; Plomp and Levetiodel and psychoacoustical features of consonance/dissonance
1965). This pattern arises because chords composed of c@erception leaves in question, however, whether these neural
plex tones forming large-integey fatios have fewer harmonicsresponse patterns are applicable to the human brain. A stronger
in common and more harmonics lying within the same criticargument for the relevance of these physiological responses
band than chords composed of complex tones forming smalbuld be made if physiological findings similar to those ob-
integer f, ratios. Of these unresolved pairs of harmonics, thained in the animal model are observed in human neural
number with difference frequencies below 250 Hz is greater fogsponses. Therefore, in parallel to the studies in monkeys,
intervals characterized by large-integgrdtios than for inter auditory-evoked potentials (AEPS) evoked by musical chords
vals characterized by small-integgiratios. The summation of were also recorded directly from the auditory cortex of two
roughness contributed by each unresolved pair of frequengpegients undergoing surgical evaluation for medically intracta-
separated by>20 Hz and by<250 Hz determines the overallble epilepsy. This cross-species approach has already been
perceived dissonance of musical intervals composed of coused to advantage in the study of auditory cortical representa-
plex tones (Kameoka and Kuriyagawa 1969b; Plomp and Leen of the voice onset time phonetic feature (Steinschneider et
elt 1965; Terhardt 1974a, 1978). Consequently, musical inted- 1999) and offers several significant benefits. Clearly, it
vals with large-integerfratios produce more roughness andolsters the relevance of the animal results by testing the
therefore more dissonance. suitability of the macaque as a model in which to examine
The neurophysiological basis of sensory consonance/disseural correlates of higher perceptual processes. Furthermore,
nance perception is largely unknown. Bilateral lesions of aif-a similarity between human and animal physiological re-
ditory cortical areas in humans and animals are associated vdffonse patterns can be demonstrated, the more refined sam-
deficits in pitch perception (Whitfield 1980; Zatorre 1988) angling and analysis inherent in animal physiological studies can
a range of music perception impairments (e.g., Liegeois-Chaelp to characterize the detailed mechanisms underlying the
vel et al. 1998; Peretz et al. 1994), including aberrant consweural representation of the perceptual process under study.
nance/dissonance perception (Peretz et al. 2001; Tramo et al.
1990). Several physiological studies have suggested t
roughness may be represented in primary auditory cortex (A
by neuronal responses phase-locked to the amplitude-motftenkey surgery and electrophysiological recordings
lated temporal envelope of complex sounds (Bieser and Mul- ) _ _
ler-Preuss 1996; Schulze and Langner 1997; Steinschneider &f'"é€ adult male monkeysMacaca fascicularis were studied
al. 1998). This hypothesis is supported by the correlation fouiﬂ%';g previously reported methods (Steinschneider et al. 1992, 1994,

bet th itude of | ble ph locki 98). Animals were housed in our Association for Assessment and
etween the magnitude or neuronal ensemblie pnase-loCckING, Qe gitation of Laboratory Animal Care-accredited Animal Institute

the AM frequency € difference frequency) of harmonic com-ynqer daily supervision by veterinary staff. All experiments were

plex tones in Al of the awake monkey and the degree gfnducted in accordance with institutional and federal guidelines
roughness perceived by human listeners. Specifically, phagéverning the experimental use of primates. Briefly, using aseptic
locking is maximal at stimulus modulation frequencies aurgical techniques under general anesthesia (pentobarbital, initial and

THODS

Fic. 1. Waveforms and spectral content of the 8 musical interval stimuli presented in the study (Pythagorean tuning, only 150
ms displayed). Stimuli with base tones of 256 Hz are shown; all frequencies are doubled for the 512-Hz base tone stimuli. Each
stimulus is composed of 2 simultaneous harmonic complex tones. Each complex tone contains the fundamental frgopreahcy (f
the 2nd-10th harmonic, all at equal amplitudeand o, frequencies comprising the lower base tone and upper interval-defining
tone, respectively. Corresponding musical notation is shown itofnkeft cornerof each stimulus box. Ratio of thg 6f the higher
tone to that of the lower tone is indicatedboveeach stimulus box.
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CONSONANCE AND DISSONANCE IN AUDITORY CORTEX 2765

supplementary doses of 20 and 5 mg/kg iv, respectively), holes weet current sources and sinks within Al generating the AEPs. CSD
drilled in the exposed skull to accommodate epidural matrices comas calculated using a three-point algorithm that approximates the
sisting of adjacent 18-gauge stainless steel tubes. Matrices weseeond spatial derivative of voltage recorded at each recording contact
stereotaxically positioned to target A1 and were oriented at an an@fideeman and Nicholson 1975; Nicholson and Freeman 1975). Cur-
of 30° from normal to approximate the anterior-posterior tilt of theent sinks represent net inward transmembrane current flow associated
superior temporal plane. This orientation guided electrode penetvath local depolarizing excitatory postsynaptic potentials or passive,
tions roughly perpendicular to the cortical surface, thereby fulfillingircuit-completing current flow associated with hyperpolarizing po-
one of the major technical requirements of one-dimensional curretgntials at adjacent sites. Current sources represent net outward trans-
source density (CSD) analysis (Vaughan and Arezzo 1988). Matriaeembrane currents associated with active hyperpolarization or pas-
and Plexiglas bars used for painless head immobilization during thige current return associated with adjacent depolarizing potentials.
recording sessions were held in place by a pedestal of dental acrilifee corresponding MUA profile is used to help distinguish these
fixed to the skull by inverted screws keyed into the bone. Animajsossibilities: current sinks coincident with increases in MUA likely
were given peri- and postoperative analgesic, antibiotic, and angflect depolarizing synaptic activity, whereas current sources associ-
inflammatory medications. Recordings began 2 weeks after surgatgd with concurrent reductions in MUA from baseline levels likely
and were conducted in an electrically shielded, sound-attenuateflect hyperpolarizing events rather than passive current return for
chamber with the animals awake and comfortably restrained. adjacent synaptic depolarization.

Intracortical recordings were obtained using linear-array multi- Electrodes were manipulated with a microdrive and positioned
contact electrodes containing 14 recording contacts, evenly spacedsing on-line examination of click-evoked potentials as a guide. Pure
150um intervals (Barna et al. 1981). Individual contacts were comene and chord stimuli were delivered when the electrode channels
structed from 25am-diameter stainless steel wires, each with abracketed the inversion of early AEP components and the largest
impedance of~200 K). An epidural stainless steel guide tube posiMUA, typically occurring during the first 50 ms within lamina IV
tioned over the occipital cortex served as a reference electrode. FigltV) and lower lamina 11l (LLIII), was situated in the middle chan-
potentials were recorded using unity-gain headstage preamplifigrsls. Evoked responses to 75 presentations of the stimuli were aver-
and amplified 5,000 times by differential amplifiers with a frequencgged with an analysis window (including a 25-ms prestimulus base-
response down 3 dB at 3 Hz and 3 kHz. Signals were digitized atime interval) of 300 ms for pure tones and 520 ms for musical chord
sampling rate between 2 and 4 kHz (depending on the analysis tistenuli.
used) and averaged by computer (Neuroscan software and hardware,

