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Outline

 The Brain and How It Works

e The Auditory System

* Magnetoencephal ography (MEG)

* MEG in the Frequency Domain

e Using MEG to investigate Neural Coding
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Universal Neural Code

» Neura signals = spikes .
In voltage - o

e Spikesare“al-or-none” | JL

e Digital in amplitude | JUU\JUL i
e Asynchronousintime [ JUUUUUU |

 Neura Input ~ current 620 40 60 80 100

t (msec)
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Primary Neural Current

Photo by Fritz Goro
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What Is Hearing?

Outer Ear (pinna) useful but not essential

e collector
* Jocalizer (location dependent filtering)

Inner ear (cochlea)

semicircular

canals e essential
stirrup at e neural “transducer”

oval window

\ ochiea e turns acoustic signals
into spikes

eustachian

tube = auditory signals

drum  middle

aar round

window

Only features conveyed as
neural signals perceived

larynx

e ¢.g. masked sounds
not conveyed neurally

Middle Ear useful but not essential
$ e impedance matching = minimized reflection
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The Auditory Pathway(oversimplified)

Parallel and serial | PP R
neci NA Auditory Y
neural processing In | “Soriex |

multiple stages Auditory
Pesad g(Cortexj

Phase-1ocks to envel ope of acoustic @

waveform up to ~20-30 Hz

\.
(- )

Cochlea
| Linear distance ~ log f
' Phase-locks to acoustic -
£ _ waveformitself
o = Wpto ~1-2 kHz g
o Y h / w

— ‘
)
N

eRR|sd| \_

Computational Sensorimotor Systems Laboratory



What Is the Auditory Neural Code?

* Neural codeisessentially unknown for almost all
auditory features

e Especially In auditory cortex

e Much progress in coding near periphery, especially
coding of sound location

Most important auditory features are acoustically
non-trivial

* e.g. Speech, speaker ID, emotional content, pitch,
timbre, sound location, and many, many others
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What Can We Hear?

Table 1.6. Approximate ranges of hearing

— Low  High (kHz) Human 20 HZ 1{0) 20 kHZ

Human 20 Hz 20
Chimpanzee 100 Hz 20
Rhesus monkey 75 Hz 25
Squirrel monkey 75 Hz 25

0Hz 50 Cat: 30 Hzto 50 kHz

Dog 50 Hz 46

Chinchilla 75Hz 20

Rat 1 kHz 60

o Mouse: 1 kHz to 100 kHz
Guinea pig 150 Hz 50 '

Rabbit 300 Hz 45

Bat: 3 kHz to 120 kHz

Dolphin (Tursiops) 1 kHz 130

Galago 250 Hz 45
Tupaia 250 Hz 45
Sparrow 250 Hz 12
Pigeon 200 Hz 10
Turtle 20 Hz 1
Frog 100 Hz 3
Goldfish 100 Hz 2
Ostariophysi 50 Hz 7
Other teleosts 50 Hz 1

\

/1 Data taken from Fay 1988

Computational Sensorimotor Systems Laboratory



What Can We Hear?

e Spectro-Temporal Features of Any Sound
Spectral content of sound as a function of time.
Which spectral frequency bands have enhanced power?
Which spectral frequency bands have diminished power?
How do these change as a function of time? “Come home right away.”

Spectrum

Frequency (Hz)

0 T500 Time (ms) 1000
log f ~ linear cochlear distance ime
Power at 950 Hz

frequency
Cross-section
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Outline

e The Brain and how It works

e The Auditory System

* Magnetoencephal ography (MEG)

« MEG In the Frequency Domain

« Using MEG to investigate Neural Coding
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Magnhetoencephalography (MEG)

* Non-invasive, Passive, Silent Neural Recordings

e Simultaneous Whole-Head Recording (~200 sensors)

e Sengitivity

nigh: ~100 fT (1013 Tedla)

ow: ~10*—~10° neurons

e Temporal Resolution: ~1 ms o

» Spatial Resolution
coarse: ~1 cm
ambiguous

0o O (¢] (0]
(0]
° o
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Functional Imaging

