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Abstract

The noninvasive imaging of the monkey auditory system with functional magnetic resonance imaging (fMRI) can bridge the gap between
electrophysiological studies in monkeys and imaging studies in humans. Some of the recent imaging of monkey auditory cortical and
subcortical structures relies on a technique of “sparse imaging,” which was developed in human studies to sidestep the negative influence of
scanner noise by adding periods of silence in between volume acquisition. Among the various aspects that have gone into the ongoing
optimization of fMRI of the monkey auditory cortex, replacing the more common continuous-imaging paradigm with sparse imaging seemed
to us to make the most obvious difference in the amount of activity that we could reliably obtain from awake or anesthetized animals. Here,
we directly compare the sparse- and continuous-imaging paradigms in anesthetized animals. We document a strikingly greater auditory
response with sparse imaging, both quantitatively and qualitatively, which includes a more expansive and robust tonotopic organization.
There were instances where continuous imaging could better reveal organizational properties that sparse imaging missed, such as aspects of
the hierarchical organization of auditory cortex. We consider the choice of imaging paradigm as a key component in optimizing the fMRI of
the monkey auditory cortex.
© 2009 Elsevier Inc. All rights reserved.
Keywords: Monkey; Macaque; Auditory; Cortex; Tonotopy; Hierarchical processing; Human; Communication; Hearing; Sparse; Continuous; Imaging;
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1. Introduction

Developing the imaging of the monkey auditory system is
important for a direct comparison with the copious data that
have been and are continuing to accumulate from the
imaging of the human auditory system. Not only will direct
comparisons of human and monkey auditory imaging data
allow us to evaluate evolutionary relationships in brain
processes that support vocal communication and hearing, but
also the monkey imaging can guide invasive work that is
needed to understand neuronal processes and the relationship
of neuronal activity to the hemodynamic imaging signal.

Given that functional magnetic resonance imaging
(fMRI) is now a standard technique for imaging human
brain function, monkey fMRI would provide the most direct
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comparison. Although fMRI of the monkey visual system
has the advantage of being better established [1–4], fMRI of
the monkey auditory system (including cortical and
subcortical structures) is beginning to gain ground [5–10].
Auditory fMRI is challenging on its own in part because the
noise generated by the magnetic resonance (MR) scanner
will (1) activate the auditory system, (2) reduce its
responsiveness to other sounds and (3) mask the experi-
mental sound stimuli.

For imaging the brains of small animals, high-resolution
imaging is needed at high magnetic fields (N1.5 T), which
offers improved differentiation of the hemodynamic response
in terms of spatial distribution and stimulus sensitivity (for a
review, see references [11] and [12]). High-resolution MRI
sequences, such as echo-planar imaging, rely on strong
magnetic gradients with short gradient rise times, especially
when images are acquired quickly. However, the rapid
switching of strong gradients generates considerable
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acoustical noise and requires special attention for reducing
the exposure of subjects to potentially harmful levels of
scanner noise (N100-dB sound pressure level [SPL]). This is
true regardless of the purpose of the fMRI, nonauditory
studies included. Among the approaches to deal with scanner
noise, which include developments in hardware improvement
and active noise cancellation [13], the easiest to implement
with any system involves acoustically shielding the scanner
bore, giving subjects ear plugs and placing foam around the
subject's head and ears. Yet, the passive attenuation of the
scanner noise depends on the material used, the care with
which this is applied and the space around the head.
Furthermore, in our experience, passive attenuation alone
does not guarantee robust monkey auditory imaging.

In our recent auditory and multisensory work, along with
the use of passive attenuation strategies, we optimized our
imaging sequences and their parameters to obtain a robust
blood oxygen level-dependent (BOLD) fMRI response in
monkeys [5–8]. However, with all of the optimization
strategies, many of which have been detailed previously, the
one that seemed to us to make the most obvious impact on
the quality of the auditory cortex activity — in both awake
and anesthetized animals — was the use of a “sparse-
imaging” paradigm. Sparse imaging adds periods of silence
in between volume acquisition and sidesteps the effects of
the scanner noise on the auditory hemodynamic response
(Fig. 1). This approach was developed for and is commonly
used in the auditory imaging of humans [14–17].

