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Abstract 

Magnetic resonance imaging (MRI) has revolutionized the field of cognitive neuroscience as it 

allows researchers to noninvasively map brain function in response to stimulus or task demands. 

However, the acquisition of MR images generates substantial acoustic noise, so that imaging 

studies of speech, language and hearing are problematic.  

 

One proven solution for reducing acoustic noise in MRI scanners is the use of micro-perforated 

panels placed in the bore of the scanner.  They can be applied to existing scanners with minimal 

cost and are suitable for sterile environments.  Although these panels result in quantifiably lower 

noise levels, measured with microphones in an empty MRI, the improvement has not been 

quantified with a patient in the scanner bore, which dramatically affects the acoustic noise field. 

 

This thesis tested the reduction of noise inside the MRI environment using a previously designed 

micro-perforated acoustic absorber panel.  These panels resulted in quantifiably lower noise 

levels with a volunteer in the scanner bore, however the reduction was not sufficient for 

significant differences in volunteer perceptions. Volunteers were generally unable to perceive a 

difference in noise between scans with and without absorbers and no reduction of fatigue was 

observed.  Also no significant change in cortical activity was found between scans done with and 

without absorbers during an auditory function MRI study.  Further testing could include 

designing a micro-perforated acoustic absorber for a specific scan sequence for maximum 

attenuation.  
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Chapter 1- Introduction 

1.1 Purpose of Research 

Magnetic resonance imaging (MRI) is an extremely versatile imaging modality which allows for 

non invasive imaging of the brain like no other imaging method.  However, the acquisition of MR 

images generates substantial acoustic noise capable of causing hearing damage to the individual 

being scanned and anyone else in the scanner environment. 

The goal of this research is to reduce the noise experienced by individuals being scanned during 

MRI using a micro-perforated acoustic absorber panel.  While this noise reduction is beneficial 

for patient comfort and safety during all imaging sessions, this noise reduction would be 

particularly beneficial during auditory functional magnetic resonance imaging (fMRI) studies as 

it may make stimuli easier to hear and reduce noise induced activity in the auditory cortex.  These 

panels can be easily adapted to existing scanners, do not affect imaging paradigms, and are not 

limited in effectiveness by bone conduction hearing.  They are also a very cost effective solution 

and, once designed, do not take technical expertise to implement and maintain.  

Micro-perforated panel absorbers have been successfully used to control noise in many 

applications and have recently been found effective at reducing noise in the MRI environment. 

Previous effectiveness of the absorber was determined using a microphone in an empty scanner 

bore, so the goal of this research is to further test the effectiveness of these panels in a more 

realistic auditory fMRI study with an individual present in the scanner bore.  The benefit of 

imaging with these absorber panels installed can be determined by microphone, volunteer fatigue 

reduction, volunteer perceptions, and blood oxygen level dependent (BOLD) response to auditory 
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stimuli.  Therefore the actual noise reduction and conscious and unconscious perception of noise 

reduction created by the micro-perforated panel absorber can be determined.  

1.2 Organization of Thesis 

This thesis has been written in manuscript style to facilitate publication of results. The following 

is an outline of the four chapters in this thesis: 

• The current chapter provides background information about MRI, functional magnetic 

resonance imaging (fMRI), MRI acoustic noise, and a review of previous research aimed 

at reducing MRI acoustic noise. 

• The second chapter is a standalone summary of acoustic measurements taken with a 

microphone to determine how effective micro-perforated panel absorbers are at reducing 

MRI scanner noise. 

• The third chapter is again a standalone summary discussing the absorbers effectiveness in 

terms of volunteer perception, fatigue reduction, and improvement in results obtained 

during an auditory fMRI experiment. 

• The fourth and final chapter provides an overall summary of results obtained in chapters 

two and three along with a discussion of limitations and future work. 

1.3 Introduction 

This chapter provides general background information about Magnetic Resonance Imaging (MRI) 

and functional Magnetic Resonance Imaging (fMRI).  It also outlines why MRI scanners can 

generate large amounts of acoustic noise and provides an overview of current research into 
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reducing this noise.  Finally the theory behind micro-perforated acoustic absorber panels, the 

noise reduction strategy used in this thesis, is discussed.  

1.4 Overview of Magnetic Resonance Imaging (MRI) 

Magnetic resonance imaging (MRI) has revolutionized the field of cognitive neuroscience.  It 

allows researchers to noninvasively map brain function in response to stimulus or task demands. 

The following provides a brief look at the science of MRI necessary in understanding how 

acoustic noise is generated during scanning. 

MRI scanners produce a strong stationary magnetic field by use of a superconducting coil bathed 

in liquid helium.  When an individual is placed into this field, the hydrogen atoms in their body 

orient parallel or antiparallel to this magnetic field.  Due to a favorable energy state, more 

hydrogen atoms align parallel than antiparallel creating a net magnetization Mo parallel to the 

static field Bo.  Inside the body these hydrogen atoms are primarily found in water and fat, which 

are found in abundance in the brain.  

While it is said that the hydrogen atoms align to the magnetic field, they are in fact precessing 

around the static magnetic field at the Larmor frequency, which is determined by the nuclei type 

and field strength.  For a hydrogen atom in a 3T magnetic field this precession frequency will be 

approximately 128 MHz.  No further reference to this precession will be made in this section, 

however the reader should keep this fundamental fact in mind when the direction of the Bo field is 

discussed.  

The essence of MRI is to tip this magnetization away from alignment with Bo into the transverse 

plane so that it can be detected.  To tip Mo away from Bo, a perpendicular magnetic field is 

applied (B1) which is rotating at the Larmor frequency.  The rotation of the perpendicular field 
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makes use of nuclear resonance allowing Mo to be tipped away from Bo.  Once tipped into the 

transverse field the magnitude of the net magnetization can be measured. For studies of the brain 

the transverse magnetization is measured  using a head coil as shown below in Figure 1. After the 

perpendicular magnetic field is turned off the magnetization begins to relax back into parallel 

with Bo.  The time this takes is called the relaxation time and differs by tissue type and condition 

inside the body.    Different relaxation times among tissue types allows for contrast in images to 

be obtained. 

 

Figure 1: Technician placing head coil on individual being scanned1. To image the brain, the head is 

placed in the iso-center of the magnet by sliding the volunteer into the scanner.  

                                                      
1 Source of the picture: http://www. healthcare.siemens.com 



5 

 

The discussion of the transverse magnetization of all hydrogen atoms present in the body does not 

account for location.  To gather spatial information during imaging, gradient coils are used to 

modulate the strength of the static magnetic field based on position.  Without going into too much 

detail, this allows for a signal to be obtained from a single “slice” and provides a coordinate 

system to the locate signal within the 2D slice.  These gradient fields are often applied rapidly to 

acquire and encode enough slices for sufficient detail of the anatomy in a short period of time.  

Increasing the strength of gradient fields allows for finer resolution in the images, but, as will be 

discussed later, this leads to an increase in acoustic noise generated.   

For numerous reasons, there is an interest in reducing imaging acquisition time.  A commonly 

used technique of quickly acquiring image data is through the use of echo-planar sampling to 

produce echo-planar images (EPI).  This method employs rapid gradient switching to acquire 

images quickly at the cost of decreased image quality and increased scanner noise.  

1.4.1 Functional MRI (fMRI) 

Functional MRI (fMRI) refers to the study of neural function typically measured indirectly by 

using blood oxygen level dependent (BOLD) contrast. The exact physiological origins of BOLD 

contrast are still under debate, however the following section provides a brief overview of how 

neural activity can be measured using MRI. 

While MRI is based on the magnetic properties of hydrogen, fMRI is based on the magnetic 

properties of iron in hemoglobin (a molecule found in red blood cells used to transport oxygen in 

the human body).  When hemoglobin is carrying oxygen it is has a weak magnetic effect, 

however when hemoglobin is not bound to oxygen it has a stronger magnetic effect.  This 

magnetic effect in deoxyhemoglobin disturbs the magnetic field in surrounding tissues causing a 
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decrease in relaxation time and allowing for contrast between relaxation times to be imaged.  

How does this method of measuring blood oxygen level relate to neuronal activity? Again the 

exact mechanisms are still under debate, but it is understood that when neural activity increases, 

the blood supply to that region also increases resulting in a higher ratio of oxyhemoglobin to 

deoxyhemoglobin.  This may seem counterintuitive, as it would be expected that an increase in 

neural activity requiring oxygen results in an increase in deoxyhemoglobin, however regions of 

increased activity are supplied with more than enough oxygen to counteract the consumption by 

neurons.  In summary, regions of greater neuronal activity contain a greater proportion of 

oxyhemoglobin in the blood, which has a longer relaxation time.  This longer relaxation time can 

be exploited to produce images which show more signal from regions of higher activity.   

1.5 Noise Produced by MRI 

The primary noise source during MRI is the gradient coil and surrounding equipment. As 

mentioned previously, during imaging a series of gradient fields are transiently applied to give 

spatial information to the measured signal. To produce these fields, current is passed through a 

coil which is located inside the strong stationary magnetic field of the magnet. This current inside 

a magnetic field produces Lorentz forces which result in vibrations and acoustic noise. The larger 

the current in the coils the larger the Lorentz forces acting on the coil, which results in louder 

noise. As the current in the coils is switched on and off, the forces acting on the coils are also 

switched on and off causing the coils and surrounding equipment to vibrate.  The current trend 

towards higher field strengths means that acoustic noise concerns will continue to increase 

(Moelker, Wielopolski, and Pattynama, 2003). 

MRI scanners allow clinicians and researchers to non-invasively gain information about the 

human body, however the noise they generate while scanning can pose a problem for patients and 
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researchers.  The noise levels during imaging have been measured at well over 100 dB and as 

loud as 138 dB (Counter, Olofsson, Grahn, and Borg, 1997; Mechefske, Geris, Gati, and Rutt, 

2002; Shellock, Mokhtar, Atkinson, and Chen, 1998).  These levels pose a severe health and 

safety risk to anyone inside the MRI environment (Brummett, Talbot, and Charuhas, 1988; 

Foster, Hall, Summerfield, Palmer, and Bowtell, 2000;  Ravicz, Melcher, and Kiang, 2000).  To 

prevent hearing damage, anyone inside the scanner room is required to wear personal protective 

equipment such as ear plugs or defenders.  In addition to safety concerns, the noise can lead to 

increased levels of patient anxiety during imaging (Quirk, Letendre, Ciottone, and Lingley, 

1989). This heightened anxiety may also be due to the fact that communication during scanning is 

impaired due to the high levels of noise.  This barrier to communication can be particularly 

problematic during fMRI as providing task instructions and feedback are made more difficult 

during scanning.  

This noise has also shown to be problematic for fMRI studies since it interferes with stimulus 

delivery, image quality, and produces unwanted BOLD signal in the auditory cortex (Bandettini, 

Jesmanowicz, Van Kylen, Birn, and Hyde, 1998; Elliott, Bowtell, and Morris, 1999; Foerster, 

Tomasi, and Caparelli, 2005; Foster et al., 2000; Hall, 2006; Hedeen and Edelstein, 1997; 

Shellock et al., 1998; Talavage, Edmister, Ledden, and Weisskoff, 1999).  Any noise produced by 

the scanner creates a baseline level of activation in auditory pathways of the brain, which limits 

the dynamic range of responses induced by experimental auditory stimuli.  This noise has been 

shown to have confounding effects in the primary auditory cortex (Bandettini et al., 1998) and 

associated non-primary regions (Hall et al., 2000; Hu et al., 2010).  This noise can also mask the 

auditory stimuli presented, making it more difficult for volunteers to hear stimuli presented to 

them.  Therefore listening to these stimuli may require effort to ascertain what is being presented.  
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This means that any studies attempting to understand how humans process sound are complicated 

by the noise generated by the scanner.   

1.6 Noise Reduction Methods Summary 

As MRI acoustic noise poses such a problem, many studies have been attempted with the goal of 

reducing this noise. The current methods for achieving this fall into four main categories: 

changing the imaging sequence or parameters, active noise control (ANC), modifying the 

gradient coil or supports, and finally, the method employed in this thesis, passive attenuation.  A 

good general review of noise reduction methods can be found by Amaro and Mechefske (Amaro 

et al., 2002; Mechefske, 2008).  Below is a summary of results for each method.  While the 

following discussion deals with different noise control methods separately, some of the largest 

noise reductions have been achieved when two or more different control strategies are employed 

together.   

1.6.1 Imaging Methods 

One of the most common methods for reducing MRI acoustic noise is to change the imaging 

paradigm or settings as no additional equipment is required and this can be implemented on any 

imaging system.  Changing the imaging paradigm involves acquiring images only during discrete 

portions of the experiment to allow for stimulus delivery or communication during non-

acquisition times. Altering the imaging settings typically involves passing current through the 

gradient coil in such a way as to minimize forces on the gradient coil during imaging.   

