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B

irdsong is studied as a model of vocal learning, perception,
production, and motor abnormalities of speech (1, 2). There
are interesting parallels between song development and speech
development (3) and between auditory and vocal pathways in the
songbird and human brain (4). Therefore, insights from experiments on songbirds may contribute to the understanding of auditory and vocal function in humans. For example, minimal models
of speech dyspraxia (5) and dysfluencies such as stuttering are being
developed in zebra finches (6). Zebra finches are capable of
learning, producing, perceiving, and discriminating complex sound
patterns. Birdsong in zebra finches consists of a sequence of
distinctive sounds produced by males and is characterized by a
consistent and reproducible acoustic profile. Song is learned by
imitating the song of an adult conspecific tutor during a sensitive
period of development (7–10). Recently, it has been shown that
songbirds are able to learn recursive syntactic patterns, presumably
a simple form of grammar (11), thus extending the potential
applicability of the birdsong model to our understanding of the
biological basis of languages.
Several brain structures are required for learning, production,
and perception of birdsong. It is known from electrophysiological
studies that song learning nuclei, such as the lateral magnocellular
nucleus of the anterior nidopallium (LMAN) and X (12), play an
important role in song development. In parallel with song motor
learning, auditory song selectivity gradually emerges during development (13–17). Robust sensory responses to auditory stimuli have
been recorded in the primary auditory area in the caudal telencephalic region (field L), the caudomedial nidopallium (NCM), the
caudal mesopallium (CM), and the caudomedial ventral hyperstria-
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tum (18–21), as well as in the song nuclei HVC, LMAN, X, and
nucleus interface of the nidopallium (22–28). Sensory representation of birdsong in the song nuclei and the secondary auditory areas
NCM and CM is characterized by response selectivity to song
ownership, familiarity, and species-specific features. For instance,
neurons in these structures are more responsive to bird’s own song
(BOS) and tutor song (TUT) than to conspecific song (CON) and
to CON compared with heterospecific song (26).
Electrophysiological recordings of multiple and single units have
provided high temporal resolution regarding stimulus-specific sensory responses in functionally specific brain nuclei. Auditoryevoked responses recorded on the surface of the brain have also
revealed temporal information about activation of the brain as a
whole (29). However, because these methods do not provide 3D
spatial resolution of relevant brain substrates, we have a poor
understanding of the topography of sensory activity, both within
each auditory area or song nucleus and more globally. Experiments
examining the spatial patterns of song stimulation-induced upregulation of immediate early gene products such as ZENK have
been successful in addressing this deficiency (30, 31). For example,
Ribeiro et al. (32) have studied the topographic organization of song
syllables in the canary NCM. ZENK expression also shows higher
response of neurons in NCM to CON vs. heterospecific song (33).
In this study, we examine the spatial pattern of brain activation
in response to auditory stimuli by adapting the blood oxygenation
level-dependent (BOLD) functional MRI (fMRI) method (34) in
mildly sedated zebra finches. This method enables us to obtain
better spatial resolution and localization of neural representation of
birdsong than in electrophysiological recordings and to investigate
the effect of various stimuli on the same individual. The feasibility
of fMRI on songbirds has been demonstrated recently in anesthetized European starlings (35). It was shown that a sensory BOLD
response exists, is stable over time, and causes specific activation of
auditory areas of the brain in response to auditory and song stimuli.
In this experiment in awake, mildly sedated zebra finches we ask
whether there are differences in the spatial distribution of stimulusdependent activation based on species-specific stimulus saliency,
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Electrophysiological and activity-dependent gene expression studies of birdsong have contributed to the understanding of the
neural representation of natural sounds. However, we have limited
knowledge about the overall spatial topography of song representation in the avian brain. Here, we adapt the noninvasive
functional MRI method in mildly sedated zebra finches (Taeniopygia guttata) to localize and characterize song driven brain activation. Based on the blood oxygenation level-dependent signal, we
observed a differential topographic responsiveness to playback of
bird’s own song, tutor song, conspecific song, and a pure tone as
a nonsong stimulus. The bird’s own song caused a stronger
response than the tutor song or tone in higher auditory areas. This
effect was more pronounced in the medial parts of the forebrain.
We found left–right hemispheric asymmetry in sensory responses
to songs, with significant discrimination between stimuli observed
only in the right hemisphere. This finding suggests that perceptual
responses might be lateralized in zebra finches. In addition to
establishing the feasibility of functional MRI in sedated songbirds,
our results demonstrate spatial coding of song in the zebra finch
forebrain, based on developmental familiarity and experience.