This study directly compares the sparse-imaging
approach to the commonly used “continuous-imaging”
paradigm in the imaging of the monkey auditory cortex.
Continuous imaging is the typical imaging paradigm for
most fMRI studies, including still many auditory fMRI
studies [18–22]. With continuous imaging, there is no
interruption in scanner image acquisition, and thus, the
Fig. 1. Design of the sparse and continuous-imaging paradigms. To facilitate comp
block design with alternating stimulation (sound) and baseline (no sound) periods. T
panel A and was developed based on the ones that are in use for fMRI study of the hu
paradigm that we used for awake and behaving animals is described elsewhere
paradigm initiates with an imaged brain volume (in orange). Then the imaging stop
period before the next volume acquisition. Because of the delay in the hemodynam
stimulation that occurred approximately 4 to 6 s before while sidestepping the audit
stimulus presentation in relation to the time of the volume acquisition can be opti
imaging, we acquired the same number of volumes as the sparse-imaging paradigm
noise will continuously elicit activity from and reduce the responsiveness of audit
scanner noise is on continuously. Direct comparison of the
sparse and continuous-imaging paradigms in anesthetized
animals showed that the sparse-imaging paradigm produced
more robust auditory activity and better revealed the
functional organization of the monkey auditory cortex.
There were some instances in which the continuous imaging
revealed functional properties that the sparse imaging
overlooked. We discuss under which conditions either
paradigm or others not tested here might be more appro-
priate. We conclude with a cautionary note against over-
exposing subjects to high sound stimulation levels with
continuous imaging to obtain modest activity, which another
scanning paradigm could obtain at lower and more reason-
able sound stimulus levels.
2. Methods

We report data from eight functional MRI sessions with
three male macaque monkeys (Macaca mulatta) weighing 6
to 12 kg. The animals were scanned while being anesthetized
[5–8]. All studies were in full compliance with the guidelines
of the European Community for the care and use of
laboratory animals (EUVD/86/609/EEC) and were approved
by the local authorities (Regierungspraesidium Tuebingen).

2.1. Magnetic resonance imaging hardware

Measurements of the fMRI BOLD signal were made with
a vertical 4.7-T scanner (Bruker Medical, Ettlingen,
Germany). The animals sat in a primate chair in the magnet.
During the experiment, the animal's head was positioned
with a plastic head holder (Tecapeek; Ensinger, Germany).
The 4.7-T scanner is equipped with a 40-cm-diameter bore
(Biospec 47/40v, Bruker Medical) and a 50-mT/m actively
shielded gradient coil (B-GA 26, Bruker) of 26-cm inner
arison, both paradigms obtained equivalent numbers of volumes and used a
he sparse-imaging paradigm for use with anesthetized monkeys is depicted in
man auditory cortex (see the manuscript text for details). The sparse-imaging
(see references [5,6], and [8]). The blowout shows that the spare-imaging
s and allows sounds to be presented in relative silence during the subsequen
ic (BOLD) response, the next volume acquired 10 s later reflects the sound
ory response to the scanner noise that occurred 10 s before. The timing of the
mized for obtaining the maximal activity response [15]. (B) For continuous
but with no pause in between volume acquisition. In this case, the scanner

ory cortex while also masking the sound stimuli during their presentation.
t
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diameter. For the scanning sequences used here, this
scanner's noise peaked at 105-dB SPL (see the power
spectrum of the scanner noise in Fig. 3 and, for further
details, the Sound Stimuli and Presentation section).