Functional magnetic
resonance imaging

fMRI
Hemodynamic Excellent spatial ~relsozl ution
techniques (~1-2mm)
Poor temporal resolution
Positron emission (=19
tomography
PET PET, EEG require
Non-invasive recording across-subject
from human brain averaging
(Functional brain imaging) fMRI and MEG Ga
< capture effectsin >;;§§
single subjects 7
Electr oencephalogr aphy w v0 oo | e
EEG i foAﬁL/JTM N
75 \/

Poor spatial resolution |22

| | | |
-200.0  50.0 300.0 550.0 600.0

Electromagnetic
techniques

—_—

M agnetoencephal ography
MEG
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Magnetic Field Strengths

0% —
Earth fiel
10 == Earth field
EYE (retina) BRAIN (neurons)
Steady activity PR Spontaneous activity ) )
6 Evoked activify\ TN Evoked by sensory stimulation
N - I 2
- 10 3 \ SPINAL COLUMN (neurons)
~ LUNGS . L - Evoked by sensory stimulation
— Magnetic contammzmg_ \
< -7 HEART
- 10 LIVER ‘( L ~ Cardiogram (muscle)
o] Iron stores— \, ) Timing signals (His Purkinje system)
o v— ) (
A -8 Urban noise /( lL:l GITRACK
Q 10 FETUS ) Stimulus response
.4‘:! Cardiogram / Magnetic contaminations
8 1 0-9 _ Contamination at lung < (
o0 LIMBS \\ \ MUSCLE
< Steady ionic current Under tension
S -10 —24
LS 10 - Heart QRS
> 1 Biomagnetism
= 10 == Fetal heart g
é Muscle
8 1 0-1 2 Spontaneous signal
5 (a-wave)
13 <:| Signal from retina
10 <@ Evoked signal ~ 10 neurons
107 |—
« Intrinsic noise of SQUID
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Magnetic Flux Detectors

Superconductivity o

Magnetic flux quantization o

Josephson Effect o

SQUID = Superconducting Quantum
Interference Device

:nCDO

26" 2.07 x 100> wWh
€
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MEG SQUIDs

SQUID SQUID
Magnetometer Gradiometer

Noise reduction from \
Differential measurement C >

CO C

Planar type Axial type
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Shielding
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MEG Snapshots
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Neural Activity = Neural Current

0.06 nA

J/ | 0.065nA
W 0.18 nA
J)\MJ\JU 0250A 1

0 20 40 60 80 100
t (msec)

100
[ mv
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MEG Magnetic Signal

Magnetic
Dipolar
SQUID Gradiometer F 1 d
MEG orientation ield
scalp Bf recording of magnetic (Projection)
 — EEG surface \ €
/ c & > L
skull // —ﬁ;) 3
‘:’_:( )=
v A
tisste /
current
flow 1t

* Direct electrophysiological measurement
* not hemodynamic

e real-time
- é * No unique solution for distributed source
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MEG Response

Spatial Map of Time Series
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MEG Response

Butterfly Plot

t=98 ms
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MEG Response
Flattened Isofield Contour Map

Instantaneous
Magnetic

Fl el d Sink Source
- N

40 fT/Step
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MEG Response
3-D Isofield Contour Map

Sagittal View Axial View

%\\*‘\‘
o

’ . e
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i

Chait, Poeppel and Simon,
Cerebral Cortex 2006
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Time Course of MEG Responses

Evoked Responses
HG Events Time-Locked
to Stimulus Event

150

Pure Tone of

-150

150

Broadband Noise | _ A& A\
0 . _

150
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Spatial Auditory MEG Responses
Lo

y

s

Auditory Responses
Robust
Strongly Lateralized
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Outline

e The Brain and how It works

e The Auditory System

* Magnetoencephal ography (MEG)

* MEG in the Freguency Domain

« Using MEG to investigate Neural Coding
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An Alternative to Time: Frequency

» Use Stimuli localized in Frequency rather than time
e Examine Response at Same Frequency
o Steady State Response (SSR)

* Frequency Response/Transfer Function
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Freguency Response