Neurosoft) to yield AEPs. To derive multiunit activity (MUA), signals ; ; i
were simultaneously high-pass filtered above 500 Hz, amplified la—|numan electrophysiological recordings
additional eight times, and full-wave rectified prior to digitization and Intracranial AEPs were recorded in one maukject } and one
averaging. MUA is a measure of the summed action potential activiyoman 6ubject 2. Both subjects had medically intractable epilepsy,
of neuronal aggregates within a sphere of about 50—-L60 in  were right-handed, and required placement of multiple temporal lobe
diameter surrounding each recording contact (Brosch et al. 19@Tectrodes to determine the location of seizure onsets. Experimental
Vaughan and Arezzo 1988). For some electrode penetrations, raw gatacedures were approved by the University of lowa Human Subjects
were stored on a 16-channel digital tape recorder (Model DT-16(Review Board and the National Institutes of Health. Informed consent
MicroData Instrument; sample rate: 6 kHz) for off-line analyses. Dugas obtained from the subjects prior to their participation. Subjects
to limitations of the acquisition computer, the sampling rates usedderwent surgical implantation of intracranial electrodes (Radionics,
were below the Nyquist frequency corresponding to the 3 kHz uppBurlington, MA) to acquire diagnostic electroencephalographic
cutoff of the amplifiers. However, empirical testing revealed neglig{iEEG) data required for planning subsequent surgical treatment. Sub-
ble signal distortion due to aliasing, as most of the spectral energyjécts did not undergo any additional risk by participating in this study.
the MUA lies below 1 kHz. Using shorter analysis windows and fewer Subject Zhad depth electrodes (Howard et al. 1996a,b) implanted in
channels, raw data re-digitized at 6 kHz, yielded nearly identictiie right Heschl’s gyrus and planum temporale. Data from this subject
averaged waveforms as data sampled at the lower rate. Absencesifig different stimulus protocols have been reported (Steinschneider
aliasing was also confirmed by low-pass filtering the MUA at 800 Het al. 1999). Bipolar recordings at three locations were obtained from
(96 dB/octave roll-off) following rectification and prior to digitization closely spaced recording contacts (impedance, 200%5-4.2 mm
at 2 kHz, using digital filters (RP2 modules, Tucker Davis Technointer-contact distance) placed sterotaxically along the long axis of
ogies) acquired after the completion of this study. Differences beleschl's gyrus. Spectral sensitivity of two of these sites, site 1 (the
tween unfiltered and low-pass filtered MUA signals were negligibi@ost posteromedial site) and site 3 (the most anterolateral site), was
(see Fig. 2). To further confirm the validity of MUA measuresassessed via independent analysis of multiple unit responses. Maximal
off-line multi-unit cluster analyses of unrectified high-pass filteretbne responses of units at sites 1 and 3 were 2;12%2 and 736+
data were performed for some sites. Peristimulus time histogra@is (SD) Hz, respectively, consistent with findings that higher frequen-
(PSTHSs) were constructed with a binwidth of 1 ms. Triggers for spikges are represented at more posteromedial locations in human Al
acquisition were set at 2.5 times the amplitude of the backgrouftdoward et al. 1996a; Steinschneider et al. 199@ibject lhad three
“hash” of lower-amplitude, high-frequency activity. depth electrodes implanted in the right superior temporal gyrus: the
One-dimensional CSD analyses characterized the laminar patterfiist in Heschl's gyrus, the second in the planum temporale, and the

FIG. 2. Representative examples of current-source density (CSD) and multiunit activity (MUA) laminar response profiles
evoked by the 2 most dissonant chortft( minor and major 2nd) and by the 2 most consonant chaidht( perfect 5th and
octave) presented in the study [best frequency (BF),600 Hz, base tone 256 Hz]. Approximate laminar boundaries are shown
on theleft of the figure. Stimulus duration is represented by the black bar above the time axes. Consonant and dissonant stimuli
evoke similar early response components reflecting initial cortical activation in lower lamina Il (LLIII) and lamina IV (LIV; initial
sink, MUA on) and delayed activation in upper lamina Ill (ULIII; supragranular sink). Later activity differs between consonant and
dissonant interval-evoked responses: dissonant stimuli evoke oscillatory activity phase-locked to the difference frequencies,
whereas consonant stimuli evoke little or no oscillatory activity. The present study examines the degree of phase-locking in LLIII
MUA, LLIII CSD, and ULIII CSD from 175 to 445 ms poststimulus onset (portion of the response enclosed by the dashed box)
as a function of musical interval. Waveforms of LLIII MUA low-pass filtered at 800 Hz (96 dB/octave roll-off) prior to digitization
are shown superimposed on waveforms of unfiltered MUA data to illustrate absence of significant signal aliasing, as demonstrated
by the nearly flat difference waveforms shown below the superimposed waveforms.
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Base Tone: 256 Hz
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FiIG. 3. Representative waveform#)(and corresponding amplitude spectB) ©f LLIII MUA and CSD (175-445 ms
poststimulus onset) evoked by musical chords with base tones of 256 Hz. For clarity, only the frequency range from 10 to 200 Hz
is displayed because no peaks in the amplitude spectra were evident above @0Bddriency response functions (FRFs) based on peak
amplitude of LLIII MUA and CSD within the first 50 ms poststimulus onset (BFL,000 Hz). Frequency components of the
smallest interval (minor 2nd) and of the largest interval (octave) are schematically represemtethe FRFs to illustrate overlap
between stimulus spectra and the excitatory frequency response area of the neuronal ensemble. Dissonant intervals (e.g., minor and
major 2nd) evoke oscillatory phase-locked responses, manifested as peaks in amplitude spectra. Arrows in the spectra indicate
major peaks corresponding to predicted difference frequencies (values, in Hz, next to arrows). In contrast, the most consonant
intervals (e.g., octave and perfect 5th) evoke little or no phase-locked activity, leading to comparatively flat amplitude spectra.
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Base Tone: 512 Hz
A Waveforms
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FIG. 4. Representative waveforma)(and corresponding amplitude spect® 6f LLIII MUA and CSD responses (175—-445
ms poststimulus onset) evoked by musical chords with base tones of 512 Hz recorded at a different site from that shown in Fig.
3. C: LLIIl MUA and CSD FRFs (BF = 4,000 Hz). Same conventions as in Fig. 3. Dissonant intervals evoke oscillatory
phase-locked responses manifested as peaks in amplitude spectra. In contrast, consonant intervals evoke little or no phase-locked
activity, leading to comparatively flat amplitude spectra.

third in a more posterior location within the planum temporaleevoked responses were not recorded at this electrode. Responses at the

Click-evoked responses recorded at the location of the most posteH@schl’'s gyrus and planum temporale electrodes were recorded from
electrode were of low amplitude, and, consequently, musical chotd:o higher-impedance (200(K and one lower-impedance (3@k
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Base Tone: 256 Hz
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recording contacts (2.5—4.2 mm inter-contact distance). Spectral sewsical interval stimuli are shown in Fig. 1. The particular base tone
sitivities of sites insubject 1were not determined. The referenceused in a given electrode penetration was chosen so that at least one
electrode was a subdural electrode located on the ventral surfacéafmonic from each of the two complex tones comprising the chord
the ipsilateral, anterior temporal lobe. overlapped the excitatory frequency response area of the sampled
Recording sessions took place in a quiet room in the Epilepsguronal population. For some penetrations, more than one stimulus
Monitoring Unit of the University of lowa Hospitals and Clinics withset was presented. Musical interval stimuli were 450 ms in duration,
the subjects lying comfortably in their hospital beds. Subjects weneere gated on and off with 5-ms linear ramps, and were presented at
awake and alert throughout the recordings. For both subjects, sweefsetal intensity of 60 dB SPL with a SOA of 992 ms.
exhibit!ng high-amplitude gpileptic spikes at a.nyltime point within thﬁUMAN RECORDINGS. In the case oBubject 1 stimuli were deliv-
analysis window were rejected by the acquisition computer or digreq to the left ear (contralateral to the recorded hemisphere) by an
carded following visual inspection of the data. _insert earphone (Etymotic Research). In the casgubfect 2 stimuli
_ AEPs were recorded at a gain of 5,000 using headstage amplifigasre delivered to the left ear by an external headphone (Koss, model
tion followed by differential amplification (BAK Electronics). Field 240DF) coupled to a 4-cm cushion. Stimuli were presented at a
potentials were filtered (band-pass, 2-500 Hz; roll-off, 6 dB/octavejomeortable listening level (60~70 dB SPL). In the caseutfject 1
digitized (1.0- or 2.050-kHz sampling rate), and averaged, with aRysical interval stimuli were identical to those used in the monkey
analysis window of 500 ms (including a 25-ms prestimulus baselipgcordings and were presented in pseudorandom order with a SOA of
interval) in the case oéubject 2and 1,000 ms (including a 325-ms3 o0 ms. Due to time constraints, only a subset of the chords
prestimulus baseline interval) in the casesobject 1 Averages were presented in the monkey studies was presented in the human studies.
generated from 50 to 75 stimulus presentations. Raw EEG and timipdihe case ofsubject 2 two-tone chords were generated using a

pulses were stored on a multi-channel tape recorder (Racal) f&fyboard synthesizer (Roland, model JV-35) in organ mode. Key-
off-line analysis. board-generated sounds were edited and presented in the same manner

as sounds created by addition of frequency components, except that
; ; their total duration was 375 ms. Spectral analyses of the organ sounds

Stimuli g , ) .