2.2. MR imaging

Signals were acquired using a 70- or 80-mm-diameter
surface radiofrequency coil positioned over the auditory
cortex of one hemisphere. To obtain a plane of activity
corresponding to auditory cortex, we oriented slices parallel
to the lateral sulcus (Fig. 2) by relying on sagittal anatomical
images obtained with a FLASH sequence. For this sagittal
anatomical scan, the imaging sequence had the following
typical parameters: echo time (TE), 6 ms; volume repetition
time (TR), 500 ms; field of view (FOV), 9.6×9.6 cm2, on a
grid of 128×128 voxels, 2-mm-slice thickness, 15 slices. The
sagittal anatomical scan was also used to align a volume,
centered on auditory cortex, for optimizing the linear and
higher-order shim coils using an autoshim algorithm [23].

Functional data were acquired using a multisegment
(“multishot”) gradient-recalled echo-planar imaging
Fig. 2. Activating the monkey auditory cortex: sparse and continuous-imaging par
greater BOLD activity response than continuous imaging (B, D). Panels A and
individual. In these experiments, we used broadband noise presented at 95-dB S
volume in three experiments with three different monkeys. Each imaging figure p
characters identify the monkey (E04, M00, J02) and the subsequent part the experim
figures. The inset above panel B illustrates the slice orientation and the alignment
below the lateral sulcus. Abbreviations: LS, lateral sulcus; STS, superior temporal
sequence (GE-EPI) with typical parameters (TE, 16 ms;
flip angle, 45°; 9–12 slices, 2-mm thick, centered and
aligned with auditory cortex) (Fig. 2). The FOV was adjusted
for each animal's head size and was between 6.4×6.4 and
12.8×12.8 cm2. This resulted in voxel sizes of 1 to 2 mm3.
Thereby, to allow a better comparison between experiments,
we expressed activations in volume units of milliliter and not
as absolute numbers of voxels (Fig. 2).

For the sparse imaging, we typically used a two-segment
or “shot” GE-EPI procedure to sample k-space, where the
volume acquisition time (TA) was 2 s and the TR was 10 s.
For continuous imaging, the sequence was identical, except
that we extended the TR to be a better match to the slower
pace of the sparse-imaging sequence and to allow more
comparable periods of acoustical stimulation. For the
continuous-imaging paradigm, we used an 8-shot version
of the GE-EPI where both TA and TR were 6 s. This change
improved the signal-to-noise ratio (SNR) of the continuous-
imaging data (mean, 35 SNR) relative to the sparse-imaging
data (mean, 22 SNR). Signal-to-noise ratio was computed as
follows: SNR=[mean(S)−mean(N)]/std(N), where S is the
intensity of voxels within a region of interest (ROI) in
adigms directly compared. Sparse imaging (A, C) resulted in a considerably
B are experiments with one monkey; panels C and D are from a differen
PL. (E) Summary of the significantly active (Bonferroni corrected, Pb.05
anel labels the monkey subject and the experimental session: the first three
ental session identifier. This format is used in this and all of the subsequen
of our imaging slices with auditory cortex on the superior temporal plane
sulcus.
t
)

t
,
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auditory cortex and N is the intensity of the voxels within the
same ROI as positioned outside of the brain. However, even
with this advantage for the continuous-imaging data, the
auditory response with sparse imaging was better than that
with continuous imaging as the results show (Fig. 2).

To facilitate direct comparisons between the two para-
digms, it was important to obtain equivalent numbers of the
functional imaging volumes. Where the continuous- and
sparse-imaging paradigms were directly compared, the total
volumes obtained was equivalent for both of the paradigms
at 180, 144 and 120 total volumes, respectively, for each of
the three experiments, E04um1, M00ug1 and J02vA1 (Fig.
2E); this was in the context of 15, 12 and 15 baseline and
stimulus block periods with 12, 12 and 8 volumes per such
period, respectively, for each of the three experiments.

Anatomical images (T1-weighted) used the same planar
FOVas the functional scans, allowing anatomical slices to be
in register with the functional slices that were acquired
during the same imaging run. Anatomical volumes were
typically acquired with a four-segment 3D-MDEFT
sequence (three-dimensional modified driven equilibrium
with Fourier transform pulse sequence: TE, 4 ms; TR, 22 ms;
256×256×128 voxels). Displayed images are in radiological
coordinates where left is right and right is left.

