Using functional MRI 1o study auditory
comprehension

Over the past 20 years, functional MRI (fMRI) has proven to be a powerful tool for the investigation of
cognitive behavior in the brain. One of the more challenging aspects of the use of this technique is the
application to studies involving acoustic stimulation, given that the measurement process generates
acoustic noise of high intensity that can mask or otherwise impede perception and comprehension of a
desired auditory stimulus. Advances in attenuation, acquisition strategies and experimental design have
enhanced the use of fMRI in this context, with recent advances in active noise cancellation and our
understanding of the fMRI-assessed hemodynamic response laying a framework for continued improvement.
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language speech

Speech, in contrast with other high-order cog-
nitive functions, such as attention or emotion,
is unique to humans. For many years the lack
of a proper animal model restricted the study of
the neuronal correlates of speech perception to
lesion studies such as those performed by Broca
(1] or Wernicke [2], or intra- and postoperative
electrocortical recording sessions, such as those
conducted by Penfield ¢z a/. 3, Ojemann [4]
and Howard ez al. [5]. It is the development of
modern neuroimaging techniques, such as EEG,
magnetoencephalography, PET and most recently
functional MRI (fMRI), that has allowed neuro-
scientists to study how the brain processes speech
in vivo with minimal — in the case of PET — or no
risk for the subject.

Of all these, fMRI, being a completely non-
invasive neuroimaging technique with excellent
combined spatial and temporal resolution, is
particularly well suited for the study of highly
distributed functions such as speech. Successful
application of fMRI to the study of auditory
comprehension has permitted not only the under-
standing of how the temporal cortex contributes
to different stages of auditory comprehension (6-8],
but it has significantly added to the development
of the dual-stream model of speech perception,
which establishes that understanding of spoken
language is the result of collaborative processing
in two parallel streams: a ventral stream that is
involved in mapping sound onto meaning, and a
dorsal stream that is involved in mapping sound
onto articulatory-based representations [9-11].

In spite of its successful application to audi-
tory comprehension, the fMRI scanning envi-
ronment imposes three major restrictions on the
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experimental tasks and paradigms that may be
used. First, MRI scanners are highly confined
spaces, which limits the ways in which the experi-
menter can interact with the subjects. Second,
signal changes of interest (e.g., those indicative
of neuronal activity) are on the same order of
magnitude as the measurement noise, ultimately
extending the time period required for data col-
lection to yield robust results. Finally, and of
extreme importance for the study of auditory
function, MRI scanners are noisy equipment
that make delivery of auditory stimuli far from
a simple endeavor. It is the consequences of this
last restriction that we focus on in this article.
We first describe the different sources of
acoustic noise present in the environment. In
the ‘Confounds associated with imaging-related
acoustic noise’ section we discuss the potential
confounding effects that elevated noise levels
may have on the interpretation of fMRI results.
In the ‘Attenuation of imaging-related acoustic
noise’ section, we introduce the reader to some
of the most commonly used techniques to over-
come the difficulty of delivering auditory stimuli
in the presence of loud continuous noise in the
confinement of the scanner bore. We end with
some conclusions and future directions on how
fMRI will help us advance our understanding of
the neuronal mechanisms of speech perception.

Acoustic noise sources in fMRI

There are two main sources of acoustic noise in
the scanner room: the cold head compressor in
charge of recondensing helium so that the tem-
perature of the superconducting coils is kept
below 4.2 K (the boiling point of helium); and

Imaging Med. (2012) 4(1), XXX-XXX

Future %3
Medicine ‘ot

ISSN 1755-5191



Gonzalez-Castillo, Olulade & Talavage

the sound derived from the fast switching of gra-
dient fields characteristic of most fMRI acquisi-
tion sequences. Other minor noise sources (e.g.,
the patient cooling fan and hum from fluorescent
lighting) will be site-specific, but are generally
not of experimental significance.

The cold head compressor produces a con-
tinuous low-frequency, relatively low-intensity
pumping sound at all times, independent of
whether scanning is in progress. This noise
source primarily interferes with communication
with subjects via the patient intercom. Still, it is
worth noting that the low-level noise from the
compressor has reported to affect patterns of
activation within the inferior colliculus [12]. If
necessary the compressor can be switched off for
short periods of time, negating its confounding
effects.

By contrast, the sound generated by switching
of the gradient fields during acquisition time is a
high-intensity sound having a broad frequency
spectrum — fundamental frequency typically
between 0.5 and 2 kHz and significant harmon-
ics above 10 kHz (Ficure 1). This second sound,

which is the one of the main concerns for the
fMRI experimenter, is especially intense in the
bore of the magnet where the head of the subject
sits, generally peaking between 94 and 135 dB
sound pressure level, depending on imaging
system characteristics and the chosen imaging
sequence [13,14].

