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INTRODUCTION

This document describes the sound system developed by the MRC Ingtitute of Hearing Research for
use in functional magnetic resonance (FMRI) studies. A description of the system is given and where
gppropriate is supplemented with technical specifications and other detalls.

While fMRI is increesngly used in sudies of the auditory sysem the high sound levels generated in
image acquisition (a 3T scanner can generate sounds of over 130 dB SPL) represent a consderable
problem. Additiondly, the close proximity of the ears to regions of interest in the tempord cortex means
that any headphones used cannot contain materids that disrupt the magnetic filds. To overcome these
problems most groups have adopted sound systems delivering sounds via plagtic tubes combined with
good levels of passve atenuation at the ear. However, existing tube-phone systems present cdibration
problems and make correction for frequency and phase digtortions difficult, thus rendering noise-
cancedlation techniques less viable, and are non-ided in terms of fitting, comfort and sound isolation. The
system described in this document is based on electrostatic earphones and produces low-distortion sounds
over a wide dynamic range up to high levels, minima disruption of the magnetic fidds, good passve
attenuation and is easy to fit. The high output levels dlow use with subjects with impaired hearing and the
low-digtortion alows tightly controlled auditory stimulation paradigms. Control of the sound sysemisviaa
PC computer, and purpose-built interrupt handling alows easy synchronisation of the simulation with the
scanner sequence.

THE SOUND SYSTEM

The Sound System congists of three separate units as shown diagramaticaly in Figure 6. These are;
(1) a PC with a Sound Card with optical encoding on-board and a purpose-built interrupt handling card;
(2) a Console switch box (Figure 1 shows the front and rear views of the console with the console
microphone and monitor spesker); and (3) a remote headstage (Figure 2 shows the headstage with
connection to the headphones). (1) and (2) are located in the scanner control room and while (3) can be
mounted on or near the scanner housing, to avoid dectromagnetic interference from the headstage that
could reduce the SN ratio of the BOLD responsg, it is advantageous to mount the headstage outside the
screened scanner room, but still as close as possible to the scanner (see recommended ingtdlation below).
The headstage provides signas to a modified set of dectrogtatic headphones (Figure 3) via non-metalic
carbon fibre cables. The headsets are congtructed from commercidly available eectrostatic headphones
(Sennheiser HEGO/HEV 70), which are non-metdlic, combined with standard industrid ear defenders
(Bilsom 2452). A subject response box linked by opticd fibresis dso provided. The only connections to
the remote headstage are a low-voltage DC power feed, a high-voltage bias supply and twin optic fibres
that transfer dl status and audio data Sgnds. Whether the headstage is mounted insde or outside the
screened scanner room it is advantageous to send the audio signals in digitd (optica) form over the
possibly long distances involved (up to 40-50 feet) so that no trangents or other dectrica interference from
the very large magnet power supplies can be induced in the transmisson lines. The optic fibre Sgnals are
compatible with sandard CD and DAT audio equipment and can be fed directly via line inputs.
Microphones atached to the headphones and the console provide an intercom sysem. In the
recommended ingtdlation only the headphones, subject microphone and response buttons enter the
screened scanner room and al electrical connections passing into the scanner room are radio-frequency
filtered. Asaresult the sound system minimally affects the basdline image noise leves (see beow).

Figures 4 and 5 show the interior views of the console and headstage with the various component
circuitslabelled. The recommended arrangement of the sound system componentsis shown in Figure 6.
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Figure 1: Front and rear views of the console

Figure 2: External view of the headstage



Figure 3: The headphones with safety grill and thick plastic cable protection.
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Figure4: Interior view of the consol e showing the positions of the components



Interior View of the Headstage
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Figure5: Interior view of the headstage showing the positions of the components
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Switching On and Switching Off

When the system is switched on the microcontroller in the console can receive spurious sgnds via
the COM2 port, until the power supplies stabilise. The console should be switched on before the sound
system program is run on the PC, as the program sends an initidisng sgnd to the console.

Mains power is supplied via a switched IEC power inlet on the rear pand of the console. The IEC
mains lead supplied isfitted with a 5A fuse which for safety must always be replaced with a fuse of the
same value. After connecting the IEC lead to the console, plug the lead into a convenient 13A socket
outlet and apply power to the console using the green rocker switch on the IEC inlet at the back of the
console. The rocker will illuminate green to show that mains power is present in the console.