32 Hz Modulation
400 Hz tone carrier
100 trials@ 1 s
(concatenated) A O x
%)
Q @ “ H Single MEG Channel
0
0 10 20 30 40 50 60
frequency (Hz)
5 _
a
)
al
0
31 31.5 32 32.5 33

frequency (Hz)
Precise Phase-Locking: 0.01 Hz

Little trial-to-trial jitter
4? Amplitude + Phase...
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Whole Head Steady State Response




Whole Head Transfer Function
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Complex Neural Current Sources

—> —> >
V=V.+1V
Re Im

V(0) = VR(e:os(G) + Vm%in(e)

* Strength”
Vax * Sharpness’
n= VMin
\/ VI\/Iax
A m 0
<n<l1
VMax* VMin Physiologically Simple

Current Sources. n =0
Simon and Wang,

Orientations
J. Neurosci. Methods 2005
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Single Orientation Current Sources
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Outline

e The Brain and how It works

e The Auditory System

* Magnetoencephal ography (MEG)

« MEG In the Frequency Domain

e Using MEG to investigate Neural Coding

Computational Sensorimotor Systems Laboratory



Modulation Encoding

 Simple Modulations

Simple Cortical Encoding

 Amplitude Modulation coding often used
for slower modulations

 Rate coding (invisible to MEG) often used
for faster modulations

* Appliesto general modulations: AM, FM, other

« Amplitude Modulation coding Is easily detectable in
Fourier/Spectral domain
» Spectral Peak at Modulation Frequency

LN »
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Sample Dual Modulation Stimuli

fem = 3.1 Hz fep =8 Hz
fap =37 Hz fap =37 Hz

; T

g

LANRAANAN
1.0 1.5
time (s)

Computational Sensorimotor Systems Laboratory.

5 0.5






Neural Modulation Models

%)
25 Stimulus
S > Carrier
Og Frequency
- (FM)
o
23 Stimulus
= Envelope
2 g Amplitude
W< (AM)
T
Codin
Amplitude Modulation g Phase Modulation
(AM) (PM)
Coding coding
B Neural
s Averaged
ZI Response
- c.f.
GEJC—G > Frequency Petel &
5 Balaban
I 8_5 Lower Upper Neural Response Spectrum (2004)
~12= Sideband Sideband A A
Z A A

a= (q)upper — (I)SSR) - (¢SSR — ¢Iower)

— Neural Response —
GAM Oor 2m Phase Encoding GPM T

Parameter
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Spectral Sideband Responses
upper sidebands

37.3 Hz
37.8 Hz
y ;
/ 0.3 Hz / r 0.8 Hz
37 Hz
36 38 40 42 44 36 38 40 42 44 36 38 40 42 44
Frequency (Hz) Frequency (Hz) Frequency (Hz)

36 38 40 42 44 36 38 40 42 44 36 38 40 42 44
Frequency (Hz) Frequency (Hz) Frequency (Hz)

40.0 Hz
3|0 Hz
y/ '
37 Hz
36 38 40 42 44 36 38 40 42 44 36 38 40 42 44

Frequency (Hz) Frequency (Hz) Frequency (Hz)
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Sideband Responses

| Normalize
Upper S1deband T {
Responses ™[ { | -
r it *“Chance T Response Level
0.5
__Both Sidebands Only Upper Sideband
contribute  contributes
2 -
Lower Sideband } 5o I
Responses ™[ 4 &~
I Chance 1 Response Level
0.5 | | | | | | | l | 1 1

63 05 08 10 17 214 31 &4 g 103 151
fem (HZ)

(Modulation Encoding, with coding transition at fgy, ~ 3 Hz]

ﬂ-ﬁf é L uo, Wang, Poeppel and Simon (2007)
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Modulation Encoding Type

N
=

Amplitude Encoding (AM) I

Phase Encoding (PM)

Modulation Encoding
Type Parameter (a)

ol+ Amplitude Encoding (AM)ET‘

03 05 08 1.0 17 21 30 50 8.0
foy (H2)

(Phase Modulation Encoding below f,, ~5 Hz)