indicated the presence of multiple harmonic components (see Fig. 18).
MONKEY RECORDINGS. Frequency response functions (FRFs), basdd contrast to the chords constructed from sine wave addition, key-
on pure tone responses, were used to characterize the frequency tunimgafd generated chords were based on equal temperament tuning (the
the cortical sites. Pure tones ranging from 0.2 to 17.0 kHz were generai@ting system conventionally used in modern Western music), thereby
and delivered at a sampling rate of 100 kHz by a PC-based system usiligwing qualitative comparison between neural responses evoked by
SigGen and SigPlay (Tucker Davis Technologies). Pure tones were Inftervals derived from different systems of tuning (Pythagorean vs.
ms in duration with 10-ms linear ramps. Stimulus onset asynchroggual temperament). Keyboard-generated chords were presented in
(SOA) for pure tone presentation was 658 ms. All stimuli werpseudorandom order with a SOA of 658 ms. Subjects were informally
monaurally delivered at 60 dB SPL via a dynamic headphone to thsked to relate their impression of the musical chords following the
ear contralateral to the recorded hemisphere. Sounds were intiequisition of a block of electrophysiological responses (e.g., “Did the
duced to the ear through a 3-in-long, 60-ml plastic tube attacheddieord sound pleasant or unpleasant?”). Patients’ subjective evalua-
the headphone. Sound intensity was measured with a Bruel afighs of the chords were consistent with those reported in psy-
Kjaer sound level meter (type 2236) positioned at the opening eiioacoustic studies on consonance and dissonance (Butler and Daston
the plastic tube. The frequency response of the headphone w888; Kameoka and Kuriyagawa 1969b; Malmberg 1918).
flattened (3 dB) from 0.2 to 17.0 kHz by a graphic equalizer

(Rane). .
Musical chords were synthesized by summation of appropriate plﬂ\(lé)nkey histology

tone components (all in sine phase) using Turbosynth sound-syntheat the end of the recording period, monkeys were deeply anesthe-
sizing software on a Macintosh computer, edited using SoundDred with pentobarbital sodium and transcardially perfused with 10%
signer software, and presented in pseudorandom order using ProT@elered formalin. Tissue was sectioned (80n thickness) and
(Digidesign) or SigGen and SigPlay (Tucker Davis Technologiesjained for acetylcholinesterase and Nissl substance to reconstruct the
software and hardware. Each chord was composed of two simuléectrode tracks and to identify A1 according to previously published
neous harmonic complex tones, each containingJlaad the second criteria (Hackett et al. 1998; Merzenich and Brugge 1973; Morel et al.
through the tenth harmonic (all of equal amplitude). Theffone of  1993; Wallace et al. 1991a). Field R was demarcated from Al by a
the complex tones defined the base tone (root) of the two-tone chatslersal in the best frequency gradient (Merzenich and Brugge 1973;
while that of the second complex tone defined the musical intervalorel et al. 1993). The earliest sink/source configuration was used to
Intervals were presented in three different octave ranges (formingo8ate LIV (Steinschneider et al. 1992). Other laminar locations were
stimulus sets), such that thg df the base tone was 128, 256, or 512hen determined by their relationship to LIV and the measured widths
Hz, corresponding to C one octave below middle C, middle C, anddf laminae within Al for each electrode penetration histologically
one octave above Middle C, respectively. Each stimulus set preserigshtified.

in a given electrode penetration was composed of eight different

musical intervals with varying degrees of dissonance. Intervals wete .

confined to one octave and were constructed according to iﬁ@ta analysis

Pythagorean, or “pure fifth,” system of tuning (interval ratios obtaineédONKEY RECORDINGS. The best frequency (BF) of the cortical site
from Apel 1972). Spectral content and temporal waveforms of tlampled in a given electrode penetration was defined as the pure tone

FIc. 5. Mean (-SE;n = 70) LLIIl MUA and CSD waveforms and corresponding mearSE) amplitude spectra of responses
(175- to 445-ms poststimulus onset) evoked by the two most dissonant chords (minor and major 2nd) and by the two most
consonant chords (octave and perfect 5th) at the same site as that shown in Fig. 2 (bas@%6riéz). Major peaks in the mean
spectra of responses evoked by the minor 2nd and the major 2nd occur at predicted difference frequgniglear{s at the peaks
are significantly larger than means at corresponding frequencies in the spectrum of octave-evoked responses (testtziled
P values are shown in the figures). In contrast, the mean spectrum of perfect 5th-evoked responses (above 10 Hz) is not significantly
different from that of octave-evoked respons€s> 0.05). No significant differences between mean spectra are observed at
frequencies>150 Hz. A peak at 60 Hz corresponds to line noise, which disappears with time domain averaging.
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CONSONANCE AND DISSONANCE IN AUDITORY CORTEX 2771

frequency eliciting the largest peak amplitude MUA within LLIIIspectral analyses of responses to individual stimulus presentations
during the first 50 ms following stimulus onset. Determination of Bere performed to assess variability of oscillatory activity across
was generally based on MUA averaged across two to three LLHingle trials and to evaluate the statistical significance of spectral
electrode contacts. Use of peak amplitude initial MUA as a measyreaks. It is important to distinguish between the spectrum of averaged
of BF yielded the expected anterolateral to posteromedial topograptesponse waveforms and the average of spectra of responses evoked
gradients of low- to high-frequency representation in all animatsy individual stimulus presentations. Whereas the former reflects only
(Merzenich and Brugge 1973; Morel et al. 1993; Recanzone et akcillatory components phase-locked to the stimulus, the latter reflects
2000). the combination of both phase-locked and non-phase-locked oscilla-
Neuronal phase-locking to the difference frequencies relevant f@ns (including 60-Hz line noise), with non-phase-locked activity
sensory dissonance was quantified by spectral analysis of average@ppearing with appropriate signal averaging in the time domain.
responses using a fast Fourier transform (FFT) algorithm (ProStatagistical significance of spectral peaks was assessed by comparing
Poly Software International; Matlab, Mathworks). Spectral analysifean spectra of non-octave chord-evoked responses with mean spec-
has been yseld by hthe plreslfn(; au;[jhors anhd bylotrllerdlnvestlgatorﬁéq)f octave-evoked responses, based on the a priori assumption that
g;ﬁgglfgsitill?;golrjs gct‘ig:/sif_ ic?]c ai di?onr 282@ 2?13_ c?t%eer cgeri%élg:rn;% octave, being the most consonant of the intervals, should evoke the
y y y ast amount of oscillatory activity out of all the intervals presented.

(e.g., Brosch et al. 1997; Crone et al. 1998; Eckhorn et al. 19 . i
hase-locked responses were occasionally evident at more than one

Fishman et al. 2000a; Gray and Singer 1989; Schreiner and Ur S . .
: ; . ' . ctrode contact located in LLII or ULIIl. For these penetrations,
1986; Steriade et al. 1996). Responses in the thalamorecipient z ieeasures were based on the average of the amplitlilde spectra of

(LIV and LLII) and supragranular upper lamina Il (ULIIl) were responses recorded at two adjacent electrode contacts
analyzed separately. LLIIIl MUA and CSD are of interest because theyBased on averaged results of three psychoacoustic studies on con-

reflect both initial cortical activation and activity at the location of cell : .
bodies whose output is sent to other cortical areas potentialllyinvoh@%%ln.ance and dissonance (Butler and Daston 1968, Kameoka and

h . . . riyagawa 1969b; Malmberg 1918), the intervals used in the present
in further auditory processing (Galaburda and Pandya 1983; Pan i . .
and Rosene 1993; Rouiller et al. 1991). ULIII responses, on the ot de are ranked from most consonant to most dissonant as follows:

: S . tave (O), perfect fifth (P5), perfect fourth (P4), minor seventh (m7),
hand, largely represent later polysynaptic activation of pyramidal cefr ! .
elements by inter-laminar, intra-laminar, and cortico-cortical inpu ugmented fourth (A4), major seventh (M7), major second (M2), and

(Galaburda and Pandya 1983; Matsubara and Phillips 1988; Mitani jpor second (m2). Despite the fact that stimuli presented in these

al. 1985; Ojima et al. 1991; Rouiller et al. 1991; Steinschneider et a dit_as differed in S(_averal respects, e.g.,_chqrd base tones, relative
1994, Wallace et a.l 199’1b) The FF'I.' was’applied only to th mplitude of harmonics, and overall intensity (in 1st and 3rd of these

Seaty-sate”phase of e response: 175445 ms olowng stmufCES, Seals of st spectewere ot epored) e e of
onset. This time window isolated the portion of the response exhi gnly

iting phase-locked activity (when present), while excluding the initi rllor:?aﬁngéersn%r;; fﬁ:ﬁ%uﬂg\‘/’\/’gfg;ﬂigziccsoggéeﬁatﬁqgikgfatnh;Kﬂ;iorg_
ON response, major early response components, and potemrtial y

responses. The amplitude of the dominant frequency component in wa 1969b). Thus although the absolute dissonances of the intervals