The sound system console is fitted with a red panic/emergency stop button. The button has a safety
latching action such that when pushed it has to be rotated in the direction of the arrows (clockwise) to
release it. Once the red emergency button has been released, the circular green start button (on the front
panel next to the emergency stop) may be pressed to power up the system. At this point the yellow and
blue +/-15V supply indicators should light. The HV reedy lamp should follow dmost immediatey. If the
HV trip lamp flashes instead, there could be damage to the HV feed cable so before resetting the HV trip
make sure that al the cabling isintact. The HV trip is reset by pressing the reset button Stuated on the rear
of the console adjacent to the HV outlet. If the remote headstage is fitted correctly, its yelow and blue
supply indicators should be illuminated confirming thet the +/- 15V and +/- 10V supplies are present.

There is provison for the console to be operated remotely and the connections for this facility are
accessed viathe 7 pin XLR microphone connector on the front panel of the console. A separate control
pand containing an emergency stop button, a monitor loudspeaker with volume control and a microphone
with push-to-talk button can be attached to this connector.

When aremote control panel is not being used, it is imperative that the console microphone is kept
plugged into the microphone socket or the system will not power up. Insde the microphone plug is a link
in the circuitry for the remote emergency stop which must be present to dlow the system to be switched
on.

The system may be switched off by pushing the emergency stop button or by using the rocker switch
on the IEC mainsinlet on the rear of the console.

| nter actions between the PC and the Scanner

The sound system uses 16-bit digita waveforms for recording and playback of audio data either
stored on the PC disk, or on CD-Rom. Stereo samples are fed at 44.1 kHz from the computer disk, CD
or line-in, via sound card and console, over optical links to convertersin the heedstage. Synchronisation of
the sound output with the scanning is achieved by a TTL pulse sent from the scanner which is detected by a
purpose-built interrupt card in the PC. The PC counts the pulses and can also add an additiona constant
delay dlowing the simulus to be moved in time to any postion relative to the imaging sequence, whilst il
maintaining synchronisation with the imaging controller.

The console contains a monitor speaker and a microphone.  The PC controls the status of the
console dlowing the following configurations:
ad Send audio sgnds from the PC (dored as digitad waveforms on CD-rom or hard disk) to the
headphones and to the console monitor.
b) Send signds from the console microphone to the subject.



¢) Using the subject microphone, receive speech from the subject, and reproduce through the monitor
spesker (adlowing subjects to talk back to the control room).

d) Send sgnasfrom line-in sockets on the console to the subject and monitor.

€) Play conventiond CDs.

The subject or experimenter can activate the intercom at any stage.

Figure 7 shows detalls of the headphone congtruction. The Sennhelser eectrostatic headphone
elements are built into Bilsom ear defenders to achieve good passive attenuation of the scanner noise.
Fgure 7a shows an X-ray image of the headphones in which the only metalic components visble are the
connections to the sound system. Since taking this image an extra plastic grill has been added as an
additiond safety feature (see below). Preparing the subject for the scanner is Smply a case of putting on
the headphones in the norma way (Figure 7b).

Electrical connection to Electrical connection
transducer outer plates to transducer diaphragm

Outer plastic cup of
Bilsom ear defender

Acoustic damping
from Bilsom

ransducer outer plates

Plastic safety screen Circumaural seals

a

Figure 7: The headset and its construction. (a) X-ray image of the headset (b) Subject wearing the headphones.

How to use the program

The Windows 950 user interface is shown in Figure 8. Contrals (highlighted in red in the following
paragraphs) should be referred to thisfigure.

The user setsup a Play List by sdecting files on any of the drives connected to the PC using the usud
Windows 950 file sdection techniques. A file is added to the playlist by double dicking on it or by
cickingon Add. The playlist can be saved as atext file and re-loaded at alater date. Playlist files can dso
be created using any text editor to select series of imuli.
The PLAY CONTROL is used to determine how the files are played. The Play button plays dl files
sequentidly until the list isfinished. The complete play ligt is repested by setting the Number of Repeats.
Triggered Play synchronises the output to the scanner. The firgt output is initiated when the number of
Pre. Triggers is received, dlowing for any number of dummy scans prior to collection of experimenta
data Subsequent output is initiated after Delay whenever the number of Triggers per Stimulus is
received. Stop hdts the system and Exit returns to Windows.
Thefiles are digitdly attenuated on output by the vaue of Attenuation. This attenuator affects only stored
waveform files not output from music CDs (see Playing Music CDs).
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The console microphone is automaticaly routed to the subject when in between experiments. This dlows
the subject to hear the conversations in the control room, while the scanner is being set up or other
conditions selected are sdlected, thus reducing the fedling of isolation. The Monitor Source determines
whether the stimulus (PC Audio Out) or M agnet Microphone is monitored.