Fig. 1. Location and time trace of main BOLD response. (A) Slice midlines used to prescribe the fMRI scans (Upper Left) and maximum intensity projections of
color-coded correlation coefficients R ⬎ 0.2 (P ⬍ 0.001), along three orthogonal views, of the brain of a male zebra finch stimulated with a CON (Upper Right
and Lower). For demonstration, the green lines connect corresponding voxels in the three views. (B) Cluster of activated voxels in the forebrain area close to the
sagittal midline (Inset) of a male zebra finch stimulated with his own song. Colors code the correlation coefficients of the response with the stimulation function,
also given as numbers (R ⬎ 0.16, P ⬍ 0.005). Shown are averaged BOLD response time series with a characteristic shape as expected for this block design paradigm.
The average was taken over the 16 stimulation blocks.

ownership of song stimulus, and experience-based familiarity of
song stimulus. Accordingly, we image sensory BOLD responses to
a BOS, TUT, CON, and a nonsong pure tone and determine their
differential spatial patterns of functional activation in the zebra
finch brain.
Our results provide insights into the 3D representation of birdsong in the zebra finch brain and clearly establish the feasibility of
fMRI in awake songbirds.
Results
fMRI Scanning of the Awake Zebra Finch Brain. We performed fMRI

in 16 awake, mildly sedated male adult zebra finches during
auditory stimulation in a 3.0-T MRI scanner. The auditory stimuli
were a pure tone of 2-kHz frequency (TONE), a CON, the BOS,
and the TUT. Visual inspection of time traces averaged over all
stimulation blocks immediately revealed BOLD responses to auditory stimuli in all birds. In most birds, clearly visible stimulusevoked activations could also be seen by comparing the ‘‘on-off’’
stimulus indicator function with time traces in voxels with a large
correlation coefficient between the time traces and the stimulus
indicator function. The maximum positive correlation coefficient
observed was R ⫽ 0.78 (P ⬍ 10⫺16). Using the first modeling
approach as described in Methods, all 16 birds showed significant
and reproducible stimulus-evoked BOLD activation clusters within
the forebrain.
Fig. 1A shows a representative maximum intensity projection of
significantly active voxels for the whole brain in three orthogonal
views. The BOLD response is seen at similar locations in both
hemispheres, with a pronounced caudal bilateral cluster in the
medial slice closest to the midline, and extending into the slice
adjacent to it. This cluster was present in 63 of the 64 scans
performed and presumably includes parts of field L, NCM, and CM.
The BOLD response time series within that cluster (Fig. 1B) has a
characteristic shape with a sharp rise at the beginning and a negative
undershoot in the off part of the on–off stimulation block. Another
significant bilateral cluster is seen in a more ventral position at the
location of the midbrain. In addition to these consistently observed
clusters, more variable activations were seen in other brain areas.
Activation in slices 1 and 8 appeared to be most variable, presumably because of partial volume effects with areas outside the brain
10668 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0611515104

and are therefore not used in the following. Fig. 2A shows for all
stimuli averaged activation clusters from the outer parasagittal
slices 2 and 7 (lateral) to the inner parasagittal slices 4 and 5
(medial). Before averaging, all data were approximately geometrically normalized to a template brain. In the following, we first
describe topographical properties of the BOLD response (location
and extent) and then the amplitude of the BOLD response.
Stimulus-Dependent Differentiation of Sensory BOLD Response Topography in Auditory Areas. Focusing on the medial brain slices 4