One method of changing the imaging paradigm is sparse temporal acquisition.  This works by 

clustering a series of data acquisitions to prevent activation from the scanner itself being detected. 

This is done by exploiting the latency of the hemodynamic response (Edmister, Talavage, 
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Ledden, and Weisskoff, 1999).  By spacing acquisitions far apart in time in relation to the peak of 

the hemodynamic response interscan interference can be reduced (Hall et al., 2000).  Sparse 

temporal sampling (STS) combines these two methods to limit the effects of scanner noise on 

functional auditory experiments (Hall et al., 1999).  To improve the temporal resolution of these 

methods interleaved silent steady state (ISSS) imaging is used (Schwarzbauer, Davis, Rodd, and 

Johnsrude, 2006).  During the silent periods between acquisitions this technique keeps the 

longitudinal magnetization in steady state using silent slice-selective excitation pulses.  It was 

found that ISSS exhibited the highest sensitivity in detecting subtle activity in sub-cortical brain 

regions when compared to STS (Mueller et al., 2011).  Blackman recently reconfirmed that sparse 

acquisition gives an improvement over traditional continuous imaging with and without active 

noise cancellation (ANC)  (Blackman and Hall, 2011). 

Changing the gradient pulses to minimize acoustic noise is another common noise reduction 

strategey.  It typically involves either (1) changing the shape of the gradient pulse to gradually 

alter the currents passed through the coils, thus reducing impulse forces; or (2) selecting gradient 

pulses so that induced forcing functions will not resonate at any natural frequencies of the 

gradient coil or support.  An early method was to filter gradient pulses to ensure no gradient 

pulses will align with a structural resonance of gradient coil and sinusoidal ramps were added to 

the sequece to obtain a 40 dB reduction in noise for conventional acquisition (Hennel, Girard, and 

Loenneker, 1999).  Using similar methods, others have tested silent gradient pulses during fMRI 

experiemnts and have found around a 12-22 dB reduction in noise with more robust acitvation of 

the auditory cortex in response to stimuli and decreased listening effort (Peelle, Eason, Schmitter, 

Schwarzbauer, and Davis, 2010; Schmitter et al., 2008; Segbers, Sierra, Duifhuis, and Hoogduin, 

2010; Tomasi and Ernst, 2003; Yetkin, Roland, Purdy, and Christensen, 2003). 
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While these methods are easily employed as no additonal equipment is needed, they typically 

increase scan times and limit the flexiblity of experiments that can be performed.  By only 

aquiring data at certain intervals, the number of data points and hence statistical power is limited. 

To acquire the same number of volumes as would be acquired during continuous imaging, 

experiments using sparce acquisition must be longer which leads to decreased volunteer comfort 

and attention, and increased experimental costs as more scanner time must be used.  Changing the 

gradient sequences imposes limits on sequence settings, reducing the flexibility of the types of 

scans that can be done. 

1.6.2 Active Noise Cancellation (ANC) 

Another common area of research to reduce scanning acoustic noise is the use of active noise 

cancellation (ANC).  ANC works by creating opposite in phase noise which destructively 

interferes with impinging sound cancelling the two noise sources into relative silence.  This can 

be employed by use of headphones or external speakers to create a zone of silence.  One of the 

early hurdles for this method was developing systems that could function in the strong magnetic 

field present during MRI.  Studies have found an average reduction in noise from 10 to 20 dB 

with a reduction in peak frequency up to 30 dB; generally these systems are  more effective at 

low frequencies than at high frequencies (Chambers, Bullock, Kahana, Kots, and Palmer, 2007; 

John Chambers, Akeroyd, Summerfield, and Palmer, 2001; Cho, Chiueh, Lin, Chen, and Chen, 

2007; McJury, M., Stewart, R.W., Crawford, D., Tomal, 1997).  During an auditory fMRI study 

Blackman found ANC provided a subjective increase in stimulus clarity and decrease in listening 

effort, and a decrease in background noise.  Through a region of interest (ROI) analysis it was 

also found that ANC provided significantly more activation in Heschl's gyrus and the planum 
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polare (Blackman and Hall, 2011).  Li was able to show a 13 dB reduction for an EPI sequence 

using ANC headphones (Li, Rudd, Lim, and Lee, 2011). 

Other than the limited effect ANC has on high frequencies, one of the main limitations of ANC 

headphones is sound by-passing the system through bone conduction hearing (Moelker, Maas, 

Vogel, Ouhlous, and Pattynama, 2005).  The attenuation achieved through ANC headphones will 

always be limited by the amount of noise still travelling to the individual's inner ear via bone 

conduction.   

1.6.3 Gradient Coil and Supports 

Another method of reducing MRI acoustic noise that is of particular interest to the designers of 

new imaging hardware, is the redesign of gradient coils and their supports.  This method is most 

advantageous as it treats the noise problem directly at the source.  Unfortunately these methods 

are difficult and expensive to implement on existing scanners.  Many different ideas have been 

implemented and have met with varying degrees of success.  Sealing the gradient coil in an 

independently supported vacuum chamber has been attempted but significant noise was still 

generated by other components vibrating by induced eddy currents (Edelstein et al., 2002; 

Katsunuma et al., 2002).  The use of non-conducting components and shielding have been 

implemented to reduce vibrations induced by eddy currents (Baig et al., 2007; Edelstein et al., 

2002).  By combining these methods, a reduction in noise up to 20 dB has been achieved.  

Roozen achieved an overall reduction of 3 dB using a series of piezo-electric actuators to counter 

balance the gradient coil vibrations (Roozen, Koevoets, and den Hamer, 2008).  The winding of 

the gradient coil has also been modified to counter-act the Lorentz forces acting without 

canceling the field strength completely (Mansfield and Haywood, 2000).  
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1.6.4 Passive Attenuation 

The last category of methods used to reduce MRI acoustic noise is the use of passive attenuators. 

These aim to limit the transmission of sound from the source to the receiver. These methods are 

often cost effective and relatively easy to install, sometimes however they have the disadvantage 

of making the scanner bore smaller.  As claustrophobia during imaging can be problematic 

(Eshed, Althoff, Hamm, and Hermann, 2007) and MRI manufacturers are striving to create ever 

large scanner bores to accommodate professional athletes and an increasingly obese population, 

some may be leery of any reduction in bore size. To protect against hearing loss many studies 

employ ear plugs or ear defenders as a bare minimum. Either of these can have speakers installed 

allowing for communication or stimulus delivery to occur without attenuation. Due to their low 

cost and simplicity these methods are almost always employed, often in conjunction with other 

methods.  

The following methods have been tested and proven successful at reducing scanner acoustic 

noise. A sound attenuating helmet was constructed to limit the effects of bone conduction sound 

transmission and when used in conjunction with ear defenders and ear plugs produced 60-80 dB 

reduction in noise based on frequency (Ravicz and Melcher, 2001).  A fiberglass cylinder covered 

in urethane foam installed inside the gradient coil reduced the overall SPL by 17 dB with an 

additional 5 dB reduction obtained by using an attenuating end cap placed at one end of the bore 

during an EPI scanning sequence (Mechefske et al., 2002).  Thick layers of sound absorber 

fiberglass placed inside the bore of the scanner also produced a 10 dB reduction in SPL during an 

EPI scanning sequence (Moelker, Vogel, and Pattynama, 2003).  By utilizing an acoustic hood 

during neonatal imaging a 13 dB reduction in SPL was achieved during an EPI scanning 
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sequence (Nordell et al., 2009).  Finally the use of micro-perforated acoustic absorber panels has 

been investigated by Li, and this is discussed in the following section ( Li and Mechefske, 2010). 

1.7 Micro-Perforated Acoustic Absorber Panels 

A micro-perforated panel consists of a thin sheet of material with a series of small diameter holes 

passing through the full depth of the panel.  The spacing of the holes should be much larger than 

their diameter but small in relation to the wavelength of impinging sound.  When the panel is 

placed before a solid surface it forms a micro-perforated absorber panel (Maa, 1975).  These 

panels have been used extensively in many noise control applications and have recently been used 

to reduce acoustic noise generated by MRI scanners (Li, 2010).  The following will provide a 

brief overview of the theory behind these absorber panels. Previous work designing and testing 

the panels used in this experiment was done by Li.  

1.7.1 Theory and Design 

As the goal of this project was to test an absorber panel previously designed by Li, and not to 

design one, only the fundamental governing equations related to use inside a cylindrical MRI will 

be covered as presented by Maa (Maa, 1998).  The acoustic impedance of the micro-perforated 

panel is below in Equation 1. 

� =
32ηt���

��1 +
��

32
��� + √2

32
� �	
 + � ��	� �1 + �� +

��

2
���� + 0.85

�	
																					(1) 

Here k is termed the perforation constant and is defined by Equation 2. 

� = ����/(4η)																																																																				(2) 
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In the above expressions in order of appearance, η is the viscosity of air, t the thickness of the 

panel, p the percentage of perforation, d the diameter of the perforation holes, ω the angular 

frequency, and ρ0 the density of air. These physical properties can be visualized below in Figure 

2.  

Once fixed in front of a solid surface so that a cavity of air is formed behind the system, a micro-

perforated panel absorber is formed.  Assuming normal incidence, the absorption coefficient is 

shown below in Equation 3 where D is the thickness of the air cavity, co is the speed of sound in 

air, and r and m are the real and imaginary components of the of the acoustic impedance found in   

Equation 1.  

� =
4�

(1 + �)� + (�� − ��	(��/��))� 																																																			(3) 

 

Figure 2: Important dimensions for design of micro-perforated acoustic absorber panel. Dimensions shown 

are: t the thickness of the panel. d the diameter of the perforation holes, and D the thickness of the air cavity 

formed between panel and solid surface.  
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One of the main advantages of the micro-perforated acoustic absorber panel is that it is a wide-

band sound absorber.  Designers must strike a balance between how wide the effective frequency 

band will be versus how much absorption the panel is able to provide.  The absorber can be 

designed to be somewhat effective over a broad frequency spectrum or highly effective over a 

narrower noise spectrum.  

Other important design criteria for use inside an MRI scanner involve the panel material, support, 

and length.  For use in the MRI environment the panel should be made of a non-magnetic 

material such as plastic or aluminum.  As the theory assumes the panel itself is not vibrating, 

having a stiffer material will decrease any transmitted vibrations keeping the panel more in line 

with theoretical performance.  Another consideration in reducing the panel's vibration is the 

support used to produce the air chamber behind the panel. The supports should be rigid enough to 

maintain an appropriate cavity depth but should also prevent vibrations of the inner surface of the 

scanner from being transmitted to the panel.  Finally the length of the panel has been shown to 

reduce the noise level at the iso-center of the scanner much more than at the ends of the scanner 

(G. Li, 2010).  Therefore the absorber panel should be as long as the scanner bore to minimize the 

noise experienced by individual in the scanner bore.  

1.7.2 Previous Work 

As mentioned, the panels used in this experiment were previously designed and tested by Li (Li, 

2010).  After testing a series of different panels in an impedance tube and MRI bore mock-up, 

one design was selected to be tested in an actual MRI scanner.  These tests were conducted in an 

empty scanner bore and only under a single imaging sequence using a 3T Siemens MAGETOM 

Trio scanner.  Following is a summary of the results relevant to this thesis.  
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First, it was found that with both absorbers installed or removed the acoustic noise produced 

during imaging is greatest at the iso-center of the magnet.  As the magnetic field is designed to be 

most uniform at the iso-center, this is unfortunately where the individual's head is placed.  This 

means that during auditory fMRI experiments volunteers ears are exposed to the highest noise 

levels inside the scanner bore.  However it was also found that panels produce the largest 

reduction in noise in the iso-center of the magnet.  As will be discussed in more detail in Chapter 

2, in this study measurements were taken away from the iso-center of the magnet to avoid 

creating artifacts in the imaging data.  Therefore the measured reduction in noise caused by the 

panels and overall noise level measured would be less than expected at the iso-center of the 

magnet.  

Li chose a micro-perforated absorber panel which had the greatest absorption in the 1100-1600 

Hz range.  This was based on the most dominant spectral peaks found previously in the literature. 

The current thesis shows that this absorption band should be carefully chosen based on the 

scanner type and imaging sequences most often used.    

1.8 Summary 

The goal of this project is to test the efficacy of a previously designed micro-perforated absorber 

panel at reducing MRI acoustic noise during imaging.  Ideally, this  absorber  would be suitable 

for use in various scanners under a variety of scanning conditions and not designed specifically 

for  a particular study or set of parameters. This would be beneficial since  users could operate the 

scanner to obtain the images required without concern for what noise is being created and if the 

attenuator will be effective.  