The headphone source can be switched between Line Input, Console Microphone or PC Audio Out.
The PC Audio Out button sends .WAYV files to the sound system from PC or from the CD player or will
alow conventiona CDsto be played.

The Status box indicates | DL E when not st for triggered play, WAITING when armed but not triggered
and PLAYING when playing files. The file number in the playlist and the number of repests is shown for
monitoring progress.

¢ fMRI
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Figure 8: The Windows user interface.

A running log is kept of the subject-response-button presses (which light up when pressed). The
program offers the option of saving the response log so that the responses to any individua simulus in the
playlist can be ascertained. The following lines show the formet of the log:-

C:\SOUNDS\intense\Ch150n01.wav,15:52:07
w,C:\SOUNDS\intense\Cb150n01.wav,15:52:13
C:\SOUNDS\intense\K b300n06.wav,15:52:17
w,C:\SOUNDSl\intense\K b300n06.wav,15:52:20
w,C:\SOUNDS\intense\Rb300n10.wav,15:52:26
C:\SOUNDS\intense\Rb300n10.wav,15:52:26
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The firg line shows the full path of the file being played and the time a which its output started. The lines
beginning with “w” indicate that a button has been pressed. “w” isan arbitrary keyboard character merdly
used to distinguish different buttons. Following the button press indicator character is again the path of the
file being played when the button was pressed and the time a which the button was pressed. Note that
multiple button presses during a single sound are recorded sequentialy on separate lines.

The console sdects the signd source that is sent to the headphones and that is played through the
monitor loudspeaker. The heart of the console is a microcontroller that is connected to the COM2 serid
port of the PC, the console microphone and the subject response buttons. If elther the panic button of the
subject response box or the pressto-talk button on the console microphone are depressed, the system
goes into full duplex communication mode i.e. the subject hears the console microphone and the monitor
spesker plays the sgnd from the subject microphone. If neither button is depressed the routing is
determined by the PC viathe serid port.

Playing Music CDs

CDs are played in the usud way by starting the CD Player supplied with Windows (Fig. 9).
A comfortable ligening level for the CD should be set using the CD Rdative Volume on theinterface. The
CD should be stopped on the CD Player before starting an fMRI experiment.

G CD Player !m

Disc  Niew Options Help

S

Artist: IData orno disc loaded <0 -

Title: IF"Ieaae insert an audio compact disc.

Track: l LI

‘Total Flay: 00:00 m:s iTrau:k: 00:00 r:s

Figure 9. The CD player

Setting the Sound L evel

The maximum output of the system has been st up using a 1 kHz pure tone with amplitude at full 16-bits
(+- 32767) to be 100 dB SPL. Other leves below this maximum should be set on the interface digita
attenuator to maintain calibration.

WARNING ! This cdibration is suitable for music and speech but a full 16-bit sne wave can be

presented at very high sound levels if the attenuator is set to less than 20 dB. For this reason the default
attenuator setting on start up is 20 dB.
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SOUND SYSTEM PERFORMANCE

The complete sound system delivers low-distortion speech and music at up to 100 dB SPL (set at
thislevd for safety reasons) and 22.05 kHz bandwidth (limited by the digita sampling rate), with reduction
of the intendity of scanner sounds by the ear defenders.

IHR fMRI Sound System: Full Specification

Headphone system.

Sennheiser HEBO/HEV 70 Stereo headphone/amplifier combination with Modified Bilsom ear defenders

Transducer principle Electrostatic

Sound coupling Circumaural

Transmission range 12 - 65,000 Hz (-10dB)*

THD < 0.1%*

Polarisation voltage 540V max*

IHR modified headphone\eardefender specification

Attenuation of externa sound 40dB (2kHz - 10kHz) #
30dB (500Hz - 10kHz) #

Frequency response 50 - 10,000 Hz (+10dB) combined eardefender/headphone #
50 - 10,000 Hz (£10dB) headphones before modification #

Output level capability Upto 120 dB SPL

Stimulus delivery system
PC with internal sound card with AES and fibre-optic communication port via control console

Maximum file length Unlimited

Sample rate 44.1 kHz

Line leve input for maximum output 220 mV RMS

Subject response buttons Optical

Tak-to-subject microphone High-quality electret microphone

Console control RS232 (1200 baud)

Optic data format AES, compatible with CD and DAT player outputs
Subject talkback microphone Electret

* Sennheiser specified figures # IHR Test measurements

Frequency Response and External Sound Attenuation

Figure 10A shows the frequency response of the eectrostatic headphones (thin black line) measured
with a KEMAR mannikin dong with the frequency response of the complete headphone/ear-defender
combination (thick red line). The curves have been corrected for the frequency response of KEMAR.
The incorporation of the headphones in the ear defenders does not compromise the headphone
specifications, but reduces the passive attenuation of the ear defenders at low frequencies.