: o ay have differed across studies, their relative dissonances (rank
amplitude spectrum within the frequency range from 10 to 300 zgrs) were similar. On the basis of these psychoacoustic ranks, we

o ; r
was used as a measure of phase-locked activity. This upper freque, - . X . )
boundary was chosen based on the fact that spectral peaks at freqﬁg mined the degree to which the magnitude of oscillatory phase

cies>300 Hz were never observed, consistent with limits reported | Ck%d activity in Al correlates with the perceived dissonance of the
previous studies of phase-locked activity in Al of awake macaqu% oras.
(Fishman et al. 2000a; Steinschneider et al. 1998). Once the maximduMAN RECORDINGS. Spectral analysis (FFT) was also used to
of the spectrum was determined, it was counted as a peak only if teantify phase-locked activity in AEPs recorded in human auditory
slope of the spectrum changed from positive to negative acras8% ( cortex. Forsubject 1the FFT was applied to the same window as that
surrounding frequency bins. Otherwise, the next highest amplitudeamined in the analysis of electrophysiological data obtained from
point in the spectrum was considered, and so on. This conservatimenkey Al (175—445 ms). This analysis window exclude@ndorr
criterion ensured that peaks corresponded to clear perturbations inrdgponse components. A shorter FFT analysis window (175-370 ms),
spectrum rather than merely to a point on the uniformly falling edg®nsistent with shorter stimuli, was applied to the data feninject 2
of a lower-frequency component. In the case of monkey data, tRbase-locked activity was quantified using two complementary mea-
signal-to-noise ratio of oscillatory activity was sufficiently high thasures. The first measure was similar to that used to quantify monkey
results were independent of whether or not this criterion was adoptédta: the peak of the amplitude spectrum from 10 to 300 Hz (no
Because the musical intervals had multiple difference frequenciessignificant oscillatory activity was observed at frequencid$0 Hz).
which cortical neurons could potentially phase-lock, the peak of tiige second measure was the area under the amplitude spectrum from
amplitude spectrum provided an automatic and unbiased measurd®to 150 Hz, which thereby includes spectral peaks corresponding to
oscillatory activity, free of a priori assumptions regarding the exnultiple difference frequencies or harmonics of a single difference
pected frequencies of phase-locked oscillations. However, as will fsequency. Accordingly, an increase in oscillatory phase-locked ac-
apparent, the vast majority of spectral peaks occurred at predictidty at multiple frequencies, and potentially relevant for the encoding
difference frequencies calculated by pair-wise subtraction of stimulaéroughness and sensory dissonance, would thus be represented by an
frequency components. increase in the integral of the amplitude spectrum of the “steady-state”
In addition to spectral analyses of averaged response waveformesponse within the 10- to 150-Hz frequency range. As in the analysis

FIG. 6. Mean (-SE;n = 70) LLIIl MUA and CSD waveforms and corresponding mearSE) amplitude spectra of responses
(175-445 ms poststimulus onset) evoked by the two most dissonant chords (minor and major 2nd) and by the two most consonant
chords (octave and perfect 5th) at the same site as that shown in Fig. 4 (base 5dr2eHz). Major peaks in the mean spectra
of responses evoked by the minor 2nd and the major 2nd occur at predicted difference frequencies (indicated by arrows). Means
at the peaks are significantly larger than means at corresponding frequencies in the spectrum of octave-evoked responses (one-tailed
t-test;t andP values are shown in the figures). In contrast, the mean spectrum of perfect 5th-evoked responses (above 10 Hz) is
not significantly different from that of octave-evoked responges-(0.05). No significant differences between mean spectra are
observed at frequencies150 Hz.
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FIG. 8. Mean normalized peak spectrum amplitudeSE) from 10 to 300 Hz as a function of musical interval (ordered from
small to large). LLIII MUA and CSD and ULIII CSD data for 256- and 512-Hz base tone intervals are represented in separate
histograms as indicated. Means are based on data from 17 electrode penetrations. Data corresponding to the 3 most consonant
intervals (octave and perfect 5th and 4th) are represented by the white bars. Differences in mean peak spectrum amplitude across
stimulus conditions are statistically significant (one-way ANOWA> 8.5, P < 0.00001).

of monkey data, statistical significance of spectral peaks was assedftid, minor second and major second, respectively (base
by comparing mean spectra of AEPs evoked by non-octave intervgde = 256 Hz; BF= 1,600 Hz). CSD and MUA waveforms
with mean spectra of octave-evoked AEPs. in each quadrant of the figure represent neuronal activity re-
corded simultaneously at 150m interval depths within Al.
RESULTS The dashed boxes superimposed on the LLIII responses delin-
Neural ensemble activity evoked by musical chords eate the temporal window subjected to spectral analysis.
in monkey Al All of the .rr!usu:al chords elicit a stereotypical Iamlnar
pattern of activity characterized by short-latency current sinks
Results are based on 32 perpendicularly oriented (err@ivelow-baseline deflections in the CSD) located in the
<20%) electrode penetrations into Al. 256 and 512 Hz bag®lamorecipient zone (lamina IV and LLIII, Initial sink), and
tone stimulus sets (each comprised of 8 intervals) were eagtiyhtly later supragranular sinks located in mid- and ULIII
presented in 17 penetrations. Due to the comparatively Iqgupragranular sink). These sinks are coincident with above-
number of sampled cortical sites with BRKs1,280 Hz (the baseline bursts of MUA in lamina Il and IV (MUAoN),
highest frequency component of the base tone in the 128-Hdicating that they primarily represent current flow associated
octave stimulus), chords with base tones of 128 Hz wewdth depolarizing synaptic potentials. The LLIII and ULIII
presented in only four electrode penetrations. As this smalhks are balanced by deeper and more superficial current
sample size precluded meaningful interpretation of statisticurces (above-baseline deflections in the CSD, e.g., P28
measures, data based on 128 Hz base tone interval-evokedrce) that, together with the sinks, form current dipole con-
responses are not discussed. figurations consistent with initial activation of pyramidal cells
Figure 2 shows representative CSD and MUA laminar r@& LLIII and delayed polysynaptic activation of pyramidal cell
sponse profiles evoked by the two most consonant and the ®ements in ULIII.
most dissonant musical chords presented: octave and perfe&Vhile initial components of responses evoked by the con-

FIG. 7. A: peristimulus time histograms (PSTHs) of multiunit cluster activity recorded in LLIII at 3 Al sites (binwidtims).
BFs of the sites shown in the 1st and 3rd rows are 1,600 and 4,000 Hz, respectively. The site shown in the second row did not
display a clear BF and exhibited broad frequency tuning ranging from 200 to 15,000 Hz. Blackbbarthe PSTHSs indicate
stimulus duration. Note that chords presented at the site shown in the 3rd row had base tones ofshiitude spectra of
PSTHSs inA from 175 to 445 ms poststimulus onset. Spectra of minor- and major-2nd-evoked responses display peaks at predicted
difference frequencies and their harmonics, whereas major peaks are absent in spectra of perfect 5th- and octave-evoked responses.
No significant peaks are observed at frequencié$0 Hz.
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FIc. 9. Maxima of amplitude spectra of chord-evoked responses (175—445 ms poststimulus onset) in each electrode penetration
were ranked (from lowest to highest amplitude). Mean ramks=(17 penetrations) are shown as a function of the perceived
dissonance of the musical chords (ordered from least dissonant to most dissonant). Error bars indicate SE. LLIIIl MUA and CSD
and ULIII CSD data for 256- and 512-Hz base tone intervals are represented in separate histograms as indicated. For all response
measures and for both chord octave ranges, physiological ranks are significantly correlated with perceptual ranks (Spearman
correlation analysis: and one-tailedP values are indicated in the figure). A linear regression line superimposed on the histograms
emphasizes this relationship.