17 

 

To build on the work done by Li, the  effectiveness of the panel was measured with an individual 

in the scanner bore during an auditory fMRI experiment. This allowed the efficacy to be indexed 

by using a variety of measures including recordings taken with a microphone, volunteer 

perceptions, volunteer fatigue during scanning, and finally changes in BOLD signal during an 

auditory fMRI study. Having an individual in the scanner bore changes the acoustic field so more 

realistic measurements could be taken compared to previous work done in an empty scanner.  
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Chapter 2 - Acoustic Measurements 

2.1 Abstract 

Purpose: To measure the effectiveness of a previously designed micro-perforated panel (MPP) 

acoustic absorber at reducing Magnetic Resonance Imaging (MRI) scanner acoustic noise, using 

auditory functional magnetic resonance imaging (fMRI) and various scanning parameters with an 

individual in the scanner bore. 

Methods: Acoustic measurements were taken during a fMRI experiment with and without the 

absorber installed, with 29 different volunteers. Additionally, the effectiveness of the absorber 

was tested under various scanning parameters with a single volunteer in the scanner bore. 

Results:  The experimental results confirm that the panels reduce scanner noise. A 12dB peak 

reduction was obtained during an MPRAGE scan with a volunteer in the bore of the magnet. The 

functional EPI scan which had dominant spectral peaks below the designed absorption bands had 

a peak reduction of 5dB.  

Conclusion:  This study shows that an MPP absorber is effective at reducing the acoustic noise in 

MRI scanners.  However, the effectiveness could be improved by designing the acoustic absorber 

based on scanner type and scanning parameters.     

2.2 Introduction 

Magnetic resonance imaging (MRI) can create high levels of acoustic noise. This noise has been 

shown to be detrimental to patient comfort and safety (Brummett, Talbot, and Charuhas, 1988; 

Foster, Hall, Summerfield, Palmer, and Bowtell, 2000; Quirk, Letendre, Ciottone, and Lingley, 

1989). This acoustic noise has also been shown to be problematic for functional magnetic 

resonance imaging (fMRI) studies since it interferes with communication, stimulus delivery, 
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image quality, and produces unwanted blood oxygenation-level dependant  (BOLD) signal in the 

auditory cortex (Bandettini, Jesmanowicz, Van Kylen, Birn, and Hyde, 1998; Elliott, Bowtell, 

and Morris, 1999; Hall, 2006; Talavage, Edmister, Ledden, and Weisskoff, 1999).  

Scanner acoustic noise is primarily produced by the gradient coil and supporting structures. As 

images are acquired, rapidly alternating currents are passed through the gradient coils of the 

scanner. Since these coils are located within the strong stationary magnetic field of the scanner, 

the rapidly alternating currents generate rapidly alternating Lorentz forces which cause the 

gradient coils and surrounding equipment to vibrate producing acoustic noise. The trend towards 

higher field strength in scanners and larger gradient strengths means that acoustic noise during 

imaging is likely to become increasingly problematic (Moelker, Wielopolski, and Pattynama, 

2003). 

The spectrum of broadband noise that is produced during scanning depends on the hardware and 

type of scanner used as well as the scanning parameters employed (Mechefske, Wu, and Rutt, 

2002; More et al., 2006). The largest acoustic response is generated when the forcing function 

applied to the gradient coil coincides with a structural natural frequency of the gradient coil 

assembly. As a result the spectrum of acoustic noise will differ based on the scanning parameters 

used, but will contain resonant harmonics based upon the inherent natural frequencies of the 

gradient coils used (Sellers, Pavlidis, and Carlberger, 1996). For echo planar imaging (EPI), the 

readout gradient switches at a rate that is typically below 1 kHz, generating a series of low-

frequency, harmonically related peaks that rise from a background of broadband noise (Blackman 

and Hall, 2011). 
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Numerous studies have attempted to reduce the acoustic noise by using passive attenuation 

(Mechefske, Geris, Gati, and Rutt, 2002; Moelker, Vogel, and Pattynama, 2003; Nordell et al., 

2009; Ravicz and Melcher, 2001), active noise cancellation (ANC) (Chambers, Bullock, Kahana, 

Kots, and Palmer, 2007; Chambers, Akeroyd, Summerfield, and Palmer, 2001; Li, Rudd, Lim, 

and Lee, 2011; McJury, Stewart, Crawford, Tomal, 1997), modifications to the gradient coil 

(Baig et al., 2007; Edelstein et al., 2005; Shao and Mechefske, 2005) or supporting structures 

(Katsunuma et al., 2002; Roozen, Koevoets, and den Hamer, 2008), modifying the scanning 

paradigm (Edmister, Talavage, Ledden, and Weisskoff, 1999; Hall et al., 1999; Loenneker, 

Hennel, Ludwig, and Hennig, 2001; Peelle, Eason, Schmitter, Schwarzbauer, and Davis, 2010; 

Schmidt et al., 2008) or gradient pulses (Hennel, Girard, and Loenneker, 1999; Schmitter et al., 

2008; Segbers, Sierra, Duifhuis, and Hoogduin, 2010; Tomasi and Ernst, 2003). All of these 

methods have been shown to reduce acoustic scanner noise to some degree but each method has 

inherent limitations. ANC and ear defenders are limited by the sound transmitted through the 

head and body to the inner ear (Berger, Kieper, and Gauger, 2003; Moelker, Maas, Vogel, 

Ouhlous, and Pattynama, 2005; Ravicz and Melcher, 2001).  Modifications to the gradient coil or 

supports would ultimately solve the root cause of the scanner acoustic noise, but are difficult or 

impossible to implement on existing clinical scanners.  Lastly, modifying the scanning paradigm 

or gradient pulses requires a balance between acoustic noise reduction and other important 

imaging criteria such as acquisition time or image quality.  

One proven way to reduce noise is to install micro-perforated acoustic absorber panels inside the 

bore of the scanner (Li and Mechefske, 2010). A set of MPP panels were designed and fabricated 

with a structure that was optimized to produce attenuation bands above 1100Hz, useful for 

reducing scanning noise during an MPRAGE (Magnetization Prepared Rapid Acquisition with 

Gradient Echo)  scan, and tested with this particular scan sequence on a single scanner. Although 
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these panels result in quantifiably lower noise levels, measured with microphones in an empty 

MRI, the improvement has not been quantified with a volunteer in the scanner bore or under 

different scanning conditions. The purpose of this study is to test the panels during (1) an auditory 

functional MRI study (fMRI) and (2) under a variety of different scanning configurations all with 

a volunteer inside the scanner bore.  This chapter discusses the acoustic measurements taken with 

a microphone in the scanner bore, but additional measures of noise reduction such as volunteer 

perception and BOLD response are discussed in Chapter 3. 

2.3 Materials and Methods 

Micro-perforated acoustic paneling was placed inside the bore of a Siemens MAGNETOM Trio 

3T whole body MRI scanner located in the Queen’s University MRI facility. The paneling was 

placed inside the bore as described by Li (Li and Mechefske, 2010). The paneling was made up of 

0.762 mm thick polycarbonate, laser perforated with holes 0.300 mm in diameter equally spaced 

to cover 1.5 percent of the panel surface area. The panel was mounted inside the scanner bore as 

shown in Figure 3, with a 25 mm air gap provided by  closed cell polyethylene foam supports 

which had a density of 2.2 pcf.  
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Figure 3: Installation of micro-perforated acoustic absorber panel inside the bore of a MRI scanner. The 

absorber panel is supported with three semi-circular foam supports. The panel lines the inside of the 

scanner from one edge of the patient bed to the other.  

Data were collected from 29 normal, healthy volunteers (16 female, ages 18–30, mean age 22). 

All participants were right-handed, native English speakers, with reportedly normal hearing and 

no neurological disorders.  All subjects gave written informed consent for the experimental 

protocol, which was cleared by the Queen's Health Sciences Research Ethics Board. 

An auditory fMRI study was conducted using a gradient echo scan with EPI data acquisition 

using the following parameters: TR=2100ms, TE=30ms, FOV=196mmx196mm, 34 slices, 

3.1mm slice thickness, 78° flip angle, BW=2232 Hz/Px, matrix = 64x64.  This auditory study was 

performed using 29 different volunteers. In addition, the performance was tested under a variety 

of different scanning conditions with one volunteer. Scans were selected based on parameters 
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typically used in the literature and are listed below in Table 2.  These consisted of common MRI 

methods and several EPI sequences done with varying echo times (TE 20-40ms) and receiver 

bandwidth (90-200kHz). This was to test the panel effectiveness under common scanning 

sequences, but also to generate different noise spectra to determine how much reduction the 

absorber can provide. Varying the echo-time was not expected to change the spectrum of the 

noise produced, but was done to investigate work done by More which suggested reducing the 

echo time leads to an increase in scanner noise (More et al., 2006).   

2.3.1 Acoustic Data Acquisition  

Measurements were taken with a free-field one-half inch condenser microphone (B&K 4190) 

located behind the head coil along the central axis of the bore to prevent any artifacts in imaging 

data as shown in Figure 4. For the measurements reported, the long axis of the microphone was 

aligned with the axis of the scanner bore and was pointed towards the top of the volunteer's head. 

An electrically shielded cable ran from the magnet room to the control room where the signal was 

amplified using a preamplifier (G.R.A.S. Type 26AC) and collected using a dynamic signal 

analysis system (LDS Dactron Photon II).  The measurement system was calibrated before and 

after each session (ACO Pacific 511E). Measurements consisted of 400 linear averages taken 

over 40 seconds with a sampling rate of 20,480 Hz. This allowed the performance of the panels to 

be tested within the frequency range characteristic of human speech: 200-4000Hz.  
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Figure 4:  Position of microphone used for acoustic measurements2. Microphone is located along the 

central axis of the scanner bore, but placed  behind the head coil to prevent imaging artifacts and volunteers 

seeing the microphone.  

2.3.2 Data Processing 

Data were analyzed using dynamic signal analysis software (LDS Dactron RT Pro Photon). A 

Fast Fourier Transform (FFT) with 8,192 FFT points and a Hanning window was used to 

visualize the spectral components of the acoustic noise. A 120 Hz high-pass filter was used to 

remove power line interference which was present even outside the magnet room (Mechefske, 

2008). As the total acoustic noise mainly depends on the first few harmonics (Mechefske, 2008; 

Shou et al., 2010) the effectiveness of the panels was measured by determining the peak 

difference for the first few dominant peaks.  All sound level measures are given with respect to a 

reference pressure of 20x10-6 Pa. Results are presented using the un-weighted dB scale, since any 

comparison between absorbers present and absent will remain the same regardless of weighting 

                                                      
2 Image modified from http://www.healthcare.siemens.com 
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scale used. The appropriate weighting scale to apply would be the dBC scale since noise levels 

exceed 100 dB, this weighting however has a fairly flat response and it not commonly presented 

in the literature. 

2.4 Results 

The absorber panel was tested during an auditory fMRI study with 29 different individuals in the 

scanner bore. The power spectrum of the fMRI sequence used is shown below in Figure 5, note 

the dominant spectral peaks at 780 Hz and 1000 Hz. A sample spectrum of the fMRI study EPI 

scan sequence is shown in Figure 6. The most dominant peaks occur at 780 and 1000 Hz. Sample 

values of peak reduction are listed in Table 1. A one tailed paired t-test showed that the panels 

provided significant attenuation (P < 0.001). 

 

Figure 5: Power spectrum of fMRI study scan sequence.  
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Figure 6: Comparison of sound pressure level versus frequency during the fMRI study. Vertical lines 
indicate designed noise-reduction band. 

 

Table 1: Sample values of absorber reduction at peak frequencies of 780 Hz and 1000 Hz during  the fMRI 
study. 

 780 Hz Peak 1000 Hz Peak 

Volunteer 

SPL 
Without 
Absorber 

(dB) 

SPL With 
Absorber 

(dB) 

Reduction 
(dB) 

SPL 
Without 
Absorber 

(dB) 

SPL With 
Absorber 

(dB) 

Reduction 
(dB) 

1 102 94 8 102 97 5 
2 100 97 3 100 97 3 
3 102 99 3 94 89 5 
4 96 92 4 93 87 6 
5 96 91 5 96 94 2 
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Additionally the absorbers were tested under several common scanning configurations with a 

single volunteer inside the bore. Results from this experiment are found in Table 2. The 

maximum reduction occurred with the Proton Density (PD) scan (13 dB) and the minimum 

occurred with the FLASH scan. These spectra can be seen in Figure 7 and Figure 8  respectively.  

Table 2:  Sound pressure level values for dominant spectral peaks and reduction achieved with absorber 
panel installed. 