2.3. Anesthetized animal preparation

An extensive description of the anesthesia procedures
can be found elsewhere [1,7,24]. The handling and
anesthesia protocols ensure stress-free treatment of the
animal while preserving neural responses to sensory
stimulation. After premedication with glycopyrrolate (0.01
mg/kg im) and ketamine (15 mg/kg im), a catheter was
inserted into the saphenous vein. Animals were preoxyge-
nated and prepared for intubation with a cocktail of short-
acting drugs (fentanyl at 3 μg/kg, thiopental at 5 mg/kg and
muscle relaxant succinylcholine chloride at 3 mg/kg). The
trachea was then intubated and the lungs ventilated at 25
strokes per minutes. Anesthesia was maintained with
remifentanil (0.5–2 μg/kg per minute) and muscle relaxation
with mivacurium chloride (5 mg/kg per hour). Lactated
Ringer's solution was given intravenously at a maximum
rate of 10 ml/kg per hour. Physiological parameters (heart
rate, blood pressure, blood oxygenation and expiratory CO2)
were monitored and kept in desired ranges with volume
supplements. Body temperature was regulated using circu-
lated water heaters. Functional data acquisition started
approximately 2 h after the start of the animal preparation
following a high-resolution anatomical scan.

2.4. Sound stimuli and presentation

Sound stimuli were groups of single-frequency tones or
noise bursts. Noise bursts ranged in spectral composition
from 1-octave bandpass noise to broadband noise (0.250–19
kHz). The tone and bandpassed noise groups allowed us to
vary the center frequency of sounds within a group. The
sound types used and their exact frequency composition are
identified in the reported experiments. When tones and
bandpassed noise responses were compared, we made sure
that tones were presented to cover the frequency range of the
bandpassed noise stimuli that were used (see reference [5]
for details).

All sounds were 50 ms in duration. They were sampled at
44.1 kHz and presented at 8 Hz (75-ms interstimulus
interval). The amplitude of all sounds was cosine shaped on
and off for 8 ms. The stimuli were root mean square (RMS)
matched and presented at the same intensity level, in decibel
SPL. Sound intensity levels are also reported in the Results
and were 95-dB SPL for the continuous imaging to
overcome the effects of the scanner noise and for the
sparse-imaging experiments where the two imaging para-
digms were directly compared.

The sparse imaging did not require the sound intensity to
be very high for robust activation of auditory cortex. Thus,
when not directly comparing with continuous imaging, we
used a range between 70- and 85-dB SPL, which allowed us
to optimize the selectivity of auditory cortex responses for
evaluating tonotopy (Fig. 3A) and hierarchical processing
(Fig. 4A). This was done by first acquiring short scanning
runs with broadband noise to probe the amount of auditory
cortex activity. Here, we varied the broadband noise sound
intensity levels in 2.5- to 5-dB steps in between 70 and
85 dB. This allowed us to select the minimum sound level
within this range that resulted in broad auditory cortex
activity (e.g., extending ∼3 cm, anterior to posterior). With
subsequent stimulation at this preselected intensity value, we
were able to balance between obtaining broad activation of
auditory cortex and preserving neuronal selectivity for sound
features. The alternative is that most neurons are active at the
very high sound intensity levels and functional selectivity
cannot be measured [9,17,25].