sonant and dissonant stimuli are qualitatively very similar, latspectra at predicted difference frequencies (indicated by ar-
portions of the responses differ considerably. Both of thews). In contrast, responses evoked by the most consonant
dissonant intervals evoke prominent oscillations in the MU#utervals (octave and perfect 5th) display little or no oscillatory
and CSD that are phase-locked to the predicted differenaetivity and are characterized by comparatively flat amplitude
frequencies (minor 2nd: 13.6 Hz; major 2nd: 32 Hz). Neuronapectra. Intervals of intermediate dissonance (e.g., major 7th,
beating patterns are evident both in the thalamorecipient zan@or 7th, and augmented 4th) also evoke oscillatory phase-
and in ULIII, with maximal phase-locked activity typicallylocked responses. Even the perfect fourth evokes oscillatory
occurring in LLIII. This laminar distribution is consistent withactivity, consistent with the theoretical prediction that perfect
that observed in previous investigations of phase-locked neui@lrths become disproportionately more dissonant, compared
ensemble activity in macaque Al (Fishman et al. 2000a; Steimith octaves and perfect fifths, when the base tone of the chord
schneider et al. 1998). In contrast, little or no oscillatoris lower than~300 Hz (see Fig. 12 in Plomp and Levelt 1965).
activity is evoked by the consonant intervals. Waveforms of Figure 4 shows representative chord-evoked responses (base
LLIII MUA low-pass filtered at 800 Hz (96 dB/octave roll-off) tone = 512 Hz) recorded at a site with a BF of 4,000 Hz.
prior to digitization are superimposed on those of unfiltere8imilar to the pattern of responses evoked by chords with base
data. MUA waveforms generated under these two conditiotees of 256 Hz, the most dissonant 512-Hz base tone chords
are virtually identical, confirming the absence of significar{tninor and major 2nd) evoke phase-locked oscillations in both
signal aliasing. This is further demonstrated by the nearly fldte MUA and CSD, which are represented as prominent peaks
difference waveforms, shown below the superimposed wave-the associated amplitude spectra at predicted difference
forms. frequencies (indicated by arrows). In contrast, responses
Figure 3 shows representative chord-evoked responses (bageked by the most consonant chords (octave and perfect 5th)
tone= 256 Hz) recorded at a site with a BF of 1,000 Hz. LLIllare characterized by a virtual absence of rapid oscillations and
MUA and CSD waveforms of chord-evoked responses (froby comparatively flat amplitude spectra. Intervals of interme-
175 to 445 ms poststimulus onset) and associated amplitutiate dissonance also evoke oscillatory responses phase-locked
spectra are depicted in Fig. 8,andB, respectively. The most to predicted difference frequencies.
dissonant intervals (minor and major 2nd) evoke robust phaseOscillatory phase-locked activity is visible not only in the
locked oscillations in both the MUA and CSD, which areveraged responses but also in responses evoked by individual
manifested as prominent peaks in the associated amplitdienulus presentations. Statistical significance of phase-locked
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Fic. 10. Waveforms and corresponding amplitude spectra of chord-evoked AEPSs recorded at a single site in Heschigugyeas of
1 (base tone= 256 Hz).Far left musical notation representation of the chords. Stimulus duration is represented by the black bar above
the time axis. The “P70” component of the AEP is indicated in the octave-evoked response. AEPs evoked by dissonant chords (e.g., minor
2nd) display oscillations phase-locked to the predicted difference frequencies, whereas AEPs evoked by consonant chords (e.g., octave
and perfect 5th) display little or no oscillatory activity. Arrows in the amplitude spectra indicate major peaks occurring at predicted
difference frequencies (values, in Hz, next to arrows). Mean spectra of AEPs evoked by non-octave chords in individual stimulus
presentations are shown superimposed on mean spectra of octave-evoked AERglt-tiaed sideof the figure. Error bars indicate
SE. Means at peaks are significantly larger than means at corresponding frequencies in the spectrum of octave-evoke& regpesses (
indicated in figure). No significant differences between mean spectra are observed at frequgadits
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activity in the dissonant-chord-evoked responses relative nant chords (minor and major 2nd) and by the two most

octave-evoked responses is demonstrated in Figs. 5 and 6donsonant chords (octave and perfect 5th). Major peaks in the
two representative Al sites (the same as those shown in Figean spectrum of responses evoked by the minor second and
2 and 4, respectively). The figures show mea&rSE) LLIII the major second occur at predicted difference frequencies
MUA and CSD waveforms and corresponding mearSE) (<). Means at the peaks are significantly larger than means at
amplitude spectra of responses evoked by the two most dissorresponding frequencies in the spectrum of octave-evoked
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Human Subject 1 Intracortical AEPs: Heschl’s Gyrus
Pythagorean Intervals (Base Tone 256 Hz)
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Fic. 12. Normalized (percent maximum) peak and area measurements of amplitude spectra (10—-150 Hz) of chord-evoked AEPs
recorded in Heschl's gyrus slbject l1as a function of the dissonance of the chords (base t0886 Hz). Data from each of the
3 recording sites are represented in separate histograms as indicated. Spectrum peaks and areas tend to increase with increasing
dissonance of the chords. This trend is also apparent for AEP waveforms averaged across the 3 recordifghisitesst(
histogran).

responses (one-taileetest;t and P values are shown in the nents (Kameoka and Kuriyagawa 1969b; Plomp and Levelt
figures). In contrast, the mean spectrum of perfect fifth-evok&865; Terhardt 1974a, 1978). Accordingly, the overall disso-
responses (above 10 Hz) is not significantly different from thatince of a musical chord should be represented by response
of octave-evoked responseé? & 0.05). No significant differ- patterns averaged across the tonotopic map in Al.
ences between mean spectra are observed at frequeritdds  To quantify the average relative phase-locked activity across
Hz. Peaks at 60 Hz are present in the mean spectra of Fig. 5 thee cortical sites sampled, the peak of the amplitude spectrum
to the fact that mean spectra of responses to individual stimubfseach chord-evoked response was first expressed as a per-
presentations include 60-Hz line noise, which disappears withntage of the minimum peak amplitude of the eight chord-
time domain averaging. evoked response spectra obtained in each electrode penetra-
Similar chord-evoked oscillatory response patterns are dizn. Normalized peak spectrum amplitudes were subsequently
served when responses are analyzed using more conventi@varaged across penetrations. The resultant mean normalized
neurophysiological techniques. Figur& $hows PSTHs basedamplitudes, plotted as a function of musical interval (ordered
on multiunit spike activity recorded in LLIII at three represenfrom left to right according to interval width) for each of the
tative sites in Al. Data from two of these sites are representilee response measures examined are shown in Fig. 8. On
in Figs. 2—6. Similarly to MUA results, PSTHs of the minor-average, the octave and perfect fifth evoke comparatively little
and the major-second-evoked responses display periodic osgilase-locked activity, whereas the minor and major second
lations that are absent in the PSTHSs of the octave- and perfeggnerally evoke the highest amplitude phase-locked responses.
fifth-evoked responses. Dissonant-chord-evoked oscillatiofiBe perfect fourth, the third most consonant interval, also
are manifested as peaks in corresponding amplitude spectrgields comparatively little phase-locked activity when pre-
predicted difference frequencies or their harmonics (FB). 7 sented within the octave above middle C (i.e., with a base tone
In contrast, spectra of consonant-chord-evoked responsesaré&l12 Hz) but becomes physiologically more “dissonant”
characterized by a general absence of significant peakswdéien presented within the octave of middle C. Differences
frequencies>10 Hz. among mean normalized amplitudes across interval conditions
Figures 2-7 illustrate a general pattern of musical chordre statistically significant (repeated-measures ANOVA: all
evoked responses in Al: dissonant intervals evoke oscillatdry> 8.5, P < 0.00001).
phase-locked activity, whereas consonant intervals evoke comTo examine the extent to which the magnitude of phase-
paratively little or no phase-locked activity. However, théocked neuronal ensemble activity in Al correlates with the
relative magnitude of phase-locked activity differs across sitgmerceived dissonance of the musical intervals, spectra of the
According to the roughness theory of sensory dissonance, #ight musical interval-evoked responses from each electrode
total dissonance of a musical chord reflects the sum of rougkenetration were ranked according to their peak amplitude
ness contributed by each pair of unresolved frequency comib-= lowest amplitude, 8 highest amplitude). Physiological
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Fic. 13.  Waveforms and amplitude spectra of chord-evoked AEPs recorded at a single site in Heschl's giybiecofl(base
tone = 128 Hz). Same site and conventions as in Fig. 10. AEPs evoked by all chords, except for the octave, display oscillations
phase-locked to the predicted difference frequencies. Arrows in the amplitude spectra indicate major peaks corresponding to
predicted difference frequencies (values, in Hz, next to arrows). Most of the spectral peaks are statistically significant, relative to
mean spectra of octave-evoked AEPs/@lues indicated in the figure). Peaks at 60 Hz correspond to line noise, which disappears
with time domain averaging. No significant differences between mean spectra are observed at freguéhéies
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ranks from each penetration were then compared with percepoided in music composition (Plomp and Levelt 1965). Os-
tual ranks of the intervals (¥ least dissonant, 8& most cillatory phase-locked responses are manifested as peaks in
dissonant; see details iretHops). For all three of the responsecorresponding amplitude spectra at predicted difference fre-
measures examined, mean rank of spectral amplitude tendgji@ncies (indicated by arrows). Many of these spectral peaks
increase with the perceived dissonance of the chords (Fig. §e statistically significant relative to the mean spectrum of
This relationship, quantified by Spearman rank-order correlgctave-evoked responseight-hand columnpne-tailect-test;

tion analysis based on raw dam ¢ 17 penetrations) and p yalyes are indicated in the figure; same conventions as in Fig.

emphasized by the superimposed linear regression lines, i No significant differences between mean spectra are ob-
statistically significantr(values are indicated in the figue,<  sorved at frequencies75 Hz P > 0.05).