Scan 
Type

Peak 
(Hz)

SPL 
Without 

Absorber 
(dB)

Reduction 
(dB)

Peak 
(Hz)

SPL 
Without 

Absorber 
(dB)

Reduction 
(dB)

Peak 
(Hz)

SPL 
Without 

Absorber 
(dB)

Reduction 
(dB)

Average 
Reduction 

(dB)

SE-EPI 780 85 11 1000 85 4 1670 82 12 10

HASTE 1690 86 8 790 76 9 2030 76 10 9

FLAIR 780 78 14 1340 78 9 2430 73 8 11

FLASH 810 86 2 1320 82 5 1920 84 2 3

3D T2 FSE 2110 81 5 2410 81 12 1200 78 1 8

PD 2430 82 10 750 80 5 1300 78 17 13

 

 

Figure 7: Comparison of sound pressure level versus frequency for the Proton Density (PD) scan with and 
without the absorber panel. 
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Figure 8: Comparison of sound pressure level versus frequency for the FLASH scan with and without 
absorber panel.  

 

To produce different spectra or noise and test findings reported by More the panels were tested 

under varying echo-times and receiver bandwidths.  While holding all other parameters constant 

and changing the echo-time by 5-second increments from 40 to 20 seconds, no change in scanner 

noise intensity was found.  The dominant spectral peak held constant at 87 dB at 990 Hz with a 

reduction achieved by the panels of approximately 2 dB.  Again holding all parameters constant, 

but altering the receiver bandwidth from 200 kHz to 90 kHz we obtained different spectral peaks 

and noise levels as shown below in Figure 9.  As indicated by the gray line in Figure 9, as the 

receiver bandwidth is increased, the dominant spectral peak frequency increases as well.  The 

maximum sound pressure level occurs at a bandwidth of 100 kHz and a dominant spectral peak of 

730 Hz. This peak sound pressure level is due to the alignment of the forcing function created by 

the gradient switching and the structural resonance of the gradient coil system. It can also be seen 

20

30

40

50

60

70

80

90

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

S
o

u
n

d
 P

re
ss

u
re

 L
e

v
e

l 
 (

d
B

)

Frequency (Hz)

Without Absorber

With Absorber



34 

 

that at a bandwidth of 90 kHz where the dominant spectral peak occurs at 660 Hz, the panel 

offers almost no attenuation to the dominant spectral peak.  

 

Figure 9: Sound pressure level and dominant spectral peak obtained when altering receiver 

bandwidth while keeping all other imaging parameters constant. Sound pressure level for 

absorbers absent (black dashed) and absorbers present (black solid). Dominant spectral peak 

shown with gray line.  

2.5 Discussion 

Overall the average reduction with the absorber panels in place was 2 dB for the fMRI study.  

However, if only the reduction of the dominant peak at 780 Hz and 1000 Hz are considered, the 

average reduction is 5 dB. The vertical lines in Figure 6 represent the designed attenuation band 

from 1100-1600 Hz. The dominant peaks for this scan are outside of the designed absorption 

band. If the perforated absorber panel was designed with a different absorption band that 

incorporated these peaks, a larger reduction may have been possible for this scanning sequence. 

Since the human ear is most sensitive to sounds around 1000 Hz, this spectral component will be 

particularly troublesome and should be attenuated as much as possible.  
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The scanning sequence with the most attenuation was the Proton Density scan sequence as shown 

in Figure 7. This sequence had the most dominant peak at the highest frequency of any of the 

scans tested at 2430 Hz. This placed the peak inside one of the secondary absorption bands 

observed by Li (Li and Mechefske, 2010).  The second most dominant peak was at 770 Hz, which 

was again below the designed absorption band, so a lower attenuation was achieved. In contrast 

the least attenuation occurred for the FLASH scan sequence as shown in Figure 8.  

Many of the dominant peaks in the spectra occur around 780 Hz and the peak noise level during 

the bandwidth study occurred at 730 Hz. This is likely due to a natural frequency of the gradient 

system used, making it susceptible to excitation. As discussed earlier, a previous study found that 

the acoustic absorber panel produced significant noise reduction between 1100 and 1600 Hz with 

a secondary absorption band from 2400-2800 Hz (Li and Mechefske, 2010).  If this panel were to 

be re-designed it would be optimal to shift the absorption bands down from 1100 Hz to a value 

around the natural frequency of the system of approximately 780 Hz so that greater acoustic 

attenuation may be achieved.    

More had stated previously that altering the echo time during imaging resulted in greater acoustic 

noise being generated (More et al., 2006). However during the experiment both echo-time and 

bandwidth were varied simultaneously. When tested independently varying the echo-time had no 

change in amplitude of the noise generated while varying the bandwidth did have an effect on the 

noise generated during imaging.  As shown in Figure 9 the noise generated is largest when 

forcing function on the gradient coil is around 780 Hz. This peak occurs in many of the imaging 

sequences tested and may indicate  a resonance of the gradient coil.  

Li (Li and Mechefske, 2010) found previously that reductions with the absorber were greater at 

the iso-center of the magnet than they were towards the ends of the scanner bore. Since the 
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measurements in this experiment were taken away from the iso-center of the magnet it can be 

assumed that the reduction experienced by the individual, as their head is located at the iso-

center, may have been greater than measured with the microphone.  

2.6 Conclusion 

In this study a previously designed micro-perforated acoustic absorber panel was tested with 

individuals in the scanner bore under various scanning parameters. The panel was first tested 

during an auditory fMRI experiment in which 29 individuals were scanned and measurements 

were taken with the absorber installed and removed. The dominant peaks during this scan were 

around 780Hz and 1000Hz. The average reduction produced by the absorber at those peak values 

was 5 dB.  

The absorber was also tested under a variety of common scanning conditions to further test the 

panels outside their design parameters.  The maximum peak reduction of 11 dB occurred during 

the Proton Density scan while the minimum peak reduction of 2 dB occurred during the FLASH 

scan.  This indicates that as designed, this micro-perforated acoustic absorber panel would not be 

suitable as a general-purpose absorber suitable for multiple scanning sequences. To be most 

effective the panel should be designed for a specific scanning sequence. so that suitable 

attenuation can be achieved.  
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Chapter 3 - fMRI Study and Perceptions 

3.1 Abstract 

Purpose: The intense acoustic noise produced during functional magnetic resonance imaging 

(fMRI) is problematic for studies of speech, language and hearing. In this paper the effectiveness 

of a micro-perforated acoustic absorber panel at attenuating acoustic noise will be measured 

during an auditory fMRI study.  

Methods: Periods of auditory stimulus presentation (plus scanner noise) and periods of scanner 

noise alone were presented to 29 individuals during an fMRI experiment in which acoustic 

absorber panels were either installed or removed. In addition to measuring the brain-response 

differences between these two conditions, volunteers rated perceived differences and also had 

measures of their fatigue tracked during the scanning process.  

Results:  No significant difference (P > 0.05 uncorrected) in BOLD response was found between 

conditions with absorber present and absent. No significant difference (P > 0.1) in fatigue was 

measured between conditions. In general, when naive volunteers were imaged with and without 

panels they observed no difference between conditions, however when listening to recordings 

taken during imaging, volunteers are able to distinguish between absorbers present and absent.  

Conclusion: Although micro-perforated acoustic absorber panels produced reduced noise levels 

as measured with a microphone, they do not appear to improve BOLD contrast to noise, or reduce 

the fatigue attendant upon the noisy listening conditions of MR imaging. 

.  
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3.2 Introduction 

Magnetic resonance imaging (MRI) has revolutionized the field of cognitive neuroscience as it 

allows researchers to noninvasively map brain function in response to stimulus or task demands. 

However, the acquisition of MR images generates substantial acoustic noise, so that imaging 

studies of speech, language and hearing are problematic since the noise interferes with stimulus 

delivery, communication, image quality, and results in unwanted BOLD signal in the auditory 

cortex (Bandettini, Jesmanowicz, Van Kylen, Birn, and Hyde, 1998; Elliott, Bowtell, and Morris, 

1999; Hall et al., 1999; Hall, 2006; Talavage, Edmister, Ledden, and Weisskoff, 1999). Indeed, 

this noise has been shown to lead to dramatically increased signal in regions of the brain 

important for hearing, thereby interfering with auditory mapping experiments (Cho, Chung, Lim, 

and Wong, 1998).   

The substantial amount of acoustic noise is due to Lorentz forces acting upon the gradient coils 

inside the strong stationary magnetic field of the scanner. This noise can be loudest during 

functional magnetic resonance imaging (fMRI), as researchers typically employ echo-planar 

sampling, which is used to obtain images at a rate suitable for the temporal and spatial resolution 

necessary for tracking changes in blood oxygenation-level dependant (BOLD) signal. This creates 

a large amount of acoustic noise as these echo-planar images (EPI) require rapidly switching 

strong gradient currents, which in turn produce rapidly alternating forces on the gradient coils 

causing them to vibrate.  

Many studies aimed at reducing noise generated while scanning have been completed. While the 

methods used to reduce the noise are varied they fall in four main categories: modifying the 

imaging paradigm (Blackman and Hall, 2011; Edmister, Talavage, Ledden, and Weisskoff, 1999; 

Hall et al., 1999; Haller et al., 2005; Hennel, Girard, and Loenneker, 1999; Peelle, Eason, 
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Schmitter, Schwarzbauer, and Davis, 2010; Schmitter et al., 2008; Schwarzbauer, Davis, Rodd, 

and Johnsrude, 2006; Segbers, Sierra, Duifhuis, and Hoogduin, 2010; Tomasi and Ernst, 2003; 

Yetkin, Roland, Purdy, and Christensen, 2003) active noise cancellation (Chambers, Bullock, 

Kahana, Kots, and Palmer, 2007; Chambers, Akeroyd, Summerfield, and Palmer, 2001; Cho, 

Chiueh, Lin, Chen, and Chen, 2007; Kannan, Milani, Panahi and Kehtarnavaz, 2010; McJury, 

Stewart, Crawford, and Tomal 1997), modifying the gradient coil or supports (Baig et al., 2007; 

Edelstein et al., 2002, 2005; Katsunuma et al., 2002; Mansfield and Haywood, 2000; Roozen, 

Koevoets, and den Hamer, 2008; Shao and Mechefske, 2005), and finally passive attenuation 

(Cobo, Pfretzschner, Cuesta, and Anthony, 2004; Li and Mechefske, 2010; Mechefske, Geris, 

Gati, and Rutt, 2002; Moelker, Vogel, and Pattynama, 2003; Nordell et al., 2009).  A good review 

of noise reduction methods can be found in (Amaro et al., 2002;  Mechefske, 2008).  

One proven solution for reducing acoustic noise in MRI scanners is the use of micro-perforated 

panels placed in the bore of the scanner (Li and Mechefske, 2010). They can be applied to 

existing scanners with minimal cost and are suitable for sterile environments. Although these 

panels result in quantifiably lower noise levels, measured with microphones in an empty MRI, the 

improvement has not been quantified with a patient in the scanner bore, which dramatically 

affects the acoustic noise field. A potentially useful way to quantify improvement in this situation 

is to measure the degree to which baseline activation in the auditory cortex of the human brain is 

reduced during functional MRI studies; in other words, whether a more robust response to 

auditory stimuli is observed in auditory regions of the brain when acoustic absorber panels are 

used with continuous imaging absorber present, compared to when they are not used. 

Investigating the potential of this method to quantify improvement due to a particular absorber 

panel is the goal of the proposed research. The results of acoustic measurements with a 

microphone placed inside the scanner bore can be found in the previous chapter, but during an 
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EPI sequence with a volunteer in the scanner bore a 5 dB reduction of the most dominant spectral 

peaks was obtained. In addition to measuring the absorbers’ efficacy by changes in BOLD signal 

in the auditory cortex, it is expected that the panels will produce changes in BOLD signal that 

will be observed in the pre-frontal cortex.  It has been shown that when speech is masked by 

noise, as when scanner noise masks presented stimuli, a larger degree of listening effort is 

required, and activity in the left pre-frontal is increased (Obleser, Wise, Alex Dresner, and Scott, 

2007; Salvi et al., 2002; Scott, Rosen, Wickham, and Wise, 2004; Wong, Uppunda, Parrish, and 

Dhar, 2008). If the absorbers are able to reduce the scanner noise volunteers experience, and 

stimuli consequently require less effort to understand, then activity in the pre-frontal cortex 

should decrease compared to the absorbers-absent condition. 

It has been shown that prolonged exposure to loud noise can lead to an increase in mental fatigue 

(EPA, 1981). A reduction in noise makes listening to stimuli easier, resulting in a decrease in 

listening effort potentially also reducing fatigue. It was hypothesized that, during scans with the 

acoustic absorber present, volunteers would be subjected to less scanner noise, which would 

reduce noise-induced cognitive fatigue experienced.  