1 Luo, Wang, Poeppel and Simon
T J. Neurophysiol. 2006
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Neural Population Model

S(t) = (1+mcos(2x fFM {1 +6))
Amplitude Modulation

X cos(27rf i % cos(2r f

Phase Modulation

Fmt)

+ GWN
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Model Results

Experimental Results Model Results
gadi Badi
Upperdiff Lowerdiff
2T[ | Padj 27T eadpjperdiff D 2T[
eadj %)) «— Vpperdiff K =

Upperdiff eig{/verdiﬁ [ TL
ead] T[— T[ Lowerdiff 8IIIIIIIIIIIIIIIIIII.
© - -
LOWGrdIff E:\\IIIIIIIIIIIIII\IIIIII\\\ n

0 0

0 0.4 08 0 0.4 0.8

2

o-l11il

T
0

0.3 0.5 08 1.0 1.7 21 31 5.1 80103151 04 Ol .... 0:4 .... 0:8 0 0.4 0.8

Stimulus condition fg,, (Hz) AM Modulation index m AM modulation index m

Tt
S(f)= (1 + meos(2mtf_, 1+6)) x cos(2mf, t + 3 cos(2rm fFMt)) + GWN
Amplitude Modulation Phase Modulation

AM in quadrature with PM  \Why?
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summary
. Combined AM/FM modulations are encoded In
Auditory Cortex

- Phase Modulation seen at lowest FM rates
- Modulation Encoding changes at higher rates

- Single Sideband Modulation unexpected

- Speculate: Single Modulation Encoding type?

- Or: Two populations of AM and PM encoding
neurons whose phase happens to cancel in lower
sideband?

- Magnetoencephal ography (MEG)

Directly generated by neural currents

Excellent time/frequency resolution

JgSpatial L ocalizability an open question
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Thank You



Noise Reduction In Software

Cleaned with
Fast-LMS _
+ 3 Reference _gﬁge
channels
a)
%)
o
48 Hz Modulated Stlmul us
LA LA LULIAAYE NP e YT . Ahmar and
0 60 180 Simon, Neural
Frequency (Hz) Engineering
2005
Cleaned with 6
TSPCA 107
+ 3 Reference _ before
channels
de Cheveigné,
0| | | | L e Roux, and

10 | I | I | .
0 20 40 60 80 100 120 140 160 180 oo 1CASSP
Frequency (Hz)
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MEG compared to EEG

?

Temporal resolution highasEEG = MEG 3

Fast, easy set-up

Magnetic fields are not attenuated
or distorted, unlike eectric fields

Higher spatial resolution

Expensive
Inverse problem worse? better?

Complementary Techniques
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MEG Measures Neural Currents

orientation  Direct electrophysiological measurement

ﬁfelfgagneﬂc * not hemodynamic
[\ Magnetic Dipolar Field e real-time
recording (Projection) * No unique solution for distributed source

I~
~——

—= % “‘Source”

d
h
7

>——(=»I7
v

i

current
flow

Sink Source

40 fT/Step
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Complex Magnetic Field

motor Systems Laboratory

Computational Sensori



Data Reduction via Equivalent Dipoles

Left Dipole Right Dipole
Dipoles are Complex 32 Hz
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SSR Carrier Dependence

(2000)

Ross et al.

SSR Phase

SSR Amplitude

A

g o e
~ 5

(Bap) eseyd

/

L

L - L0
- o

apnyiidwe Ysg

0

1000 2000 4000

500

250

500 1000 2000 4000
Carrier frequency (Hz)

250

Carrier frequency (Hz}

(zH 0¥ &1 ssuojwes) Aouanbalj Jalre)

DFT duration = 72 sec

Correlation =0.72

Patel &
Balaban
(2004)

Awwm__omc aseyd

Phase
Modulation
Encoding

50

40
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Independent Component Analysis
L eft Right
Cortex Cortex I

Hearbeat

| CA finds:
|ndependent Neural

Sources in Auditory areas
|ndependent Neural

Sources in non-Auditory areas \
|ndependent non-Neural Sources ;
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