0'0.0001) for all response components and octave ranges €XAs in the case of responses evoked by intervals with base
amined. The strongest correlation between neural and percep.

tual measures is seen for LLIII CSD, while the weakest assg- es of 256 Hz, similar phase-locked response patterns are
ciation is seen for ULIII CSD. vident when AEPs evoked by intervals with base tones of 128

Hz are averaged across the three Heschl's gyrus recording sites
_ i ) (Fig. 14), indicating that oscillatory activity is synchronized
AEPs evoked by musical chords in human auditory cortex gyer a considerable distance across the cortical tissue. Re-

AEPs recorded directly from human auditory cortex displa3POnses are quantified in Fig. 15, which again shows that, with
strikingly similar response patterns to those observed in mdhe exception of the comparatively high values obtained for
key Al. Figure 10 shows musical chord-evoked AEPs record@dgmented fourth-evoked responses, the magnitude of oscilla-
at a single site within Heschl's gyrusubject 1 base tone= tory activity tends to increase with increasing dissonance of the
256 Hz). AEPs evoked by the most dissonant chords (min@tords. This trend is not apparent, however, for AEPs recorded
2nd, major 2nd, and major 7th) display prominent oscillatiora the most medial location in Heschl’s gyrus, Site 3.
phase-locked to the predicted difference frequencies, which aréChord-evoked AEPs recorded simultaneously at posterior
manifested as peaks (indicated by arrows) in the correspondeigctrode contacts located in the planum temporale display
amplitude spectranfiddle). In contrast, responses evoked byittle or no oscillatory activity, even when elicited by the most
the octave and by the perfect 5th are characterized by dissonant chords. This is illustrated in Fig. 16, which shows
absence of rapid oscillations and by comparatively flat, lowepresentative AEPs recorded at a single site in the planum
amplitude spectra (abovel0 Hz). temporale (base tone 128 Hz). Phase-locked activity is

Statistical significance of the spectral peaks was assesseddngely absent except for low-amplitude (but statistically sig-
comparing the mean spectrum of AEPs evoked by the namficant, relative to octave-evoked respondessc 0.005) os-
octave chords with that of AEPs evoked by octaves (showiilations at 64 Hz in the perfect fifth-evoked response. Above
superimposed in Fig. 1@ight; error bars represent SE). Meand 0 Hz, mean spectra of AEPs evoked by all non-octave inter-
at the peaks of the dissonant chord-evoked response spectraval® are not significantly different from the mean spectrum of
significantly larger than means at corresponding frequenciesoictave-evoked AEP$(> 0.05), except for the mean spectrum
the mean spectrum of octave-evoked responses (one-taiédhe perfect fifth-evoked response. AEPs evoked by chords
t-test; P values are indicated in the figure). Mean spectra @fith base tones of 256 Hz (whose difference frequencies are
AEPs evoked by the perfect fifth and the augmented fourth ateuble those of the 128-Hz base tone chords) in the planum
not significantly different from the mean spectrum of octavéemporale are characterized by a similar absence of oscillatory
evoked AEPsR > 0.05). No significant differences betweeractivity, even in the case of perfect fifth-evoked responses
the mean spectrum of non-octave chord-evoked responses @tala not shown). Correspondingly, mean spectra of all non-
that of octave-evoked responses were observed at frequenoigave 256-Hz base tone chord-evoked responses are not sig-
>50 Hz. Similar phase-locked response patterns are displaygficantly different from mean spectra of octave-evoked re-
by AEPs averaged across the three recording sites in Heschp®nsesH > 0.05; data not shown). This markedly diminished
gyrus ofsubject 1(Fig. 11), indicating that oscillatory activity sensitivity to temporal features of the stimuli is remarkable
is synchronized (i.e., displays phase coherence) over a congjien the comparatively large amplitude of the AEPs (e.qg., the
erable distance across the cortical tissue. As quantified in FR¥.0 component—indicated in the octave responses—recorded
12, the magnitude of oscillatory phase-locked activity at ea@ithe planum temporale is approximately twice the amplitude
of the three sites and in the averaged data tends to increase wftthat recorded in Heschl's gyrus).
increasing dissonance of the chords. The only major deviationin both Heschl’s gyrus and the planum temporale, the am-
from this trend is the greater oscillatory activity evoked by thglitude of the P70 component tends to increase with increasing
major seventh relative to that evoked by the major second.width of the musical intervals (i.e., as interval ratio increases

Figure 13 depicts AEPs evoked by chords with base tonesfadm the minor 2nd, the smallest interval, to the octave, the
128 Hz recorded at the same site in Heschl's gyrus as thatgest interval), as illustrated in Fig. A7left Previous phys-
shown in Fig. 10. In this case, with the exception of the octavielogical studies in monkey Al have shown that the amplitude
all intervals, including the perfect fifth, evoke oscillatory reef intracortical AEP components increases with increasing
sponses. This pattern is consistent with the observation thafriequency separation between the harmonics of a complex tone
octave ranges below middle C, all intervals, except octavegectrally centered at the BF, consistent with a manifestation of
with base tones>100 Hz, sound rougher and more dissonatitical band masking phenomena (Fishman et al. 2000b).
than their higher octave counterparts (Plomp and Levelt 1968Because the number of pairs of resolved harmonics in the
This may explain why, in lower octave ranges, intervalswusical chords increases with interval width (FigAlright),
smaller than octaves, including perfect fifths, tend to b&e hypothesized that the enhancement in P70 amplitude with
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increases in interval width may reflect similar critical banthtion coefficients for AEPs recorded at each of the three

masking effects. In support of this hypothesis, P70 amplitudeleschl’s gyrus and three planum temporale electrode contacts
in both Heschl's gyrus and the planum temporale are correlata@ indicated in the scatter-plot insets. Coefficienk83 are

with the number of pairs of spectrally resolved harmonics tatistically significantrf = 6, P < 0.05). Amplitudes of

the chords (Fig. 1B). Linear regression lines superimposed onhord-evoked responses in A1 of the monkey are unrelated to
the scatter-plots emphasize this relationship. Spearman coimgerval width (data not shown). A possible explanation for
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Human Subject 1 Intracortical AEPs: Heschl’s Gyrus
Pythagorean Intervals (Base Tone 128 Hz)
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Fic. 15. Normalized (percent maximum) peak and area measurements of amplitude spectra (10—150 Hz) of chord-evoked AEPs
recorded in Heschl’'s gyrus slubject 1as a function of the dissonance of the chords (base tod@8 Hz). Same conventions as
in Fig. 12.