and 5 in Fig. 2 A, the region of the brain that shows most pronounced, consistent, and reproducible patterns of activation, we see
distinct differences in the distribution of the voxels activated in
response to different stimuli. In the averages over all birds, the
largest contiguous area of activation is seen with TUT and the
smallest with the unfamiliar CON stimulus. The two developmentally familiar songs, namely TUT and BOS, show a widening of the
caudal-most extension of the activated area, which presumably
corresponds to the secondary auditory areas CM and NCM, and
their input field L subregions L1 and L3.
Fig. 2B shows differential profiles for all combinations of stimuli
in the two medial slices, averaged over the two hemispheres. Most
evident is a shift of the activation toward more caudal regions from
TONE to BOS (red area, positive change vs. blue area, negative
change from TONE to BOS); TUT shows much more pronounced
activation throughout the activated region when compared with
TONE, and greater amount of activation in the central and rostral
field L portion when compared with BOS. In the latter comparison,
TUT and BOS show nearly equal amounts of activation in the wider
posterior caudal area that corresponds to NCM.
A simple cluster analysis (Fig. 2C) of the caudomedial region,
based on the general linear model coefficients and their estimation
errors of all 16 birds and all four stimuli, yielded no clusters 6 times,
one cluster 23 times, two clusters 34 times, and four clusters once.
The shape of the clusters was variable. There was no dependence
between the number of clusters and the stimulus used. Of the 35
cases where two or more clusters were found, in 23 cases the cluster
with the stronger activation covered more likely field L than NCM
(five cases showed the opposite behavior, i.e., weaker activation in
field L; the remaining seven cases were inconclusive). All field L
Voss et al.

Fig. 2. Differential topography of activation of auditory areas in response to different stimuli. (A) Averaged functional activations depending on stimulus and sagittal
slice position. The slice numbers as corresponding to Fig. 1A are given at the bottom. Functional activations are shown as average correlation coefficients. The grayscale
background consists of a representative anatomical volume (smoothed and averaged over both hemispheres). (B) Comparison of averaged activation for different
stimuli. Positive changes of the correlation coefficient from stimulus 1 to stimulus 2 are shown in red, and negative changes are in blue, as indicated with the color bar.
For example, the stimulation with BOS yields more posterior (red area, arrow) and less anterior (blue) activation than the stimulation with TONE. (C) Example of
differences in the shape of the mean BOLD response between primary and secondary auditory areas for stimulation with TUT. Using a simple clustering mechanism
based on the strength of activation, the activated area segments into two (noncontiguous) clusters shown in red and green, presumably corresponding to activations
in field L (green) and other areas including NCM (red). The corresponding averaged time series within the two clusters, shown in Inset in the same color as the clusters
and with 66% confidence intervals, show a distinctively different time course. The anatomical overlay was redrawn from ref. 42.

Discrimination Between Stimuli in the Forebrain as a Whole. A
quantification of the response by measuring the time-averaged
BOLD response amplitude relative to the mean signal intensity for
significantly activated voxels (P ⬍ 0.005) gave the following values:
the maximum time-averaged BOLD response amplitude found in
the whole brain was similar across all stimuli: 4.4% (TONE, CON,
BOS) and 4.5% (TUT). The average of the strongest activated voxel
in each bird (average over all 16 birds), however, was very interesting: 2.7% (TONE), 2.8% (CON), 2.6% (TUT), but 3.7% for
BOS. Not surprisingly, this effect stems mostly from high auditory
nuclei, so that in the area containing field L, NCM, and CM, the
average of the strongest activated voxel in each bird (average over
all 16 birds) was 1.8% (TONE), 1.9% (CON), 1.9% (TUT), and
again very high, 2.7% to BOS. The maximum time-averaged
individual BOLD response amplitude in this area was 3.3%
(TONE), 2.7% (CON), 3.5% (TUT), and 4.4% (BOS). The standard deviations of these measures ranged from 0.2% to 0.5% of the
mean signal intensity.
A separation of the brain into medial and lateral parts reveals
differential selectivity of the medial parts with respect to the
stimulus. Fig. 3A shows a comparison of BOLD response amplitudes of different stimuli for the two medial slices 4 and 5 and the
lateral slices 2 and 7. A single-factor ANOVA test across the stimuli
yielded P values of 0.0006 and 0.5 for the medial and lateral slices,
respectively. In particular, the response to TONE stimulation is
significantly smaller than to CON or BOS stimulation, and response
to TUT is weaker than to BOS (Table 1; Wilcoxon signed rank test,
P ⬍ 0.05). In contrast, in the two more lateral slices 2 and 7, the only
significant discrimination found was between TUT and CON
stimulation. In these slices, CON yielded the strongest response
amplitude but more variable topography. To specify the medial
response topography, slices 4 and 5 were subdivided into three
mutually exclusive regions: region 1 containing the caudal areas
with NCM and field L, region 2 containing the cerebellum and
ventral parts of the brain, and region 3 containing the rostral
Voss et al.