3.3 Materials and Methods 

An auditory functional MRI experiment was conducted to test the effectiveness of micro-

perforated acoustic absorber panels at reducing MRI acoustic noise. The effectiveness was 

measured by: (1) acoustic measurements as described in the previous chapter, (2) BOLD response 

to auditory stimuli, (3) volunteer fatigue over the course of multiple scans, (4) volunteer 

perceptions of the noise while being imaged, and (5) a separate group of volunteer perceptions of 

MRI noise recordings played in a controlled setting.  
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3.3.1 Participants 

Data were collected from 29 normal, healthy volunteers (Ages 18–30, mean age 22, 16 female). 

All participants were right-handed, native English speakers, with reportedly normal hearing and 

no neurological disorders.  All subjects gave written informed consent for the experimental 

protocol, which was cleared by the Queen's Health Sciences Research Ethics Board. 

3.3.2 Design 

A 2x7 factorial design was used in which the absorber condition  (presence or absence of an 

acoustic absorber panel) was crossed with the sound stimuli (both high-ambiguity sentences and 

low-ambiguity sentences presented with and without masking noise, signal-correlated noise 

(SCN), pure tones, and silence). Volunteers were scanned twice with absorbers present and 

absorbers absent in counterbalanced order.  Volunteers were kept naive to the true purpose of the 

study and were told that the panels placed inside the bore of the magnet were to study the effects 

of claustrophobia during MRI scanning.  This was necessary to ensure participants remained 

unbiased as the panels had to be placed in the scanner bore after the volunteer was on the scanner 

bed and inserted into the iso-center of the magnet, making the volunteer aware of the two distinct 

conditions.  

3.3.3 Stimulus Preparation 

Seven stimulus conditions (both high-ambiguity sentences and low-ambiguity sentences 

presented with and without masking noise, SCN, tones, and silence) were created.  The silent 

condition along with the continuous scanner noise served as a baseline.  The high-ambiguity and 

low-ambiguity  sentences along with the SCN stimuli were used in previous studies (Davis et al., 

2007; Rodd, Davis, and Johnsrude, 2005; Rodd, Johnsrude, and Davis, 2010). The high-
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ambiguity sentences all contained at least two ambiguous  words (e.g. 'The match ended as a tie'). 

The ambiguous words were either homonyms (share the same pronunciation and spelling but 

have different meanings, e.g. 'trunk'), or homophones (share the same pronunciation but have 

different meanings and spelling, e.g. ‘week’/‘weak’). The low-ambiguity sentences had the same 

number of words and the same syntactic structure as the high-ambiguity sentences but contained 

words with minimal ambiguity (e.g. 'he surprised his parents by his lack of concern'). These 

sentences were either presented in their original clear form or were masked with speech spectrum 

noise with a signal to noise ratio of -2 dB using Praat software (www.praat.org).  The SCN 

stimuli were a series of sentences not used in the experiment that have the same spectral profile 

and amplitude envelope as the original speech, but because all spectral detail is replaced with 

noise, they are entirely unintelligible. A series of pure-tone stimuli were created using Audacity 

software (audacity.sourceforge.net),  and these were of the same average duration as the other 

stimuli. The pure tone stimuli consisted of 10 random pure tones with a frequency range of 

normal human speech 400-2000 Hz.  The duration of all stimuli ranged from 1.2 to 4.3 seconds, 

and these were normalized to have the same root mean square average power. 

Two versions of the experiment were created, by establishing two sets of sentences, with each set 

having 59 stimuli of each type (high ambiguity, high ambiguity + noise, low ambiguity, low 

ambiguity + noise, SCN and tone).  The sentences that were presented masked with noise in one 

version were presented without noise in the other version; each volunteer was tested with one 

version or the other.   Version was counter balanced so that each sentence was presented clear and 

with added noise to an approximately equal number of subjects but each volunteer never heard 

the same stimulus more than once.  
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A simple block design consisting of 15 seconds of stimuli followed by approximately 15 seconds 

of baseline was used. The start of each stimulus block corresponded with a different point in the 

volume acquisition to ensure the hemodynamic response was equally distributed across all slices. 

Each stimulus block contained five of the same type of stimulus, each followed by a brief pause 

between stimuli (average 0.85 seconds), to create a total block length of 15 seconds. 

3.3.4 MRI Protocol and data acquisition 

Images were acquired on the Siemens MAGNETOM Trio 3T whole body MRI scanner located in 

the Queen’s University MRI facility.  A scanner-specific Siemens 12 channel head coil was used 

for acquiring imaging data. Continuous gradient echo imaging with EPI data acquisition was used 

with the following parameters: TR=2100ms, TE=30ms, FOV=196mmx196mm, 34 slices, 3.1mm 

slice thickness, 78° flip angle, BW=2232 Hz/Px, matrix = 64x64.   

Volunteers were scanned twice each with absorbers present and absorbers absent, with total of 

360 volumes acquired for each condition (after two dummy scans from the beginning of each 

session were discarded from the analysis).  In addition to the functional data, a whole-brain 3D 

T1-weighted MPRAGE anatomical image (voxel size of 1.0mm3) was acquired for each 

participant at the end of the session.  The total imaging time for each subject was 32 minutes, 

consisting of four 6-minute functional scans and the final 8-minute anatomical scan.  

Stimuli were presented to volunteers over a set of Nordic Neurolab headphones 

(http://www.nordicneurolab.com) which advertise a noise attenuation of 30 dB and have a 

relatively flat frequency response from 8 Hz to 8000 kHz.  Volunteers were told to listen closely 

and try to understand any speech as best they could.  To ensure that volunteers were in fact 

listening attentively, a surprise recognition-memory test was given to each volunteer at the end of 
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the experiment. In this recognition test, they listened to 30 of each of the spoken stimuli (high 

ambiguity, high ambiguity + noise, low ambiguity, low ambiguity + noise) and 59 sentences not 

presented in the experiment. Their task was to indicate for each sentence whether they had heard 

it in the experiment or not. 

3.3.5 Image Analysis 

Data analysis was performed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). Processing steps 

included motion correction (realignment), normalization to a standard EPI template within MNI 

stereotactic space to allow for comparison between volunteers, and spatial smoothing (Gaussian 

kernel, full-width at half maximum = 10mm). 

Analysis at the single-subject level was conducted using a single General Linear Model (GLM) 

for each participant in which each scan was coded as belonging to one of seven experimental 

conditions. The four runs (two each of absorber present and absent) were modeled as one session 

within the design matrix and four regressors were used to code each of the runs.  Six realignment 

parameters (forward/back, up/down, left/right, pitch, yaw, roll) were included to account for 

movement-related effects .  

3.3.6 Fatigue Measures 

To quantify the noise-induced mental fatigue volunteers experienced, a test was administered 

after each scanning condition. This test consisted of a digit span exercise followed by a timed 

reverse serial counting exercise. During the digit span test, volunteers were read a series of 

pseudo-randomized digits at a rate of one per second of increasing length and were asked to 

repeat them in backwards order. The test was stopped after two failures of correct repetition and 

the largest number of correct digits repeated was taken as their score. During the reverse serial 
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counting test volunteers were asked to count down from either 50 by 6s or 7s, or from 60 by 8s. 

They were instructed to complete the task as quickly as possible without making any mistakes. 

The total time taken and the number of mistakes made were recorded as their score. Three 

different digit span tests were created to go with the three different serial counting tests, and the 

order volunteers received the different tests was counter balanced.   

3.3.7 Volunteer Perceptions  

Although the noise reduction of the absorber is quantified using a microphone and investigating 

BOLD response changes in the brain, we were interested in whether volunteers would perceive a 

difference between conditions with the absorber present and absent. As mentioned earlier, 

volunteers were not told that we were interested in reducing acoustic scanner noise so as not to 

bias their responses to the visibly different condition types. Volunteers’ perceptions were 

recorded after each scanning session through a series of ordinal questions and during the 

debriefing stage at the end of the experiment.  

After completing the fatigue test volunteers were asked a series of ordinal questions asking them 

about their scanning experience. Some of the questions were designed to be misleading (How 

thirsty, hungry, tired, cold, are you on a scale of 1 to 7) to prevent volunteers from guessing the 

true nature of the experiment. Of interest to the study, volunteers were asked to rate the ambient 

noise (how loud did you find the ambient sound where 1 is quiet like a library and 7 is loud like a 

rock concert). Since volunteers were told the study was investigating claustrophobia and one of 

the main disadvantages of the absorber panel is that it decreases the size of the scanner bore, 

volunteers were asked to rate how confined they found the space and how comfortable they were 

in the scanning session. 
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At the end of the experiment during the debriefing session, volunteers were asked a series of 

questions to determine if they noticed a difference in scanner noise or stimulus clarity with the 

absorbers present or absent. Again, to keep volunteers as naive as possible, these questions started 

out very general asking if they noticed anything, leading them with questions about noise or 

stimulus clarity, and finally asking them outright if they noticed a difference in noise or stimulus 

clarity due to the panels.  After the debriefing questions the true nature of the study was reveled 

to the volunteers. 

3.3.8 Listening Study 

To determine whether the absorbers produced a noticeable reduction in scanner noise without the 

bias of volunteers seeing the panel condition, recordings were taken during a series of different 

scanning conditions with and without absorbers present.  These recordings were then played to 30 

additional volunteers, not used in the imaging study, with reportedly normal hearing (15 female, 

ages 18–48). All subjects gave written informed consent for the experimental protocol, which was 

cleared by the Queen's Health Sciences Research Ethics Board. 

These recordings were taken with the same volunteer inside the scanner bore and used the same 

measurement set up as listed in the previous chapter (sampled at 16 bits, 44.1 kHz).  The average 

recording length was 3.2 seconds and contained the noise concomitant with two complete whole-

brain volumes (two repetition times; TRs). 

Recordings were presented in pairs (absorber present and absent) and listening study volunteers 

were asked which sounded louder.  18 different sets of recordings were played to the volunteers 

once. As we were most interested in the perception of the fMRI parameters used in the imaging 

study, two different pairs of recordings of this scan were presented. These different pairs 
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recordings of the same imaging sequence were presented to determine how consistently 

volunteers would respond to the imaging sequence used in the fMRI study. Pair presentation 

order and recording type was carefully counterbalanced. 

3.4 Results and Discussion 

3.4.1 Recognition Memory Test  

The recognition memory test completed at the end of the study confirmed that all subjects 

performed the behavioral task correctly.  Due to technical difficulties, one volunteer's test was not 

collected.  The test showed above-chance performance in recognizing clear sentences used in the 

experiment and rejecting foil sentences [mean d' = 1.3, t(27) = 13.7 , P < 0.0001], indicating that 

volunteers listened attentively to the stimuli. As expected, volunteers had much more difficulty 

recognizing noise masked stimuli [mean d' = 0.31, t(27) = 3.4 , P < 0.001].  There was no 

difference between the recognition memory performance for the high-ambiguity and low-

ambiguity  stimuli [t(27) = 0.167, P > 0.8].  

3.4.2  Imaging Results 

The following is a discussion of the imaging results obtained from the fMRI study. Initial checks 

on the data found that group activations were in line with previously published studies comparing 

perception of noise-masked speech to clear stimuli and, high ambiguity to low ambiguity 

sentences. Once this was confirmed, the effect of the absorber condition was compared and 

appeared to indicate an improvement however the effect size was not significant. To increase the 

significance level a region of interest (ROI) analysis was conducted, however still no significant 

difference between absorber conditions was found.  



 

Initially ignoring the absorber condition, to confirm the subject group showed activations similar 

to previous studies, the design matrix was collapsed across sessions done with the absorber 

present and absent results to generate effects based solely on the stimulus types. Shown in 

10, significant activation in the auditory cortex can be seen when comparing all stimuli to rest. 

This contrast shows voxels that were significantly more active during stimuli presentation than 

the resting baseline condition

have found significant activation in the frontal cortex. There results have been repeated here as 

shown below in Figure 11. However, additional activation of the left inferior parietal lobule, right 

angular gyrus, bilateral cuneus and precuneus was found which was not observed previously. In 

addition, when comparing high ambiguity to low am

that left posterior inferior temporal cortex and bilateral inferior frontal gyri were activated. Shown 

in Figure 12, these results are again repeated, however were found to be less significant than other 

contrasts.  

Figure 10: Right and left hemisphere

compared to rest, ignoring absorber condition.  Activations shown at P < 0.05 with a family

error correction.  
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Initially ignoring the absorber condition, to confirm the subject group showed activations similar 

ous studies, the design matrix was collapsed across sessions done with the absorber 

present and absent results to generate effects based solely on the stimulus types. Shown in 

, significant activation in the auditory cortex can be seen when comparing all stimuli to rest. 