why such effects in monkey Al are not observed in the presenarkably similar oscillatory response patterns that are synchro-
study is considered in th@scussion nized over a considerable distance across the cortical tissue.
The relative perceived consonance/dissonance of musiTak observed parallels between monkey and human data and
intervals tuned according to the Pythagorean or pure fiftReir correlation with perception strongly suggest that phase-
tuning system does not differ substantially from that of intefocked oscillatory responses in monkey A1 are not epiphenom-
vals tuned according to the equal temperament system, whigi but likely represent an important component of the audi-
divides the octave into 12 equal semitones. Accordingly, Pakry cortical representation of sensory dissonance.
terns of oscillatory activity evoked by equal temperament |, conrast to the prominent oscillatory activity displayed by
mterval_s were similar to those evoked by Pythagorean inte{eps recorded in Heschl's gyrus, AEPs recorded in the pla-
vals. Figure 18 shows AEPs evoked by chords played Hum temporale were comparatively insensitive to rapid tem-

octave below middle C on an electronic keyboard (tuned giral features of the stimuli. These differential response char-

equal temperament) at three sites within Heschl's gyrus _ . . : .
subject 2 AEPs evoked by the minor and major second displ teristics may reflect d|ffer¢nces in funquonal time consta_mts
ween the neuron populations comprising these two auditory

oscillations that are manifested as peaks (indicated by arro g):. ; ! ; L N

in the corresponding amplitude spectra. In contrast, AESS tical regions or differences in their inputs. These findings
evoked by the perfect fifth and by the octave display compai<PPort the functional segregation of primary and secondary
atively little or no oscillatory activity. Observations are quar@uditory cortical fields in humans, whereby each field is biased
tified in Fig. 19. The bipolar nature of these recordings betweégyvard processing specific aspects of the stimuli. Diminished
closely spaced electrode contacts ensures that these ABP§ty of sites in the planum temporale to represent rapid
represent locally generated potentials reflecting synaptic actdgoustic transients embedded in consonant-vowel syllables was

ity of neuronal populations within Heschl’'s gyrus. also reported by Steinschneider et al. (1999). However, given
that only three planum temporale sites were examined in a
DISCUSSION single subject, these observations must be viewed as prelimi-

nary findings that will require physiological data from addi-

Musical chords evoke oscillatory responses in monkey Afbnal subjects before a more general conclusion can be drawn
that are phase-locked to the predicted difference frequenciegarding differences in temporal processing between Heschl’s
observed both in the thalamorecipient zone and in more supgyrus and the planum temporale.
ficial cortical layers, and manifested by synchronous synapticThe fact that components of the AEPs (e.g., “P70”) gener-
and action potential activity of neuronal populations, as reted in these functionally distinct cortical areas overlap in time
flected by CSD, MUA, and PSTH measures. The magnitudeleds important implications for noninvasive studies that utilize
oscillatory activity correlates with the dissonance of the chordingle current dipole models of auditory cortical activation to
generally perceived by human listeners. Chord-evoked AEEsaracterize the topographic and functional organization of
recorded directly from auditory cortex in humans display rexuditory cortex. The present results, as well as those of other
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FIG. 16. Representative waveforms and corresponding amplitude spectra of chord-evoked-AEPs recorded in the planum

temporale ofsubject 1(base tone= 128 Hz). Same conventions as in Fig. 10. Note the larger amplitude of planum temporale

responses (compared with Heschl’s gyrus responses) and the absence of significant oscillatory activity in AEPs evoked by even the

most dissonant chords. The only exception is the low-amplitude (but statistically significant) oscillatory activity at 64 Hz in the

perfect 5th-evoked response. A complete absence of statistically significant phase-locked activity is observed for AEPs evoked by
chords with base tones of 256 Hz (data not shown).

J Neurophysiol voL 86 « DECEMBER 2001 WWW.jN.org



CONSONANCE AND DISSONANCE IN AUDITORY CORTEX 2783

A P70 Amplitude Resolved Harmonics
= 100F 100
=
Z 80} s 951
g 4
35 60 o L
s = 90
© L o
§ 40 g 851
5 20F “gol T
A 1 ! 1 1 1 1 I | 1 I I !
m2 M2 A4 P5 M7 O m2 M2 A4 P5 M7 O
Small Interval—Large Small Interval—Large
[ J O ] O
HG 128 HG256  PT 128 PT 256 Fic. 17. A, left amplitude of the P70 component of
human intracranial AEPss(bject ) as a function of
! musical interval width (only data for AEPs averaged
B HCSChl S Gyrus Planum Temporale across 3 recording sites are shown). Symbols represent-
ing data corresponding to AEPs evoked by chords
Base Tone 128 Hz Base Tone 128 Hz presented in the 2 octave ranges and recorded in Hes-
100 - » 100 chl's gyrus and in the planum temporale are identified
in the legendbelow Amplitudes tend to increase with
5 ° 90 L increasing interval widthRight number of pairs of
= 80 I resolved harmonics in the chords as a function of
3= interval width ¢ - -, intervals with base tones of 128
% 80— Hz; —, intervals with base tones of 256 H#: nor-
= 60 malized amplitude (percent maximum) of P70 as a
= 70 |- function of the number of pairs of resolved harmonics
L Spearman Spearman r in the chords. Heschl's gyrus and planum temporale
g 40im ® 35 L} ® .93 data for the 2 octave ranges are represented in separate
P O .81 60 - O .84 scatter plots, as indicated. Symbols representing data
z 90 Z gi corresponding to AEPs recorded at each of the 3 elec-
20 81 50 B : trode contacts located in Heschl's gyrus and the planum
L ! | | temporale are identified in the legend at the bottom of
80 85 90 95 80 85 90 95  the figure.», data corresponding to AEPs averaged
across the 3 recording sites. P70 amplitude tends to
Base Tone 256 Hz Base Tone 256 Hz increase with the number of pairs of resolved harmon-
ics comprising the chords. Spearman correlation coef-
100 ficients are shown in thinsets Coefficients>0.83 are
100 statistically significant® < 0.05). Superimposed linear
g regression lines emphasize this relationship.
3 L
£ 90 -
=
< —
> % S S
E pearman r B pearman »
8 70+ ® 97 80 ® .97
o O .94 O 97
P 60l W 90 .97
N 97 o 97
01 o
soL® | ! | | I |
80 85 90 95 100 80 85 90 95 100
Pairs of Resolved Harmonics Pairs of Resolved Harmonics

® Site | O Site2 M Site3 A Avg AEP

human intracranial investigations (Howard et al. 2000; Lieghysiological support for Helmholtz's beats/roughness theory
eois-Chauvel et al. 1994; Steinschneider et al. 1999) renadrsensory dissonance. Similar response patterns are evoked
untenable the often used assumption that auditory cortidedth by Pythagorean and equal temperament chords. As a
organization can be elucidated by modeling auditory corticedsult of dividing the octave into 12 equal semitones, in the
activity as a single dipole generator situated within the superiequal temperament system none of the intervals (except for the
temporal gyrus. This conclusion, also emphasized by othamstave) are defined by simplg fatios and are thus slightly
investigators (Ltkenhaner and Steinsttar 1998; Schreiner “out-of-tune,” compared with theirfratios in the Pythagorean
1998), highlights the necessity of direct intracranial recordinggstem (see Apel 1972). For example, whereashefftones
for the valid interpretation of results obtained using noninva&omprising a fifth in the Pythagorean system are related by the
sive physiological techniques. ratio 3:2, this ratio becomes 2.996:2 in the equal temperament
Taken together, these findings provide further evidence feystem. As a result, additional beats are introduced. However,
the involvement of Al in the representation of roughness the case of the fifth, for instance, these beats are so st@w (
(Fishman et al. 2000a) and sensory dissonance via synchia) that they are barely perceptible (for short-duration sounds)
nized phase-locked activity. Consequently, this study offeos at least do not contribute to roughness, thus allowing for the
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Fic. 18. A: waveforms and amplitude spectra of equal temperament chords presestduject 2(base tone= 128 Hz).B:
waveforms and amplitude spectra of AEPs evoked by equal temperament chords at 3 recording sites in Heschl'sgyject of
2. AEPs evoked by the minor and major 2nd display phase-locked oscillations, manifested as peaks in the amplitude spectra
(indicated by arrows; values in Hz are approximate, corresponding to difference frequencies calculated for Pythagorean intervals).