Sounds were presented using custom-written software
and controlled using a QNX real-time operating system
(QNX Software Systems, Canada). Sound stimuli were
stored as WAV files, played from a PC, amplified (Yamaha,
AX-496) and delivered binaurally using MR-compatible
headphones (MR Confon, Germany). The headphones are
composed of an electrodynamic membrane [26] within
customized and foam-insulated headphone cups, designed
for use with macaque monkeys. The headphones were
secured over the monkeys' ears and covered with foam
(Tempur-Pedic, http://www.tempurpedic.com) to further
attenuate outside sounds. Calibrations and sound intensity
measurements were made with an MR-compatible condenser
microphone (Brüel and Kjær 4188) and a sound level meter
(Brüel and Kjær 2238 Mediator, unfiltered calibration). Each
headphone was individually calibrated to ensure a linear
transfer function (from 0.088 to 19 kHz). The scanner noise
was measured at a maximum of 105-dB SPL, which is
estimated to peak at around 80- to 85-dB SPL at the ear,
following approximately 20 to 25 dB of attenuation by the
headphone cups and surrounding foam.
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Fig. 4. Imaging hierarchical organization in auditory cortex. We plot two
example experiments with each imaging paradigm where the activity
preference for either bandpassed noise (red to orange) or tones (blue to cyan
is compared. Both sparse and continuous imaging revealed a distributed
preference for bandpassed noise (red to yellow color map) in the “auditory
belt” (the non-PAC), which surrounds the PAC. This can be used to
approximate the border between the belt and the PAC (see outline in panel A
and reference [5]). This is consistent with the auditory belt preferring more
complex sounds like bandpassed noise over single-frequency tones [31–33]
However, the sparse-imaging paradigm (A) overlooked the preference in
PAC for tonal vs. bandpassed noise stimulation (seen in blue), which was
more obvious with continuous imaging (B).

Fig. 3. Tonotopy results with sparse and continuous imaging. Both imaging
paradigms reveal the spatial topography of frequency preference, seen here
from posterior to anterior as spatially alternating “low” and “high” sound
frequency-preferring patterns (see Methods for how these were computed).
Most sparse-imaging experiments showed an extensive pattern that we now
regularly rely on to reveal up to 11 functional fields in auditory cortex, see
panel A for an example and also reference [5]. With continuous imaging,
panels B and C show the best tonotopic mapping results that we were able to
obtain. Even with these, continuous imaging often resulted in more limited
tonotopic patterns both anterior to posterior and medial to lateral. For the
experiments in panels A and B, the frequency range for the “low band”
stimuli was 0.5 to 2 kHz, and for the “high band” stimuli, 4 to 16 kHz. For
reference, we show the power spectrum of our scanner noise (GE-EPI) in the
upper right corner. The highest three peaks in the noise spectrum are at 0.8,
2.4 and 3.9 kHz.
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2.5. Data analysis

The data were analyzed off-line using custom-written
programs in Matlab (Mathworks, Natick, MA, USA).
Multislice data (volumes) were converted to time points
and linear drifts removed. Responses to sounds were
quantified from repeated runs of stimulation blocks with
flanking no-stimulation “baseline” blocks. Functional maps
or auditory stimulus-related responses were computed using
cross-correlation with a boxcar-shaped zero-phase shift
waveform, convolved with a gamma function [1]. Signifi-
cantly, active voxels to the sound stimuli were displayed if
their stimulus-associated P values were b.05 following
Bonferroni correction (Fig. 2).

To determine active voxels for more detailed analysis of
tonotopy or hierarchical processing (Figs. 3, 4), we used a
permutation test taking into account both voxel response and
spatial cluster extent [27–29]. Here, we used the metric
“cluster mass” [27–29], which was calculated for each voxel
as the sum of its and immediate neighbors' activation t
values. A permutation test (bootstrap procedure) then
determined the significance level (P value) based on a
randomized time series subjected to the same clustering
procedure. The advantage of the permutation test is that it
naturally combines information about neighboring voxels,
thus, incorporating cluster size into the significance test and
reducing the need for post hoc clustering or P value
correction. Activations were considered significant below
P=.05. This analysis and the local signal obtained from the
surface coil resulted in significant activations that were
highly localized over the gray matter of the superior temporal
plane. Therefore, activity was over a limited number of slices
(1–3, 2-mm slices), and results could be averaged over these
slices or, in cases of optimal slice positioning, presented from
a single slice.