Confounds associated with
imaging-related acoustic noise
Acoustic noise in fMRI experimentation repre-
sents an undesired source of auditory stimulation
for the subject [15,16], and therefore, a potential
confound in the data [17] (see [18,19] for additional
reviews). Loud noises, such as the one produced
by echo-planar imaging acquisitions, may shift
the subject’s attention from the experimental
task and decrease sensory perception or com-
prehension of the auditory stimulus of interest
(e.g., speech, music, tones). In addition, the loud
noise can reduce subject comfort, limiting the
duration of experiments and quality of results.
As an example, attention is known to sig-
nificantly affect patterns of activation observed
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Figure 1. Frequency spectra of the acoustic noise associated with switching of gradients in
a gradient-echo echo-planar imaging acquisition. Acoustic measurements were obtained using
a sampling rate of 44.1 kHz, with microphones placed in the bore, 9 cm off the long axis to the
approximate position of the ears. Figure depicts overlay of seven spectra, obtained from repeated
acquisition of a fixed single slice, using a General Electric (Waukesha, WI, USA) Signa® 1.5 T CVi
system. Note the fundamental at 676 Hz, with the highest intensity for the depicted harmonics

at 3.4 kHz.
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with fMRI. Higher attention demands are
usually correlated with larger and more reliable
activations [20], as well as the recruitment of
additional cortical regions [21]. In the particu-
lar case of auditory comprehension, presence of
elevated acoustic noise levels — forcing subjects
to increase attention to segregate the target from
noise — has been associated with recruitment of
additional areas in the medial occipital cortex
and adjacent cerebellar cortex [22-24].

In addition to sensory and cognitive con-
founds, exposure to continuous acoustic noise
causes a baseline elevation of the fMRI-detect-
able signal in auditory areas. As a result of
this elevated baseline, the dynamic range for
activation due to auditory stimuli of interest
is reduced when compared with a silent envi-
ronment [25]. This reduced range translates to
decreases in measured signal change, associated
statistical values and the number of significantly
active auditory cortex voxels arising from exper-
imental stimulation [26,27]. Greater reductions
occur for progressively longer durations [28,29] or
higher duty cycles of scanner noise [30].

As the interaction between acoustic imaging
noise and fMRI activations is not linear [25,31,32],
it is extremely difficult to attempt removal of
acoustic noise effects during data analysis. As a
result, most of the effort in combating acoustic
noise during imaging has focused on the reduc-
tion of noise levels at the subject’s ear. Some of
these methods are described below.

Attenuation of imaging-related
acoustic noise

Improvements in scanner manufacturing, such
as gradient copper shielding [33,34], have helped
reduce sound levels inherent in structural scan-
ning, producing, as a by-product, a less hostile
environment for fMRI. However, while attenu-
ation to minimum noise levels of 50-65 dB
sound pressure level has been achieved by these
methods, higher sound levels remain pres-
ent for the techniques used in fMRI. Other
changes to the hardware with the potential to
reduce acoustic imaging noise include using
heavier gradient coils that are less susceptible
to Lorentz forces, placing gradient coils in a
vacuum to avoid noise transmission through
the surrounding air, as well as the use of rub-
ber dampeners and foam insulation around the
gradient coils [13.35]. These approaches provide
attenuation of 10-30 dB, and while they are
relatively expensive solutions they represent
the majority of approaches adopted by MRI

manufacturers.
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Another approach to reducing noise levels
includes passive and active attenuation applied
at the level of the patient. Traditional attenu-
ation techniques have involved the use of ear-
plugs and circumaural ear muffs to attenu-
ate the sound intensity at the subjects’ ears.
These can reduce the noise by up to 35 dB,
but while this results in a safer environment
for the subject, the level of attenuation pro-
vided by this method is generally insufficient
to prevent acoustic masking of the presented
stimulus and may hamper communication with
the subject during the experiment. Moreover,
while the use of earplugs is effective at reducing
high-frequency components of the noise, low-
frequency components are not well attenuated
owing to bone conduction [36].

Perhaps a more sophisticated and versatile
approach to acoustic noise reduction at the
subject’s ear is the use of active noise cancel-
lation. The underlying principle here is the
simultaneous presentation of antiphase noise
that competes destructively with noise compo-
nents of the MRI scanner [37-39]. This method
is effective at reducing low-frequency compo-
nents of the noise [40]; however, attenuating
high-frequency components remains a chal-
lenge. Nevertheless, a recent study has shown
that active noise cancellation during auditory
comprehension experiments can be successful
at reducing parietofrontal activation believed
to represent additional effort necessary for
discrimination of auditory stimuli in a noisy
environment [41].