In contrast, AEPs evoked by the octave and perfect 5th display comparatively little or no oscillatory activity.
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Human Subject 2 Intracortical AEPs: Heschl’s Gyrus
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standard use of the equal temperament system in Westpassible that the variable spectral distance between the partials

music for the past 200 years. of the chords and the BF of the site prevented such effects from
being observed in monkey Al. In contrast, the comparatively
Relationship to other physiological studies diminished spectral specificity of the human AEPs, combined

_ _ _ with the fact that they reflect the activity of larger and more

Several other investigators (e.g., Bieser and Muller-Preugfdespread neuronal populations, may have facilitated the ap-
1996; Schulze and Langner 1997; Steinschneider et al. 1998hrance of critical band effects.
have proposed that neural activity in Al phase-locked to theThe near linear relationship observed between stimulus re-
amplitude-modulated temporal envelope of complex soungsivability and the amplitude of the P70 component of AEPs
may represent a physiological correlate of roughness. Usifgtorded in the planum temporale, coupled with their compar-
neuronal ensemble recording techniques identical to those ug@dely large amplitude, suggests that such critical band effects
in the present study, Fishman et al. (2000a) tested this hypodfe likely to be visible in AEPs recorded from the scalp. Indeed,
esis and demonstrated a correlation between the magnitudergtfcal band-related increases in the amplitude of middle latency
phase-locking to the AM frequency=(difference frequency) components of the scalp-recorded AEP evokethimy:tone stim-
of harmonic complexes in Al of the awake monkey and thai have been previously demonstrated (Burrows and Barry
perceived roughness of the stimuli as measured in humggo). P70 amplitude may reflect the perceived loudness of the
psychoacoustic experiments (Terhardt 1968a,b, 1974a,b). Ba@rds since, due to critical band masking, complex sounds
upper limit of detectable phase-locking corresponded with thgth spectrally resolved components are perceived as louder
upper perceptual limit for the detection of roughness (200-3@@n sounds with unresolved components (Zwicker et al. 1957).
Hz). These limiting rates are comparable to those obtained in
other physiological studies of A1 using unanesthetized anim .
(e.g., de Ribaupierre et al. 1972; Goldstein et al. 1959; Steﬁfoposed mechanisms
schneider et al. 1998). Since all of the (Pythagorean) musical chords used in the

An additional finding of the present study was that thpresent study contained the same number of harmonics, and
amplitude of the P70 component of the intracranial AEP ré&ence the same total number of difference frequencies, the
corded both in Heschl's gyrus and in the planum temporadgiestion remains why the magnitude of oscillatory phase-
tended to increase with increasing width of the musical intdlocked activity in A1 correlates with the perceived dissonance
vals. This amplitude enhancement correlated with the numladithe intervals. The present findings can be partly explained by
of pairs of resolved frequency components comprising tltemparing the number of difference frequencie®850 Hz in
stimuli and is likely a result of critical band filtering. Whileconsonant intervals with that in dissonant intervals. These
analogous response enhancements were not observed in mepresent difference frequencies capable of producing phase-
key Al in the present study, such critical band-related amplécked responses in Al, as reported in previous investigations
tude increases were previously observed in monkey Al nesing awake macaques (Fishman et al. 2000a; Steinschneider
sponses to three-component harmonic complex tones wéhal. 1998). Conversely, difference frequencies above this
center frequencies fixed at the BF (Fishman et al. 2000b). Itrenge rarely, if ever, produce phase-locked responses in Al.
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MUA CSD lesions of auditory cortex report that music that sounded pleas-

2 207 #0 z ant prior to the lesions, sounds dissonant or out-of-tune (Tramo
7 ® LLIII MUA Data f F500 5 et al. 1990). In the absence of a functional auditory cortex, such
A O LLIII CSD Data L300 | g brain-damaged subjects may be evaluating musical intervals on
2 151 - 2 the basis of phase-locked activity generated in subcortical
S m400 2 auditory structures. As a result, perfect fifths and octaves,
g ] N I 20 | - which would be capable of eliciting robust phase-locked re-
s 104 Lol o | j - sponses subcortically, could sound dissonant. An examination
5 { T of chord-evoked responses in subcortical auditory areas is
= ] /C( A \/ . 2 required to test this hypothesis and thereby assess the relative
2 5 ,_—4/ e = contribution of cortical and subcortical structures to the phys-
= ] 10 g iological representation of sensory consonance and dissonance.
“ 0 O P5 P4 Ad ml M M2 mo L0010 Concluding comments

Consonant nterval Dissonant While the present results provide strong support for a phys-

. . . iological representation of sensory dissonance in Al, they
Fic. 20. Hypothesized basis for the correlation observed between the mag-
nitude of oscillatory phase-locked activity in A1 and the perceived dissonan@%nno_t account for Othe_r func_JamentaI aspects of Consqnance
of the musical chords (base tone 256 Hz). To generate phase-lockedand dissonance perception. First, the present study provides no
responses in Al, stimulus difference frequencies mustt250 Hz. The information regarding the neural substrates underlying emo-

number of chord difference frequencie®50 Hz is shown as a function of the tjgng| responses to consonant versus dissonant chords (e.g.,

dissonance of the chords (histogram). Dissonant intervals tend to have mgp . L . .
difference frequencies:250 than consonant intervals. LLIII MUA and CSI;ngl%Od et al. 1999)' Second, owing to the limited appllcablllty

data from Fig. 8 are shown superimposed on the histogram. Mean normalifddthe beats/roughness theory of dissonance, our findings do
peak spectrum amplitudes are significantly correlated with the number 0t explain why melodic intervals (sequential tone pairs),

difference frequencies in the chord€250 Hz (MUA:r = 0.85;P < 0.01; which do not produce beats or roughness Owing to their non-
CSD:r = 0.93;P < 0.001). simultaneity, are also evaluated along the dimension of conso-
Consonant intervals have far fewer difference frequencinance/dlssonance according to their frequency ratios g, Ay-
250 Hz than di int I Fia. 20). Th t?@s et al. 1980; Schellenberg e_md Trehub 1994). This capacity
- an dissonant Intervais (see 9. )- Thus th&q 2150 been demonstrated in human infants, suggesting an
probability of cortical phase-locking to the difference frequenjnnate predisposition to discriminate harmonically related from
cies of consonant intervals is considerably lower than that F?(firmonically unrelated sounds (Demany and Armand 1984;
phase—lockin_g to the differen_ce frequencies of dissonant im@chellenberg and Trehub 1994, 1996). Moreover, the beats/
vals. Accordingly, the magnitude of chord-evoked oscillatonghness theory, and by extension our physiological data, are
phase-locked activity in monkey Al (as represented by th@able to explain why intervals extending beyond an octave,
peak of the response amplitude spectrum) is correlated with o€ which the large frequency separation between components
number of difference frequencies in the chords lying below 25f)ecludes the generation of roughness, are judged with respect
Hz (Pearson correlation: 256-Hz data from Fig. 8, LLIIl MUAo their consonance and dissonance similarly to within-octave
r = 0.85P < 0.01; LLIII CSD:r = 0.93;P < 0.001; see Fig. intervals. As proposed by Terhardt (1974b, 1977, 1978), these
20). The same reasoning can be used to explain why phagiiities, based on an evaluation of harmonicity, may have their
locked oscillations are evoked by the perfect fourth when thgigin in pitch analysis mechanisms, whereby a complex tone
base tone of the chord is at 256 Hz but largely disappear whigrassigned a global pitch corresponding to tsif. harmonic
the base tone is at 512 Hz. When the base tone is at 256 Hz,agtern recognition. Alternatively, as suggested by Schellen-
two lowest difference frequencies of the perfect fourth atserg and Trainor (1996), these capacities may arise from
85.35 and 170.7 Hz, whereas these difference frequencies laggning which simultaneous combinations of sounds give rise
doubled when the base tone is at 512 Hz (170.7 and 341.4 Hg)sensory dissonance and generalizing these acquired rules to
values close to an@xceeding the upper frequency limit ofnonsimultaneous and supra-octave contexts. Having identified
cortical phase-locking. potential neural substrates underlying a fundamental perceptual
Given that subcortical auditory neurons within the inferioattribute of music, the present study offers the possibility that
colliculus and medial geniculate nucleus are capable of phagfese more complex features of music perception may also be
locking to stimulus periodicities well in excess of 250 Hz (e.gamenable to physiological investigation.
Langner 1992; Langner and Schreiner 1988; Rouiller and de
Ribaupierre 1982; Rouiller et al. 1979), it is possible that theWe thank Dr. Steven Walkley, M. Huang, L. O’'Donnell, Dr. Elena Zotova,
correlation observed between oscillatory activity and sensafyd s. Seto for providing excellent technical, secretarial, and histological
dissonance is determined by phase-locking limitations of aassistance. We also thank Dr. John Brugge and two anonymous reviewers for
ditory cortical neurons, i.e., the difference frequencies of coproviding helpful comments on an earlier version of the manuscript.
sonant intervals are generally too high to be represented T2'7S Eé‘_’ggéS‘;‘éf}g;“;’ﬁ;ﬁ?_o%ggno”a' Institutes of Health Grants DC-
phase-locked discharges at the cortical level. The marked de- ' ’ '
terioration in temporal encoding of rapid stimulus amplitude
fluctuations at the cortical level may not only account for theEFERENCES
consonance of musical intervals characterized by small-inte@@k, w. Harvard Dictionary of Music(2nd ed.). Cambridge, MA: Harvard
fo ratios, but may also explain why some human subjects withuniv. Press, 1972.
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