forebrain. Only region 1 showed a stimulus-dependent BOLD
response (P ⫽ 0.05, 0.36, and 0.30 for regions 1, 2, and 3,
respectively; single-factor ANOVA). A two-factor ANOVA was
significant with respect to the brain region (P ⫽ 6 ⫻ 10⫺6) and
stimulus type (P ⫽ 0.02) but not with respect to the interaction
between brain region and stimulus type (P ⫽ 0.7).
Finally, a comparison between the left and right hemispheres
showed that the average BOLD response is of comparable ampli-
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activations (green area in Fig. 2C) had a stronger undershoot of the
BOLD response in the off part of the stimulation than NCM
(posterior red areas in Fig. 2C) and CM (anterior red area in Fig.
2C) activations. The onset of all but six BOLD response time series
occurred earlier in field L than in NCM.

Fig. 3. Larger mean BOLD response amplitude to BOS compared with TUT
and right hemispheric bias in stimulus-dependent topographic differences.
(A) Mean and standard error of the BOLD response amplitude over all activated voxels (P ⬍ 0.005) in medial slices 4 and 5 and lateral slices 2 and 7, for
all 16 birds. The P values of a single-factor ANOVA test across the stimuli are
P ⫽ 0.0006 for the medial and P ⫽ 0.5 for the lateral slices. (B) The same for the
right medial slice vs. the left medial slices; P ⫽ 0.0005 and 0.2, respectively.
PNAS 兩 June 19, 2007 兩 vol. 104 兩 no. 25 兩 10669

Table 1. Statistical significances for pairwise differences in the
medians of the BOLD response amplitude for all stimuli pairs
and medial slices 4 and 5, lateral slices 2 and 7, right medial
slice 4, and left medial slice 5 (Wilcoxon signed rank test)
Stimulus
pair

Medial

Lateral

Right
medial

Left
medial

CON–TONE
BOS–TONE
TUT–TONE
BOS–CON
TUT–CON
TUT–BOS

0.01
0.0008
0.4
0.2
0.07
0.005

0.3
0.6
0.6
0.2
0.04
0.4

0.02
0.002
0.5
0.4
0.06
0.007

0.7
0.02
0.8
0.09
0.7
0.09

tude. However, a test of significant differences in dependence of the
stimulus showed that only the right hemisphere discriminates
between different stimuli, in the aforementioned sense (Fig. 3B).
The BOLD response in the right hemisphere represented by slice
4 discriminates TONE and TUT from BOS (single-factor ANOVA
across stimuli, right hemisphere P ⫽ 0.0005, left hemisphere P ⫽
0.2). A two-factor ANOVA with stimuli and hemisphere (left/right)
as independent factors, however, was only significant with respect
to stimulus (P ⫽ 0.0003) but not with respect to hemisphere (P ⫽
0.9) nor interaction between hemisphere and stimulus (P ⫽ 0.09).
The BOLD responses in the left and right lateral slices, 2 and 7,
again do not discriminate between the different stimuli (singlefactor ANOVA across stimuli, left hemisphere P ⫽ 0.7, right
hemisphere P ⫽ 0.08). As far as topographic distribution between
the left and right hemisphere is concerned, the distribution is
variable, but on average there is a larger spatial pattern of activation
on the right (Fig. 2 A).
In summary, areas in the two medial slices containing predominantly NCM, CM, and field L show greater sensitivity to BOS/
CON compared with TONE and to BOS compared with TUT.
There is no significant difference in mean BOLD response amplitudes between stimuli in the lateral slices. Activations in the right
brain hemisphere discriminate better between stimuli than those in
the left hemisphere, and there appears to be a more variable but
wider representation of stimuli on the right side.
Discussion
Our findings in mildly sedated zebra finches further extend the
recent observations in anesthetized European starlings (35). The
similarities between the BOLD response in these two species of
songbirds include: (i) a consistent and reproducible activation of
NCM and field L, (ii) a higher responsiveness of NCM to song than
to perceptually nonsalient auditory stimuli, and (iii) similar characteristics of the BOLD response time course within these two
areas, namely an earlier onset and stronger undershoot in field L as
compared with NCM. In our experiment we have been able to study
responses in the awake, mildly sedated state, to a wider range of
natural song stimuli, and in a larger brain volume in zebra finches.
fMRI of the Adult Zebra Finch Reveals Strong Auditory StimulusEvoked Activation Patterns. We have demonstrated that it is feasible