In addition to enhanced attenuation,
researchers have sought to develop silent’ pulse
sequences via manipulation of the gradients
(42-44]. These have provided as much as 40 dB
of attenuation, but are relatively ineffective for
fast-imaging sequences such as the commonly
used echo-planar imaging sequence. To account
for this, researchers have combined these silent
pulse sequences with parallel imaging tech-
niques [45-47] such as sensitivity encoding
(SENSE [48)), representing a promising approach
to obtaining a quiet MRI environment while
maintaining good temporal resolution. Rather
than developing pulse sequences that provide
silent periods, a different approach involves
the use of continuous-sound gradient pulse
sequences that exploit the cortical preference
for transient sounds [49]. Such sequences have
been demonstrated to result in a lower baseline
and an increased blood oxygen level-dependent
amplitude when compared with conventional
fMRI sequences [50].
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Perhaps the most common experimental
method to combat acoustic noise has been the use
of acquisition protocols that provide short periods
of silence between successive acquisitions. Such
protocols include clustered volume acquisition
techniques [27] for use in sparse scanning para-
digms [51], providing (potentially long) intervals
of quiet during which a stimulus can be presented
free from scanner noise (Ficure 2). In the ideal case,
data acquisition is set to temporally coincide with
the peak of the hemodynamic response to the
desired stimulus [52]. Clustered volume acqui-
sitions may also be utilized with stroboscopic
acquisition techniques in event-related paradigms
(53.54]. Such techniques involve time-shifting (i.e.,
jittering) the stimulus presentation within the
silent window period to allow sampling of the
blood oxygen level-dependent response at vari-
ous temporal locations using a fixed repetition
time. This method provides better temporal reso-
lution of the obtained hemodynamic response
via post hoc trial sorting. While these methods
have significant benefits in reducing the effect of
acoustic imaging noise (especially for detection

of activation in the auditory cortex [41,55]), resid-
ual overlap of responses to ambient noise and
auditory stimuli still represents an important
confound. One way to avoid this is by the use
of extremely long sampling periods (up to 20 s
between acquisitions [54]). This extended period
potentially allows the response to the acoustic
noise to decay prior to stimulus presentation,
such that the response to the latter is measured
in isolation. Such experimental designs, however,
result in an inefficient trade-off between net
duration and obtained statistical power.

Conclusion

Despite the MRI scanning environment not
being optimal for the performance of audi-
tory tasks owing to its elevated acoustic noise
levels, fMRI has significantly contributed over
the years to advancing our understanding of the
neuronal correlates of auditory comprehension.
Improvements leading to quieter hardware, more
efficient attenuation techniques, and acquisition
sequences optimized for delivery of auditory stim-
uli during short periods of silence have allowed

Time
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Time
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I Stimulus ‘on’
 Stimulus ‘off’
MM Volume acquisition

—— BOLD response to desired stimulus
mmm Sampled portion of BOLD response

Figure 2. The interaction of acquisitions and experimental paradigms. (A) A traditional
distributed volume acquisition implemented during a block paradigm. (B) A clustered volume
acquisition, implemented using the same paradigm as in (A), now providing silent periods during
which the desired stimulus can be presented free of the scanner noise. (C) A stroboscopic acquisition
scheme using a clustered volume acquisition to sample the blood oxygen level-dependent response
at different temporal positions during an event-related design with a long repetition time. A long
repetition time allows for the response to the previous clustered volume acquisition to decay prior to
the subsequent stimulus presentation and provides better temporal resolution in the estimated

hemodynamic response.
TR: Repetition time.
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neuroscientists to use fMRI to understand the
different processing stages that are required to
successfully decode spoken utterances.

Future perspective

Today, in great part due to research conducted
with fMRI, we know that auditory compre-
hension involves a set of bilaterally distributed
regions that extend well beyond those initially
considered in the classical models proposed
by Wernicke [2] or Geschwind [s6]. Moreover,
by means of carefully designed fMRI experi-
ments, we have a rough understanding of the
different roles that many temporal, parietal and
frontal areas play in translating auditory inputs
to the primary auditory cortex into meaning-
ful concepts (for a review, see [57]). Still, our
understanding of auditory comprehension is
not complete as elementary questions, such
as how simple acoustic features of pitch or
intensity are processed and how language-
relevant signals (e.g., linguistic tones [s8]) are

Background

selectively routed to the hemisphere dominant

for language, are still open to debate. Future
applications of fMRI in the realm of auditory
comprehension will not only include finding

conclusive answers to these questions, but also

in helping clinicians determine language lat-

erality accurately with significantly lower risks
[59], or the creation of detailed individualized
maps of eloquent cortex prior to surgical inter-

ventions [60] that will help boost the prognosis

of such interventions.
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In vivo study of speech has been greatly advanced by the introduction of neuroimaging techniques, including functional MRI.

Functional MRI has inherent disadvantages for use in the study of auditory comprehension.

Acoustic noise sources in functional MRI

Rapidly switched gradients associated with image acquisition are the dominant source of acoustic noise during functional MRI

experiments.

Confounds associated with imaging-related acoustic noise
Acoustic noise can limit subject attention to a desired stimulus, thereby affecting the extent of activation observed in the brain.
Responses to the acoustic noise interact in a nonlinear manner with responses to desired stimuli, limiting the ability to reliably detect and

quantify the latter.

Attenuation of imaging-related acoustic noise
Passive attenuation measures may be applied to the imaging hardware or at the level of the subject/patient, while deriving reasonable

benefit.

Active noise cancellation is demonstrating promise as a future means to reduce acoustic noise-related confounds.

Changes to the acquisition procedure have proven to be effective, but may reduce the statistical power of an experiment.

‘Sparse’ experimental designs probably represent the most effective means to date of achieving good experimental efficiency while
limiting the nonlinear interaction of responses to desired stimuli and imaging-related acoustic noise.
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