For the voxels identified as being significantly active,
frequency preference was determined by taking the differ-
ence of the stimulus correlation between two frequency
conditions (Fig. 3A,B). Here, we thresholded the lowest
correlation values (Pearson rb0.05), which makes these
maps discontinuous between frequency regions but elim-
inates the voxels with weak frequency preferences. Multi-
frequency maps (Fig. 3C) show for individual voxels the
frequency eliciting maximal response. Similar results were
obtained from the maximal response of gaussian fits to
voxels' multifrequency responses.

For the tone vs. noise comparisons, we evaluated the
difference of the stimulus correlation between the tone and
)

.
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bandpassed noise conditions once significant voxels were
identified, as for the frequency selectivity analyses. Compar-
able results were obtained if we directly evaluated the
statistical significance of the tone vs. noise activity response
difference (t test, not corrected for multiple comparisons), as
shown in Fig. 4.

3. Results

Acoustical stimulation during sparse imaging elicited
stronger responses from auditory cortex than the standard
continuous-imaging paradigm. The two paradigms were
directly compared in three experiments with three different
anesthetized monkeys. For these comparisons, we used
broadband noise for stimulation at high sound intensity
levels (see Methods).

The design of the imaging paradigms is schematized in
Fig. 1. Both paradigms contained the same number of
imaging volumes and used a block design consisting of
baseline (no sound stimulation) blocks that alternated with
sound stimulation blocks (Fig. 1). The main difference
between the paradigms was that the sparse-imaging
paradigm took longer to complete because of the added
silent periods in between image acquisition. However, so that
there would be a more comparable amount of acoustical
stimulation between the paradigms, at the design stage of
these experiments, we extended the continuous-imaging
volume time while maintaining the same number of volumes
that were acquired from each paradigm to facilitate direct
comparisons (see Methods and Fig. 1).

Even at high sound stimulus intensities of 95-dB SPL,
continuous imaging elicited little activity (Fig. 2B,D). By
contrast, sparse imaging activated a large portion of the
superior temporal plane (Fig. 2A,C). The results for the three
experiments are summarized in Fig. 2E, and each time, the
sparse-imaging paradigm elicited a greater auditory BOLD
response. The significantly active volume obtained from the
imaging paradigms was greater for the sparse-imaging
paradigm (t test, Pb.05) (Fig. 2E). These results show that
even at very loud sound stimulus intensities, the activity with
continuous imaging is modest in comparison with what can
be obtained with sparse imaging (Fig. 2). The results in
combination with our previous work also reveal that it is not
necessary to use high sound stimulus levels with the sparse-
imaging paradigm. This is because broad auditory cortex
activity can be achieved with sparse imaging at levels well
below 85-dB SPL [5] while also preserving the neuronal
selectivity that is needed for revealing the functional
organization of auditory cortex [5,25].

Next, we evaluated how well continuous imaging reveals
the functional organization of auditory cortex for properties
that we have already described in detail with the use of sparse
imaging [5]. As in our previous study, we evaluated the
properties of auditory cortex that reveal its topography of
frequency selectivity (termed tonotopy or cochleotopy). We
also looked for evidence of hierarchical auditory processing,
which can be observed as a preference for broad-spectrum
sounds in the nonprimary auditory cortex (PAC). While the
more typical results obtained with sparse imaging were often
superior to the best that we could obtain with continuous
imaging, there were instances where the continuous imaging
was informative.