This contrast shows voxels that were significantly more active during stimuli presentation than 

the resting baseline condition. When comparing noise masked to clear stimuli previous studies 

have found significant activation in the frontal cortex. There results have been repeated here as 

. However, additional activation of the left inferior parietal lobule, right 

angular gyrus, bilateral cuneus and precuneus was found which was not observed previously. In 

addition, when comparing high ambiguity to low ambiguity sentences it was observed previously 

that left posterior inferior temporal cortex and bilateral inferior frontal gyri were activated. Shown 

, these results are again repeated, however were found to be less significant than other 

 

Right and left hemisphere views of group averaged activity showing all stimuli 

compared to rest, ignoring absorber condition.  Activations shown at P < 0.05 with a family

Initially ignoring the absorber condition, to confirm the subject group showed activations similar 

ous studies, the design matrix was collapsed across sessions done with the absorber 

present and absent results to generate effects based solely on the stimulus types. Shown in Figure 

, significant activation in the auditory cortex can be seen when comparing all stimuli to rest. 

This contrast shows voxels that were significantly more active during stimuli presentation than 

When comparing noise masked to clear stimuli previous studies 

have found significant activation in the frontal cortex. There results have been repeated here as 

. However, additional activation of the left inferior parietal lobule, right 

angular gyrus, bilateral cuneus and precuneus was found which was not observed previously. In 

biguity sentences it was observed previously 

that left posterior inferior temporal cortex and bilateral inferior frontal gyri were activated. Shown 

, these results are again repeated, however were found to be less significant than other 

views of group averaged activity showing all stimuli 

compared to rest, ignoring absorber condition.  Activations shown at P < 0.05 with a family-wise 



 

Figure 11: Right and left hemisphere

clear stimuli, ignoring absorber condition. Activations shown at P < 0.001 uncorrected for 

multiple comparisons. 

Figure 12: Right and left hemisphere

compared to low ambiguity stimuli, ignoring absorber condition. Activations shown at P < 0.05 

uncorrected for multiple comparisons.

The effectiveness of the panel was measured by comparing differences in activation between 

sessions with absorbers present and absorbers absent.  The difference in absorber condition was 

compared across the following contrasts: high

stimuli versus clear stimuli, speech versus rest, speech versus SCN, and, finally, all sti

rest. Initial results showed absorbers caused an increase in auditory cortical activity and a 

decrease in frontal cortex activity suggesting an improvement as shown 

exploratory activations are shown at P < 0.05 uncorrected for multiple comparisons. The green 

voxels indicate regions more active with absorbers present than absorbers absent. For both 

contrasts shown the absorbers provide more activation in the auditory cortex especially in the left 

hemisphere. The red voxels indicate regions more active when the absorbers were removed. 
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Right and left hemisphere views of group averaged activity showing noise masked to 

clear stimuli, ignoring absorber condition. Activations shown at P < 0.001 uncorrected for 

 

and left hemisphere views of group averaged activity showing hig

compared to low ambiguity stimuli, ignoring absorber condition. Activations shown at P < 0.05 

uncorrected for multiple comparisons. 

The effectiveness of the panel was measured by comparing differences in activation between 

rs present and absorbers absent.  The difference in absorber condition was 

compared across the following contrasts: high-ambiguity versus low-ambiguity, noise masked 

stimuli versus clear stimuli, speech versus rest, speech versus SCN, and, finally, all sti

rest. Initial results showed absorbers caused an increase in auditory cortical activity and a 

decrease in frontal cortex activity suggesting an improvement as shown below in 

exploratory activations are shown at P < 0.05 uncorrected for multiple comparisons. The green 

voxels indicate regions more active with absorbers present than absorbers absent. For both 

absorbers provide more activation in the auditory cortex especially in the left 

hemisphere. The red voxels indicate regions more active when the absorbers were removed. 

d activity showing noise masked to 

clear stimuli, ignoring absorber condition. Activations shown at P < 0.001 uncorrected for 

views of group averaged activity showing high ambiguity 

compared to low ambiguity stimuli, ignoring absorber condition. Activations shown at P < 0.05 

The effectiveness of the panel was measured by comparing differences in activation between 

rs present and absorbers absent.  The difference in absorber condition was 

ambiguity, noise masked 

stimuli versus clear stimuli, speech versus rest, speech versus SCN, and, finally, all stimuli versus 

rest. Initial results showed absorbers caused an increase in auditory cortical activity and a 

below in Figure 13 where 

exploratory activations are shown at P < 0.05 uncorrected for multiple comparisons. The green 

voxels indicate regions more active with absorbers present than absorbers absent. For both 

absorbers provide more activation in the auditory cortex especially in the left 

hemisphere. The red voxels indicate regions more active when the absorbers were removed. 



 

When ambiguity was contrasted a larger degree of frontal activation was observed with a

absent indicating a more listening effort was required. None of the contrasts sh

significant difference between absorber condition, for example both the noise masked stimuli vs. 

clear stimuli and high-ambiguity vs. low

had a maximum cluster-level family wise error corrected P = 0.197 and P =  0.849 respectively. 

All contrasts showed similar trends but only the contrasts shown in 

illustrative examples. 

Figure 13: Right and left hemisphere views of the group averaged activity showing the effect of 

absorber condition in response to stimulus 

at P < 0.05 uncorrected for multiple comparisons.

To see if results at an increased significance level could be found a region of interest analysis 

(ROI) was done. The ROI was created by using the robust activation found when initially 

ignoring absorber condition. The voxels active in the “all stimuli ver

masked stimuli versus clear stimuli” contrasts, shown in 

the basis for two separate ROIs. These contrasts were chosen as they both revealed significant 

activation in the auditory cortex and are both orthogonal to the absorber type contrast. 

Furthermore, trying to unders

this might be similar to the comparison between absorber conditions, since it was hypothesized 
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When ambiguity was contrasted a larger degree of frontal activation was observed with a

absent indicating a more listening effort was required. None of the contrasts showed a statistically 

significant difference between absorber condition, for example both the noise masked stimuli vs. 

ambiguity vs. low-ambiguity with absorbers present compared to absent 

level family wise error corrected P = 0.197 and P =  0.849 respectively. 

All contrasts showed similar trends but only the contrasts shown in Figure 13

Right and left hemisphere views of the group averaged activity showing the effect of 

absorber condition in response to stimulus clarity (left) and ambiguity (right).  Activations shown 

at P < 0.05 uncorrected for multiple comparisons. 

To see if results at an increased significance level could be found a region of interest analysis 

(ROI) was done. The ROI was created by using the robust activation found when initially 

ignoring absorber condition. The voxels active in the “all stimuli versus rest” and the “noise 

masked stimuli versus clear stimuli” contrasts, shown in Figure 10 and Figure 

the basis for two separate ROIs. These contrasts were chosen as they both revealed significant 

activation in the auditory cortex and are both orthogonal to the absorber type contrast. 

Furthermore, trying to understand speech masked by noise requires increased listening effort: and 

this might be similar to the comparison between absorber conditions, since it was hypothesized 

When ambiguity was contrasted a larger degree of frontal activation was observed with absorbers 

owed a statistically 

significant difference between absorber condition, for example both the noise masked stimuli vs. 

y with absorbers present compared to absent 

level family wise error corrected P = 0.197 and P =  0.849 respectively. 

13 are provided as 

 

Right and left hemisphere views of the group averaged activity showing the effect of 

clarity (left) and ambiguity (right).  Activations shown 

To see if results at an increased significance level could be found a region of interest analysis 

(ROI) was done. The ROI was created by using the robust activation found when initially 

sus rest” and the “noise 

Figure 11, were used as 

the basis for two separate ROIs. These contrasts were chosen as they both revealed significant 

activation in the auditory cortex and are both orthogonal to the absorber type contrast. 

tand speech masked by noise requires increased listening effort: and 

this might be similar to the comparison between absorber conditions, since it was hypothesized 



 

that the absorbers would reduce scanner noise, thereby reducing the noise masking all stimul

presented. 

These regions were again tested using the same contrasts as before and still no significant 

difference between absorber conditions could be found for any condition. As an example of the 

ROI analysis the speech vs. SCN contrast is shown below i

concluded that the micro

improvement during an auditory fMRI study as

let alone activation of the auditory or frontal cortex.

Figure 14: All stimuli vs. rest ROI analysis comparing absorbers

absent (bottom) for Speech vs. 

> 0.001 uncorrected for multiple comparisons] 
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that the absorbers would reduce scanner noise, thereby reducing the noise masking all stimul

These regions were again tested using the same contrasts as before and still no significant 

difference between absorber conditions could be found for any condition. As an example of the 

ROI analysis the speech vs. SCN contrast is shown below in Figure 14.  It can therefore be 

concluded that the micro-perforated acoustic absorber panels did not provide significant 

improvement during an auditory fMRI study as no change in activation anywhere was observed, 

let alone activation of the auditory or frontal cortex. 

All stimuli vs. rest ROI analysis comparing absorbers-present (top) and absorbers

absent (bottom) for Speech vs. SCN contrast. No significant difference in activation was found [P 

> 0.001 uncorrected for multiple comparisons]  

that the absorbers would reduce scanner noise, thereby reducing the noise masking all stimuli 

These regions were again tested using the same contrasts as before and still no significant 

difference between absorber conditions could be found for any condition. As an example of the 

.  It can therefore be 

perforated acoustic absorber panels did not provide significant 

no change in activation anywhere was observed, 

 

present (top) and absorbers-

SCN contrast. No significant difference in activation was found [P 
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3.4.3 Fatigue Measures 

By reducing the acoustic noise experienced by volunteers in the bore of the magnet, it was 

hypothesized that volunteers would experience less noise-induced fatigue when imaged with the 

panels in place.  

The first measure of noise-induced fatigue was the digit span test where volunteers heard a series 

of digits and were asked to repeat them in backwards order. The average for absorber present was 

6.9 and 6.7 for absorber absent as shown below in Figure 15 left. Although volunteers appeared 

able to repeat more digits immediately after being imaged in the absorber-present condition, than 

immediately after the absorber-absent condition, no significant difference in mean was found 

between the two conditions [ t(28)=1.1, P > 0.1].  

 

Figure 15: Results of digit span test. The digit span score was determined based on the largest 
number of digits a volunteer could correctly repeat backwards. Error bars represent the standard 
error of the mean. Note: No significant difference [ t(28)=1.1, P > 0.1]. 

 

The second measure of noise-induced fatigue was a serial counting test.  Volunteers were asked 

to count down from either 50 by 6, 50 by 7, or 60 by 8 as quickly as they could without making 
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any mistakes. It can be seen in Figure 16 that both the average time (left) and number of mistakes 

(right) is smaller immediately after being imaged in the absorber-present condition, than 

immediately after the absorber-absent condition.  Again this would imply that fatigue was 

reduced while imaging with absorber present; however no significant difference was found for 

either time [ t(28)=0.7, P > 0.2] or number of mistakes [ t(28)=0.8, P > 0.2] . 

 

Figure 16:  Serial counting time and average number of mistakes for serial counting test. 
Volunteers were asked to count down from either 50 by 6, 50 by 7, or 60 by 8 as quickly as they 
could without making any mistakes. The average time it took volunteers to count down is shown 
left, and the average number of mistakes made is shown right. Error bars represent the standard 
error of the mean. Note: No significant difference for either time [ t(28)=0.7, P > 0.2] or mistakes 
[ t(28)=0.8, P > 0.2] . 

 

Although none of these measures when tested individually yielded a significant difference, the 

difference in all cases suggests the absorbers provide an improvement. A one-way multivariate 

analysis of variance (MANOVA) determined that the underlying main effect of absorber 

condition was not significant across all the fatigue measures tested [F(3,54)=0.385, P>0.5]. 

  

14

15

16

17

18

19

20

21

Absorber 
Present

Absorber 
Absent

S
er

ia
l C

ou
nt

in
g 

T
im

e 
(S

)

0

0.1

0.2

0.3

0.4

0.5

0.6

Absorber 
Present

Absorber 
Absent

A
ve

ra
ge

 N
um

be
r 

of
 M

is
ta

ke
s



58 

 

3.4.4 Volunteer Perceptions 

After each scanning condition volunteers were asked a series of ordinal questions about their 

scanning experience followed by a debriefing session specific to the acoustic nature of the study.  

Average responses to questions asked after each experiment (rating the ambient noise, how 

confined the scanner felt, and how comfortable they were) are shown below in Figure 17.  The 

debriefing session asking progressively more specific questions to determine if volunteers noticed 

a difference in scanner noise or stimulus clarity with the absorbers present or absent. 