Figure 10B compares the attenuation of the ear defenders aone (thin black line) with that obtained
with the complete system (thick red line) which provides 15 dB of attenuation a 250 Hz rising to 40 dB at
4 kHz. The second black line labelled “ difference’ shows the reduced passive attenuation of the complete
system compared with the Bilsom ear-defenders done.
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Figures 10A the frequency response and 10B attenuation characteristics of the headset

Magnetic Disturbance

Only smdl digtortions of the magnetic fields near the headphones were visble on tests with phantoms
on a 3T scanner, as can be seen in Figure 11. The extent of these distortions was only about 1-2 cm and
thus should cause no problems for imaging auditory brain areas which are located at a greater depth from
the surface. These distortions appear to be absent from phantom testsusing a 2T scanner.

™

Spatial extent of field distortion

m[ 15cm ) 0.9cm * ) 1.8cm N 15cm
‘ /| )
it I I 1l i
Phantom alone Ear Defenders Headphone/

Defenders

Figure 11: Distortion using EPI. The arrows indicate the vertical and horizontal extent of the field distortion
measured directly from the corresponding phantomimages.

Readio-frequency isolation was necessary to minimise effects of the headphones and its connections
on the sgna-to-noise ratio in the MR scanner, which operates a radio frequencies.
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Figure 12: Susceptibility shownin FLASH

At 3T usng a FLASH sequence (at the Oxford Universty Centre for Functiond Magnetic
Resonance Imaging of the Brain) a smadl susceptibility problem was discovered as indicated by the
darkening of the image in the region of interest shown in Figure 12. This probably semmed from the
copper wire connections to the transducers. The problem has now been overcome by using resstive
(carbon fibre) cabling.

The most recent tests in the Oxford scanner alowed the generation of the field maps shown in Figure
13, showing digtortion to the magnetic fidd a 3T when a phantom with headphones is placed in the
scanner.  Digtortions from the static magnetic field (which is shown in grey) are represented by changes in
pixd intengty (either white or black).

Figure 13: Magnetic field maps at 3T using a phantom with headphones attached.

Mean shift from the static magnetic field is 8.78 Hz (where 42575 MHz = 1 Tedad). When
cdculaed, the mean intendty change was not sgnificantly different from a field map generated using the
Bilsom ear-defenders, suggesting that any minor perturbationsin the magnetic field are probably induced by
the components of the ear-defenders.
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Results using the sound system

Activation of the Auditory Cortex by Speech Sounds

Figure 14: Activation of the auditory cortex by continuous speech presented through the IHR fMRI sound system.
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SPECIAL SAFETY FEATURES

Users of any syssem employing a high-voltage DC polarisation need to have complete confidence in
its safety features. The headphones, as supplied, are gpproved for domestic use and carry the appropriate
CE mak. The fallowing is a list of the additiond safety measures that we have implemented over and
above the BS5724 standard for clinical equipment.

HV Power supply. The headphone/amplifier combination requires 8 mA for operation at peek audio
output. Fast-acting safety circuits in the power supply monitor the output current and if demand
exceeds 10 mA will clamp the high-voltage output to zero and trip a resettable contact breaker cutting
off the power to the HV unit and flashing the HV trip lamp on the front pand.

Amplifier. The audio amplifier supplies both audio and polarisation voltages to the headphone
edements. The polarisation voltage is fed through 10M Ohm resgtors limiting the single fault current to
60 mA. The driven audio lines are fed through high voltage capacitors to provide isolation from the
600V dc supply.

Headphones. To enable the headphones to be used in the MR environment al ferro-magnetic parts
have had to be removed, including the safety grilles. Incorporation of the headphone eements into the
indudtrial ear defenders has meant that the rear of the eement is now fully protected by a solid plagtic
cover. Two layers of insulating materid protect the front of the dement. A coarse nylon grille with
holes large enough to alow good sound transmission without compromising the dectricd safety, and a
fine nylon gauze to prevent ingress of dust or other contamination. The carbon fibre cables to the
headphones are double insulated, the outer layer being thick walled pvc piping to prevent damage to the
cables by abrasion.