Regarding tonotopy, we previously showed how multiple
auditory cortical fields can be revealed with sparse imaging
[5]. The needed first step in parcellating auditory cortical
fields is to reveal the topography of sound frequency
preference, which is seen— from posterior to anterior along
the superior temporal plane — as an expansive pattern of
spatially alternating low- and high-frequency-preferring
regions [5,30,31]. However, since this analysis depends
upon sound frequency preference being evaluated only for
voxels with a significantly active response to the sounds,
continuous imaging will often result in a very limited
frequency preference map because of its low number of
significantly active voxels (as seen in Fig. 2B and D). A
limited activation extent precludes the mapping of the many
auditory cortical fields [5], and a number of our mapping
attempts with continuous imaging failed because of a lack of
strong auditory activity. Fig. 3A shows a typical sparse-
imaging experiment with tonotopic mapping (see reference
[5] for further examples). In Fig. 3B and C, we show the best
examples of tonotopy that we were able to obtain with
continuous imaging. Even these maps, by comparison with
those from the typical sparse imaging results, contain a much
more limited pattern, both anterior to posterior and medial to
lateral on the superior temporal plane (compare Fig. 3Awith
B and C). These observations were independent of the type
of stimulation used (whether with tones or bandpassed
noise), including the range and center frequency of the
stimulation (Figs. 3B and C). As a reference, we show the
spectrum of the scanner noise in Fig. 3 and the prominent
peaks in the scanner noise.

Regarding evidence for hierarchical processing, the PAC
(also called auditory “core”) responds to the features of
many sounds, with especially strong responses to single-
frequency tones [32]. The surrounding nonprimary (belt)
cortex, on the other hand, prefers sounds with more complex
features such as those with a broader frequency spectrum
[31–33]. We have already seen that the sparse-imaging
paradigm can reveal evidence of the hierarchical organiza-
tion in the monkey auditory cortex when the responsiveness
to tones is compared with that to sounds like bandpassed
noise [5].

With sparse imaging, although we often observed a clear
preference for bandpassed noise over tonal stimuli in the
nonprimary (belt) auditory cortex, the preference was patchy
(see the red to yellow color map in Fig. 4A). Also, the PAC
did not show evidence for stronger tone vs. noise responses,
which we expected based on prior electrophysiological
studies with monkeys [32]. This could be because of a
saturated response in the PAC to both stimulus types when
using the sparse-imaging paradigm.
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Interestingly, continuous imaging, while also resulting in
a patchy preference for bandpassed noise in the auditory belt,
better revealed a preference for tone stimulation in the
centrally located PAC (seen in blue in Fig. 4B). A reasonable
question is whether, during continuous imaging, it is possible
that the scanner noise may have masked the bandpassed
noise stimuli more readily than the tonal stimuli, showing
what appears like a preference for tones. This seems
unlikely because of the spatial specificity of the differential
stimulus preferences that occur respectively over the central
PAC for tones and the surrounding auditory belt for
bandpassed noise (Fig. 4B). Thus, a simpler interpretation
is that continuous imaging can, in certain instances, reveal
organizational properties of the monkey auditory cortex that
sparse imaging would miss. This could be useful in this case
for delineating the primary from non-PAC.

4. Discussion

We directly compared in anesthetized macaques the
auditory cortex fMRI activity resulting from the use of two
different imaging paradigms. One is a commonly used
continuous-imaging paradigm where images are acquired
without interruption during stimulation [18–22]. Here,
continuous noise from the scanner competes with the
acoustical stimulation for the auditory cortex response and
requires stimuli to be presented at high enough sound
intensities to overcome the scanner noise. The other, a sparse-
imaging paradigm, minimizes the influence of the scanner
noise on the auditory cortex response and allows less intense
sounds to be presented during silent periods in between image
acquisition [14–17].

Sparse imaging elicited substantially more activity over
auditory cortex than continuous imaging and resulted in
more extensive tonotopic maps. Since the scanner noise
during continuous imaging makes auditory cortex less
responsive to a broad range of frequencies [34,35], sparse
imaging may be better suited than continuous imaging for
more balanced and extensive mapping of auditory cortex.