When asked to rate the ambient noise (How loud did you find the ambient sound, Where 1 is 

quiet like a library and 7 is loud like a rock concert) no significant difference was found between 

absorbers present and absorbers absent condition [ t(28)=0.3, P > 0.4]. This suggests that when 

volunteers are not directed to concentrate on the acoustic scanner noise they did not detect a 

difference between conditions.  

When volunteers were asked to rate feelings of claustrophobia in the space (How confined did 

you find the space, where 1 is not confined and 7 is claustrophobic) a significant difference was 

found [t(28)=2.7, P < 0.01]. Volunteers found the absorber-present condition to be more confined 

than absorber absent.  A significant difference here was to be expected since volunteers were told 

one of the purposes of the study was to investigate claustrophobia during MRI. 

Finally when volunteers were asked to rate their comfort (How comfortable were you in the 

scanning session, where 1 is very comfortable and 7 is like lying in my bed at home) no 

significant difference was found [t(28)=1.0, P > 0.1].  Therefore it appears that volunteers were 

equally comfortable with the absorbers present of absent despite being more confined. 
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Figure 17: Volunteer perceptions. Volunteers gave ordinal ratings (from 1 to 7) in response to 
questions about ambient noise, how confined the scanner felt, and how comfortable they were 
during the scanning session. Error bars represent the standard error of the mean. Significant 
difference denoted by * P < 0.01. 

 

After the scanning sessions were completed, volunteers were debriefed to determine if they 

noticed any difference between conditions. Recall that volunteers were naive to the true purpose 

of reducing scanner noise.  Because of this, questions were structured to begin with general 

(What did you observe during your scans) to specific (Did either condition reduce the scanner 

noise you experienced) questions.  No volunteers ascertained the true nature of the experiment, 

meaning they thought the panels were only being used to investigate claustrophobia. When asked 

"Did you notice anything different between scans with the plastic panels in place and removed?"  

10% (3) of volunteers provided a response related to scanner noise or stimulus and all three 

reported the absorber-present condition was an improvement. These responses were given 

without any prompts regarding scanner noise or stimulus clarity thus far in the study. With further 

questioning, specifically relating to scanner noise or hearing stimulus, volunteers identified the 
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following differences summarized in Table 3. In response to "Did either condition allow you to 

better hear or understand the sounds presented through the headphones?"  24% volunteers 

reported the absorber-present condition helped while 10% reported it was easier to understand 

stimuli with the panels removed.  When asked "Did either condition reduce the scanner noise you 

experienced?"  31% of volunteers reported that the presence of the absorber reduced scanner 

noise while 7% of volunteers reported less scanner noise with panels removed.  Overall 48% of 

volunteers stated that they noticed a difference in scanner noise or stimulus quality between 

conditions. Of these, 34% noticed an improvement with absorbers present while 14% reported a 

deterioration with absorbers present.  The rest of the volunteers (52%) did not notice any 

difference between absorber conditions with regards to scanner noise or stimulus presentation. 

For each of the questions a chi-squared test found the proportion of responses to be significantly 

different from chance.  

Table 3: Summary of Debriefing Questions 

 
Absorber 
Present 

Absorber 
Absent 

No 
Difference  χ² P value 

Debriefing Question % (Total) % (Total) % (Total) 

Better Hear or Understand Stimuli 24% (7)  10% (3)  66% (19) 14.3 <0.001 

Reduce Scanner Noise 31% (9)  7% (2) 62% (18) 13.3 <0.001 

Overall Improvement 34% (10) 14% (4)  52% (15) 6.3 <0.05 

3.4.5 Listening Study 

Recordings of the acoustic noise were taken during the fMRI study and during a series of 

different scanning conditions with and without absorbers present.  These recordings were then 

played to an independent sample of volunteers not used in the fMRI study. This provided a way 

to measure volunteer perception of noise in the scanner without the bias of seeing the panel 

condition. We used a single interval two-alternative forced choice method to test sensitivity to the 
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quality of stimuli except for sequence used in the fMRI study contained a second non identical 

interval. 

When comparing the absorber effectiveness across all imaging sequences the test showed no 

difference from chance performance in recognizing the quieter absorber-present from louder 

absorber-absent recordings [mean d' = 0.71], indicating that volunteers did not find one condition 

consistently louder than another. This is illustrated by responses to the recordings taken with echo 

time varied (TE40, TE35, TE,30, TE25, TE21) which all had similar noise reduction with 

absorbers present as measured with a microphone however the listening study volunteers found  

the reduction the panels produced to be quite varied. For example 90% of volunteers found the 

panels quieter for TE30 while only 57% found them quieter for TE35 as shown in Table 4. 

However when only considering the two recordings taken with the same parameters as the fMRI 

study, 80% of volunteers reported the absorbers present condition was the quieter scan for one 

recording with 60% reporting absorbers quieter for the second recording. These recordings were 

both taken from the same scan and acoustic analysis in the previous chapter shows the panels 

produced the same reduction for both recordings. Therefore combing these results, as they were 

both taken from the scan, we find that overall 70% of volunteers reported the absorbers-present 

condition was the quieter scan which was indicated as above chance performance by a two-tailed 

sign test p < 0.01. Therefore it appears that unbiased volunteers found that the absorbers reduced 

scanner noise during the imaging study. 
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Table 4: Listening Study Results 

Scan Type Absorber Present Quieter 
% (Total) P-value 

fmri1 80% (24) 0.0010 

fmri2 60% (18) 0.4 

TE40 80% (24) 0.001 

TE35 57% (17) 0.6 

TE30 90% (27) <0.001 

TE25 73% (22) 0.02 

TE21 77% (23) 0.005 

BW3126 80% (24) 0.001 

BW1954 37% (11) 0.2 

BW1562 43% (13) 0.6 

BW1420 3% (1) <0.001 

SE-EPI 80% (24) 0.001 

HASTE 70% (21) 0.04 

FLAIR 30% (9) 0.04 

FLASH 43% (13) 0.6 

3D T2 90% (27) <0.001 

PD 73% (22) 0.02 

MPRAGE 63% (19) 0.2 
P-value from two-tailed sign test, grey indicates absorbers quieter with <0.05 significance 

3.5 Conclusion 

As reported in the previous chapter the micro-perforated acoustic absorber panel provided an 

average 2 dB and a peak 5 dB reduction in noise during the fMRI study. This level of attenuation 

was insufficient to provide a significant difference in activation in either the auditory cortex or 

frontal cortex indicating an increased response to stimuli or decreased listening effort 

respectively.  Using an inverse digit span and serial counting test as indices no significant 

reduction in fatigue was observed when scanned with the absorbers present compared to absent. 

After being imaged with the absorbers installed or removed naive volunteers were unable to 

distinguish between conditions noting no improvement in scanner noise or stimulus clarity, 
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however when listening to recordings taken from the MRI volunteers were generally rated fMRI 

sequence  done with the absorber panels as quieter.  
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Chapter 4 - Conclusions and Future Work 

4.1 Summary of Project  

A previously designed micro-perforated acoustic absorber panel was used during an auditory 

fMRI study to determine if scanner acoustic noise could be reduced to improve detection of 

stimuli related cortical activity.  The efficacy of the panel was determined by measurements taken 

with microphone in the scanner bore, volunteer perceptions, volunteer fatigue reduction, and 

finally frontal and auditory cortex activity in response to speech and other auditory stimuli, with 

the absorbers present compared to absent.  

4.1.1 Acoustic Measurements 

Scanner acoustic noise was measured by placing a microphone in the bore of the scanner while an 

individual was being imaged with absorbers present and absent. Measurements were taken during 

an fMRI study in which 29 individuals were scanned using an EPI sequence. The absorbers 

provided an average 2 dB reduction over the entire noise spectrum, and reduced the peak noise 

components at 780 and 1000 Hz by 5dB.  To test the versatility of the panels they were also tested 

under a variety of different imaging sequences. Not surprisingly, the absorber was most effective 

when the most dominant noise components of the sequence were within the absorption bands of 

the panel. Therefore, it seems that for the panel to be most effective it should be designed for a 

particular scanner and imaging type, and not used as a multi-purpose absorber. As designed, this 

absorber provides less attenuation than many other noise reduction strategies discussed in Chapter 

1.  
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4.1.2 Volunteer Perceptions 

To further test the absorber effectiveness volunteer's perceptions of the scanner noise with and 

without the panels were determined. To keep volunteers unbiased to the two visually distinct 

conditions they were told the panels were to investigate claustrophobia. After each scanning 

session volunteers were asked to rate the scanner noise. No significant difference between the 

absorber conditions was found. During debriefing volunteers were asked if either condition 

allowed them to better hear or understand stimuli or reduced scanner noise. If they answered yes 

to either one or both of these questions that condition was deemed to be an overall improvement.  

34% (10 volunteers) felt the panels produced an overall improvement, while 14% (4) felt no 

panels did, with the remaining 52% (15) noticing no difference between the conditions.  

To test if volunteers could perceive a difference in noise between the absorber present and absent 

condition when instructed to do so in a controlled environment, recordings taken during imaging 

were played to a separate group of 30 volunteers over headphones. When listening to recordings 

taken from the fMRI study 70% of volunteers rated the absorber present condition as quieter. 

Since 70% of volunteers in the listening experiment felt the panels were quieter compared to 34% 

during the imaging study, implies that the reduction in noise produced by the panels is perceptible 

but not so much so that it obvious to a naive observer.    

4.1.3 Volunteer Fatigue 

Another test used to determine the efficacy of the absorber is to determine if noise induced 

fatigue is reduced during imaging with the absorber. To measure the volunteer's fatigue a reverse 

digit span and a serial counting test was administered after each scan.  While the trend for both of 

these tests implied fatigue was reduced, no significant difference was found between conditions. 

Therefore it does not appear that this absorber reduces noise induced fatigue during imaging.  
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4.1.4 fMRI Results 

During the auditory fMRI experiment volunteers were played a series of stimuli including 

ambiguous and unambiguous sentences presented both clear and masked with noise, signal 

correlated noise, and pure tones. Contrasts were created between ambiguous versus unambiguous, 

clear versus masked, and all stimuli, SCN, and pure tones versus rest. No significant difference (P 

> 0.05 uncorrected) was found between scans done with the absorber present or absent.  Two 

regions of interest were created with voxels found active in all stimuli versus rest and noise 

versus clear collapsed across condition type. Still no significant difference (P > 0.05 uncorrected) 

was found between absorber conditions. Therefore the absorber panels do not appear to provide a 

significant benefit during auditory fMRI experiments.  

4.2 Conclusions 

Based on the results of this experiment it appears that a generically designed micro-perforated 

acoustic absorber panel cannot be used effectively to attenuate sound for a wide range of imaging 

sequences and should not implement in all MR systems. The maximum attenuation occurred 

when the dominant spectral peaks of an imaging sequence fell within the designed attenuation 

bands of the absorber.  To be most effective an absorber may need to be designed for each 

scanning sequence used on a particular scanner. 

For noise reduction methods to have a noticeable effect for volunteers, either consciously or 

unconsciously, the attenuation achieved must be at least larger than that found in this experiment 

of a 5 dB peak reduction. Therefore when testing other methods in the future if measurements 

with a microphone do not show a sound reduction larger than this, there will be no need to test the 

method with an additional expensive and time consuming fMRI study, as this level of sound 

reduction has been shown to be difficult to perceive.  
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4.3 Limitations of Results 

The noise produced during MRI was measured by placing a microphone in scanner bore along 

with the volunteer being imaged. To prevent any artifacts from being produced the microphone 

was placed behind the head coil of the scanner. This means that the noise being measured was not 

the same level experienced by the volunteer as it has been shown that noise levels vary along the 

length of the scanner(Li and Mechefske, 2010). The volunteer was also wearing a pair of 

attenuating headphones which reduce the scanner noise experienced. The spectrum measured 

with the microphone could therefore be quite different from that actually making it to the 

volunteer's ears. 

For the fMRI study 29 volunteers were recruited. This number was chosen as it should allow for 

appropriate statistical power in detecting any mean difference in effect size between scans done 

with the absorber present and the absorber absent (Desmond and Glover, 2002). Since no 

significant difference was found between absorber conditions, the number of volunteers could be 

increased to increase the significance of the findings. If however significant results were obtained 

by increasing the number of volunteers beyond that used in this study, it would indicate that the 

effect of the panels was small, and would be too costly to be of any use for auditory fMRI studies 

which typically employ less than 30 volunteers to measure  much larger effect sizes.  