Thefirst version of the sound system was built in December 1996. It, and its successors, have been
used reliably and routindy for more than two years in conjunction with a 3T fMRI research scanner housed
in the Physics Depatment at the Univergty of Nottingham. We have obtained reliable activation of the
auditory cortex using both smple and complex sounds as shown in Figure 14. We have dso used the
system to investigate optimal scanner sequences for use in auditory research (Hall, D.A., Akeroyd, M.A.,
Pdmer, A.R., Summerfied, A.Q., Haggard, M.P., Elliott, M.R., Gurney, E. and Bowtell, R.W. (1998)
Optimd sampling of the haemodynamic changes in auditory cortex for functiona magnetic resonance
imaging (fMRI). Neuroimage, 7, S576). Over the last 15 months, the system has been improved
incrementally as experience in its use has accumulated, both in Nottingham, and as a result of tests carried
out in scanners in Sheffield, Oxford and London. The preceding sections describe the current version of
the system, whose design and implementation are now stable.

INSTALLATION INFORMATION

The sound system will work with a PC of reaively modest performance, but it is recommended that
it berunon at least a 100 MHz Pentium PC with a minimum of one ISA dot. A high speed CD-ROM
with digital output is required to ensure accurate synchronization of the sound output with the scanner. The
sysem for the Oxford Universty Centre for Functiond Magnetic Resonance Imaging of the Brain is
supplied complete and fully tested.

17



Setting up the hardware and allocating the necessary

I €éSour Cces

The system requires one 10 port and one interrupt to be dlocated to it. The hardware board inside
the PC has been set up using jumpers for the required resources. Four jumpers select one of the following
16 possible 10 port addresses: 210, 230, 250, 270, 290, 2B0, 2D0, 2F0, 310, 330, 350, 370, 390, 3B0,
3D0, 3F0.

The jumpers have been set to use address 230. These should not be changed.

The interrupt used by the card is selected using a jumper to be one of the following interrupts: 3, 4, 5, 6, 7,
10, 11, 12, 14 or 15.

The jumper has been set to useinterrupt 5. This should not be changed.

The software is not “PLUG AND PLAY” and therefore needs to be informed of the system resources
used. To dlow flexibility and to accommodate the vagaries of some PC clones, the resources are defined
in an initidisation file caled NMRPLAY .INI, which is located in the C\WINDOWS directory. For the
sysem for Cambridge Universty Wolfson Brain Imaging Centre the initidisation file congds of the
following lines

[ Har dwar e]
I nterrupt=5
Control _Port =230

The system is set up to operate through port 0x230 using interrupt 5.

Do not change these settings without consulting IHR — incorrect values will stop the sound system
from working. They could dso cause many other unpredictable mafunctiond

The connections for the 7 pin XLR plug used for attaching remotely are asfollows:
1) Emergency stop button (24Volt operated)

2) Emergency stop button return.

3) Speaker Ground

4) Push-to-talk

5) Microphone Ground

6) Microphone feed

7) Speaker feed

Installing the software

The software ingtdlation is a two-stage procedure. First insert DISK1 and run A:\SETUP.EXE. Follow
the ingructions on the screen. When SETUP.EXE finishes insart DISK2 and run ANINSTALL.BAT.
You should get a message “DIIRegister Server in tvichw32.0cx Succeeded’. Rebooting the machine
completes the inddlation. The executable file is cdled NMRPLAY.EXE and is found in the
C\NMR\MARKS5 directory.

18



DEMONSTRATION COMPACT DISK

To demondtrate the use of the IHR sound system for fMRI, the CD contains 25 waveform files of
continuous spoken speech (speechl.wav, speech2.wav, €tc).

The duration of each file is exactly 20 seconds. They span a continuous reading of a complete prose
text. The text was read by a male reader, at a natural pace and with a natura prosody. The files overlap
dightly with the preceeding file in order to remind the listener of the sense of the text.

An example playlist (‘ playlist.Ist”) is dso provided. This ligs dl 25 speech files, in numerica
order, and isintended to be used as a demongtration of a smple “on-off-on-off” fMRI experiment.

To run the demondtration:

() Load playligt from the CD.

(i) Cdculate the number of dices (and hence triggers) that will occur during each 20 second stimulus
(“on™).

(ii1) Set the “Number of Triggers’ to twice the number of trigger in 20 seconds in order to provide 20
seconds of intervening sllence (“off”).

(iv) Set the “Pre-triggers’ to be the number of dices (and hence triggers) in afull scan (or volume)

(v) Set the “Delay” to zero.

(vi) Select triggered play.

The simulus sequence will start on recaiving the fird trigger from the scanner.
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