Continuous-imaging experiments even at high sound
levels precluded extensive activation or mapping of auditory
cortex. However, in some cases, these data could be
supportive and informative. For instance, as expected based
on electrophysiological studies in monkeys and imaging
work in humans [31–33], we observe with monkey fMRI and
either of the two imaging paradigms a preference in the non-
PAC (the auditory “belt”) for bandpassed noise over tonal
stimulation (Fig. 4 and 5). However, at least with the sparse-
imaging paradigm, we observed little preference for the
converse— tones over bandpassed noise— within the PAC
(or auditory “core,” see the area within the outline in Fig. 4A).
Possibly with sparse imaging, there was a saturated response
in the PAC to both of these types of stimuli, which might be
helped by a sound level optimization procedure that is
designed specifically for tone vs. noise comparisons. Our
current procedure is more general and perhaps less biased
because of this (see Methods). It uses nonexperimental
stimuli (such as broadband noise) to find the minimal sound
intensity level to balance between having sound intensities
low enough to get closer to neuronal thresholds, i.e., the most
selective neuronal responses [25], and the higher sound levels
that are needed to activate broad portions of auditory cortex.

Continuous imaging, while showing the preference for
bandpassed noise in the non-PAC, better revealed a
preference for tonal stimulation than the sparse-imaging
paradigm (Fig. 4). For localizing the many auditory cortical
fields within the core and belt regions of the monkey
auditory cortex, the resulting map of the core and belt regions
with continuous imaging (Fig. 4B) would be useful in
combination with the more expansive tonotopic maps
obtained with sparse imaging [5].

4.1. Considering the intensity of sound stimuli

We often use sparse imaging with sound stimulus
intensities in the range between 70- and 85-dB SPL to
balance between obtaining broad activity and preserving
neuronal selectivity [5]. Exceeding 85 dB with sparse
imaging seems unnecessary because neuronal selectivity is
lost at higher sound levels and reliable maps of functional
organization are difficult to obtain. Other authors have also
noted this for monkey auditory cortex imaging [9]. With
continuous imaging, however, as shown here, we had to use
very high sound intensities (95-dB SPL) to elicit even
modest activity in order to compare with that elicited by
sparse imaging (Fig. 2). This was the case even with
considerable efforts in passive attenuation of the scanner
noise around the head of the monkey (see Methods).
Certainly, it seems that some of the functional properties of
auditory cortex were better seen with continuous imaging
(see the previous section). However, we do not recommend
using high sound stimulus intensities with continuous
imaging if a different paradigm can be used, which allows
the use of lower stimulus intensities while resulting in
equivalent or substantially more auditory activity.

When continuous imaging is necessary, lower sound
stimulus intensities can be used in combination with
additional data acquisition to bring out weak stimulus-
related signal responses. This additional experimental time
would eliminate the advantage of the continuous imaging,
requiring less time to complete in relation to sparse-imaging
paradigms, but it would avoid overexposing subjects to high
stimulus intensities and thus risk damaging their hearing.

4.2. Concluding remarks

Continuous imaging is problematic for auditory imaging
but, unfortunately, cannot be easily dismissed because it still
offers a number of advantages over sparse-imaging para-
digms. These advantages include improved temporal
resolution of the hemodynamic response and quicker
acquisition of consecutive volumes [7,22,34,36]. Strategies
are being developed to improve the sparse-imaging paradigm
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to compensate for some of its limitations [37], such as
improving its temporal sampling resolution by jittering the
position of the stimuli in relation to the image acquisition
[15]. From the other side, quieter continuous-imaging
sequences are available [13,38] — although volume TAs
are longer with these — or the continuous-imaging
sequences can be modified so that the scanner generates
less distracting and easier to ignore noise [39].

In the future, developments in MR hardware and the
acoustics of the scanning environment and of active noise
cancellation technology are expected to drastically reduce
the effects of the acoustical noise during MRI [13]. In the
meantime, for robust activity of the monkey auditory cortex,
we recommend the use of the sparse-imaging paradigm. In
combination with the standard optimization strategies that
are needed for obtaining high signal-to-noise and artefact-
free images, the sparse-imaging paradigm could be an
important component of a complete optimization strategy to
elicit robust, selective and reliable fMRI activity from the
monkey auditory system.
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