A further limitation to this study was the fact that volunteers were not given an active task to 

perform during the fMRI study. By allowing the volunteers to passively listen to stimuli 

presented to them over the head phones, there is no way of telling how closely they were paying 

attention. More robust activation may have been achieved if the volunteers were more actively 

engaged in the task. An attention test was conducted at the end of the study and volunteers 

correctly identified more presented stimuli than foil stimuli, but they may have scored even 
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higher had a more active task been involved.  However the benefits obtained by keeping 

volunteers more active would have to be weighed against potentially longer time in the scanner 

bore, motion of participants, and induced BOLD responses in areas associated  with the active 

task.  

Volunteers for both the fMRI experiment and listening study did not have their hearing tested but 

instead were asked if they had normal hearing. Therefore by asking them to rate how loud they 

perceived different sounds, the results may have been biased by unknown hearing loss. The 

hearing test was not administered during the fMRI study because the increased study length 

required may have been detrimental for recruiting volunteers. To keep the samples the same, 

volunteers who participated in the listening test were also not screened for hearing loss.  

During the fMRI experiment volunteers were briefed, tested, and debriefed by three different 

research assistants. While they were given specific instructions and scripts to follow not all of the 

sessions occurred identically. Since we are only interested in comparing the effects of the panel 

within the individual session and not between different sessions this may not have had a large 

effect.    

4.4 Improvements 

One of the main improvements which may have increased the noise reduction of the absorber 

during the fMRI study would be to redesign the absorber. For the sequence used in the imaging 

study the dominant spectral peaks fell outside of the absorption band for the panel. If the 

absorption band could be re-designed to attenuate the noise better in the fMRI study a more 

noticeable improvement may have been obtained.  It was hoped that the initial absorber design 

would be sufficient for use in multiple scanner types under varying imaging sequences, however 
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it appears that better results would be achieved if the panel was optimized for specific uses.  For 

example once an imaging sequence is determined, measurements should be taken in the MRI 

scanner to be used for the study in order to determine the noise spectrum associated with the scan. 

Based on these measurements a panel could then be specifically designed to attenuate the noise 

associated with a given scanning sequence. 

4.5 Recommendations for Future Work 

When reducing acoustic noise generated by MRI scanners researchers have been most successful 

when different noise reduction methods are combined. Since ANC is most effective at lower 

frequencies and the micro-perforated acoustic absorber panel can be designed to attenuate higher 

frequencies, a complementary reduction in sound may be achieved if both methods are employed 

simultaneously. The absorber panel would also help to reduce noise that by passes the ANC 

system through bone conduction.  

In this study the absorber panel was placed inside the scanner bore. To increase the attenuation 

additional absorbers could be placed between the gradient coils and the wall of the scanner bore.  

This may serve to further attenuate sound before being transmitted to individual being scanned.  

Using the absorbers in series may allow for greater attenuation as each absorber could be 

designed for maximum attenuation at differing frequencies.  
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Appendix B - Information/Consent Form 

INFORMATION/CONSENT FORM 

TITLE OF PROJECT:  Reducing the Effects of MRI Acoustic Noise, Using Noise-Evoked 

Activity in the Auditory Cortex as a Measure. 

  

BACKGROUND INFORMATION: (Overview of study) 

You are being invited to participate in a research study directed by Robert Fraser, 

investigating a method to make MRI scanners quieter. Mr. Fraser or a colleague will read 

through this consent form with you and describe procedures in detail and answer any 

questions you may have.  This study is funded by the Canadian Institutes of Health Research, 

and has been reviewed for ethical compliance by the Queen’s University Health Sciences and 

Affiliated Teaching Hospitals Research Ethics Board. 

DETAILS OF THE STUDY 

1. What the aim of the study is: 
The purpose of this study is to investigate a method of reducing the noise patients experience 

inside a MRI scanner. Human brain function will be imaged using a magnetic resonance 

imaging scanner.  This scanner uses a strong magnetic field to create detailed images of brain 

structure and function.  By taking a series of images whilst you perform a task we can build 

up a picture of the brain areas activated by this type of function. By scanning your brain with 

and without the noise reduced, we can determine the effectiveness by how the activated brain 

areas change.  

 

To ensure you remain unbiased during the experiment you will not be told before hand what 

the method used to control noise is and if it is being used until after both scans have been 

completed; at which point you will be fully debriefed about the nature of the experiment. 

 

You will be considered for the study if you are right-handed and your first language is 

English. In addition you must be between the ages of 18 and 45, and have no chronic 

neurological disorders, accidents involving prolonged loss of consciousness, or long-term 

psychoactive medication use. 
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2. Description of tests to be performed as part of the study: 

If you agree to participate, your brain will be imaged while you are lying in a 3 Tesla 

magnetic resonance imaging (MRI) scanner in the Queen’s Centre for Neuroscience Studies 

fMRI Facility and your heart beat and breathing may be monitored.  The entire session may 

last up to 2 hours including getting ready for the study, being positioned in the magnet, etc.  

This study involves two visits to the Facility for imaging.  

a) You will begin by filling out a checklist and questionnaire to make sure you are eligible. 

This will be completed first, and will take about 5 minutes.  If you are pregnant or are 

trying to conceive you will not be eligible. If there is any uncertainty regarding whether 

or not you are pregnant and you want to participate in the study, a pregnancy test must be 

done prior to the experiment. 

b) Please try to wear clothing containing no metal, or to bring a change of clothing.  Metal 

in zippers, snaps, and the wire and metal clasps in some bras can interfere with the 

imaging.  Many shoes contain metal as well.  You will be asked to remove or change out 

of any clothes that contain metal that will be near the area being imaged, and you will be 

asked to remove your shoes.  For imaging the brain, the snaps and zippers in jeans or 

other trousers are far enough from the area being imaged that they do not cause a 

problem. 

c) For most studies, you will be given a pair of earplugs to block out the loud noise of the 

scanner.  This makes the process more comfortable for you.  You will also be wearing 

headphones with ear muffs, which block external sound but enable you to hear the 

experimental sounds clearly. Although the operator/researcher can talk to you via an 

intercom, during the scan it becomes too noisy.  You will be given an alarm bulb so that 

you can call us during the scan if something is wrong or you want to come out. 

d) You will be asked to lie on your back on the well-padded bed of the magnet.  Pillows will 

be placed under your legs for comfort and a blanket will be placed over your legs if you 

wish. A head coil will be placed over your head.  This is fitted with a mirror so that you 

can see out of the magnet towards your head or feet.  You and the bed will then slide into 

a long tube (the magnet). 

e) You will need to keep still while the images are taken.  To help you, we will make you as 

comfortable as possible and we will pack soft foam around your head if needed.  
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f) During the scan you will be listening to sounds, like beeps and noise bursts, speech 

sounds, words, or sentences. You may be asked to press a button or speak in response to 

sounds of a particular type, and the occurrence of this response will be recorded. You will 

be familiarized with the task before the experiment begins so that you know exactly what 

to expect.  Your brain will be imaged repeatedly during the experiment.  

g) The scanning session will take about one hour, although functional scanning will not last 

more than about 45 minutes of this time.  

h) At the end of the session, additional images will be taken of the anatomy (or structure) of 

your brain (about 15 minutes). 

3. An explanation of the special research techniques that will be used: 

The MRI scanning procedure is very much like other medical imaging used in hospitals, but 

you will not be exposed to x-rays. This MRI machine uses a strong magnet and radio waves 

to make images of the interior of your body. You will not feel either. The MRI being used in 

this study is a 3 Tesla MRI that is twice that used for most clinical imaging, although 3 Tesla 

systems are becoming more common in hospitals. The levels of magnetism and radio waves 

used in the MRI have not been shown to cause harmful effects. However, the MR scanner 

uses a very strong magnet that will attract metal. Therefore ALL metallic objects must be 

removed from your person before you approach the scanner. If you have a cardiac pacemaker 

or a metallic clip in your body (e.g., an aneurysm clip in your brain or an I.U.D.) you should 

not participate in any MRI study. In addition, credit cards and other cards with magnetic 

strips should also be removed as these will be damaged. (These items will be kept safe for 

you). 

 

You will be in voice contact with the operator, and the operator will be able to see you via a 

camera.  You may ask the operator to stop the experiment at any time.  You should ask to 

stop the experiment if you feel tired, claustrophobic, or uncomfortable.   

4. Alternative Therapies: 

Does not apply. 
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5. Risks/Side-Effects: 

There are no known risks involved with magnetic resonance imaging. However, the MR 

scanner uses a very strong magnet that will attract metal. Therefore ALL metallic or magnetic 

objects must be removed from your person before you approach the scanner. 

6. Benefits 

There are no known benefits to you as a result of participating in this study. 

7. Exclusions: 

Due to the very high magnetic field you should not be a subject in any MRI experiment if 

you…:   

(any of the following) 

a) have a history of head or eye injury involving metal fragments. 

b) have ever worked in a metal shop 

c) have some type of implanted electrical device (such as a cardiac pacemaker or 

neurostimulator) 

d) have implanted metal objects as a result of surgery such as artificial joints, aneurysm 

clips, metal staples 

e) have severe heart disease (including susceptibility to arrhythmias) or any other serious 

illness 

f) are, or may be, pregnant 

g) are wearing metal braces on your teeth 

h) have non-removable jewelry (body piercing) 

8. Confidentiality 

The findings of this study will be reported in scientific journals but your name will remain 

confidential.  Data from your images will be stored on a secure computer system and 

identified only with the date and a subject code.  Only the researchers directly related to this 

study will have access to the data files and the subject codes. You will not be identified in any 

publication or reports.  

 

Like faces, brains come in all shapes and sizes, and there are many normal variations, but 

some variations are less usual. Although this is not a diagnostic scan and any images obtained 
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are for research purposes only, it is possible that the MR scan may disclose an unknown 

abnormality.  In this event, a medical imaging specialist will be asked to review the images 

and we would send a report to your physician.  The researchers directly involved with this 

procedure do not have the credentials to diagnose medical conditions.  

9. Voluntary nature of study/Freedom to withdraw or participate: 

Your participation in this study is voluntary.  You may withdraw from this study at any time 

and your withdrawal will not affect your future medical care, academic standing, or career. 

You are not obliged to answer any questions that you find objectionable or which make you 

feel uncomfortable. If you decide to withdraw for any reason, all information collected will 

be destroyed. 

10. Withdrawal of subject by principal investigator: 

The study Director may decide to withdraw you from this study if:  

1) you do not meet the criteria in the Magnetic Resonance Screening Form. 

2) you are unable to perform the tasks requested. 

11. Liability:   

 "In the event that you are injured as a result of taking study medication or of the 

study procedures, medical care will be provided to you until resolution of the 

medical problem.   

By signing this consent form, you do not waive your legal rights nor release the 

investigator(s) and sponsors from their legal and professional responsibilities." 

12. Payment: Some studies compensate for subject's expenses and inconvenience. 

You will receive $10 per hour to reimburse time and travel costs. In addition, if this is your 

first time participating in an MRI study at the Queen’s CNS fMRI Facility, you will receive a 

black and white picture of your brain. You will have the pleasure of knowing that you have 

made a contribution to our understanding of the relationship between brain and behaviour. 
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SUBJECT STATEMENT AND SIGNATURE SECTION:  

13. I have read and understand the consent form for this study.  I have had the 
purposes, procedures and technical language of this study explained to me.  I have 
been given sufficient time to consider the above information and to seek advice if I 
chose to do so.  I have had the opportunity to ask questions which have been 
answered to my satisfaction. I have named Dr._________________________(name) 
at _______________________________(location) as the physician to be contacted 
for follow-up purposes. I am voluntarily signing this form.  I will receive a copy of 
this consent form for my information.   If at any time I have further questions, 
problems or adverse events, I can contact 
 

Robert Fraser                                                          Dr. Ingrid Johnsrude  

Master’s Student, Mechanical Engineering           Associate Professor, Psychology 

Phone: (613) 929-6162                                           Phone: (613) 533-6009 

e-mail: fraserr@me.queensu.ca                              e-mail: ingrid.johnsrude@queensu.ca 

 

If I have questions regarding my rights as a research subject I can contact  

Dr. Albert Clark, Chair, Research Ethics Board at Queen’s Univ.  (613)533-6081 

 

Circle as appropriate: 

 

I      am interested     /     am not interested      in being contacted so that I may participate in 

other studies in the CNS fMRI Facility. 

 

 By signing this consent form, I am indicating that I agree to participate in this study. 

 

 ____________________________  _________________ 

 Signature of Volunteer   Date 

 

 ____________________________  _________________ 

 Signature of Witness   Date 

 

 

STATEMENT OF INVESTIGATOR: 
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I, or one of my colleagues, have carefully explained to the subject the nature of the above 

research study.  I certify that, to the best of my knowledge, the subject understands clearly the 

nature of the study and demands, benefits, and risks involved to participants in this study.   

 ____________________________  _________________ 

      Signature of Principal Investigator   Date 

 

 