to obtain localized sensory BOLD responses in awake, mildly
sedated zebra finches by using a 3.0-T MRI scanner. Widespread
functional activity is seen across the forebrain and midbrain. In
particular, we could identify BOLD responses in forebrain loci that
presumably correspond to the auditory areas NCM, CM, and field
L. In addition, significant activations were found in lateral slices that
contain parts of the midbrain, HVC/HVC shelf, and robust nucleus
of the arcopallium (RA)/RA cup. The latter activations, however,
were spatially more variable and diffuse, and we were not able at
this point to make clear assignments to specific regions. It is worth
mentioning that methods of immediate early gene expression,
10670 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0611515104

which have a considerable higher resolution than the method used
here, reveal activity after song playback in some of these areas (in
particular, HVC shelf, RA cup, and nucleus mesencephalicus
lateralis pars dorsalis in the midbrain) (30, 36, 37).
The BOLD response amplitudes in the caudomedial brain region
depended on stimulus type used. In particular, there were significant differences in the BOLD response amplitude for a pure tone
versus CON and BOS activation, and the TUT response was
different from the BOS response. We could also demonstrate that
the auditory responses in the forebrain show high sensitivity to BOS
[as was found in electrophysiological recordings in anesthetized
birds (22, 26, 28, 38, 39)] and TUT in areas corresponding to the
higher auditory area NCM [as was found in awake birds (40)], but
that other stimuli activate the brain as well.
Familiar Song Stimuli Show Selective Differential Topography and
Lateralization in Auditory Areas. The observation that stimuli with a

high degree of developmental experience-based familiarity, namely
TUT and BOS, show a wider extent of BOLD responsiveness in
areas corresponding to the NCM and CM, and their input field L
subregions L3 and L1, is highly consistent with the functional
circuitry and electrophysiological data. The neuroanatomy of the
songbird brain indicates that NCM and CM are secondary auditory
areas with immediate bidirectional connections with L3 and L1,
respectively (41, 42). These areas are likely to be modulated by
experience and learning. Indeed, unit recordings show that neuronal responses are more selectively tuned to learned vocal sounds in
NCM (20, 21) and CM (43–45), whereas the primary auditory
subregions L2a and L2b are responsive to sounds within the wider
species-specific spectrotemporal range (24, 46, 47). Measurement
of long-term response habituation in NCM, by both electrophysiology and the study of the song stimulation-induced up-regulation
of ZENK, has suggested that this area might encode the long-lasting
sensory memory of the TUT (31, 40). Other experiments point to
the fact that NCM and CM might be involved in short-term
plasticity related to song discrimination (18, 19, 48). The greater
representation of TUT and BOS revealed by fMRI in our experiments therefore might reflect an important aspect of the sensory
memory for these developmentally salient familiar stimuli.
The observation that better discrimination between stimuli (measured as the mean amplitude of the BOLD response in significantly
activated areas) is seen in the right hemisphere suggests a possible
lateralization of the mechanisms underlying song perception. Bilateral asymmetry with either left-sided or right-sided dominance,
or differential dual specialization, has been previously observed in
songbirds in relation to both central and peripheral control of song
production (49–52). As far as song perception is concerned, increased neuronal responsiveness to behaviorally relevant song
stimuli has been observed in the field L complex and HVC on the
right side in starlings (53, 54). Right hemispheric specialization is
seen only in awake birds. These observations therefore are in close
agreement with our fMRI findings in awake but mildly sedated
zebra finches. Functional lateralization of this type is of obvious
significance from the perspective of birdsong as a model of speech,
a strongly lateralized human behavior.
fMRI in Songbirds as a Reliable Research Tool. Any fMRI experiment
on animals differs from natural conditions. The background noise
cannot be shielded completely and may affect the overall functioning of auditory pathways. However, by using a block design paradigm in which only responses with stimulus on and stimulus off are
compared, it is assumed that a sufficient amount of the background
noise effect is subtracted out, as in auditory fMRI studies in humans
that use continuous scanning paradigms. An indication that this is
true to some degree is that even pure tone stimulation at a
frequency within the spectrum of the scanner noise still caused
substantial BOLD activation. A caveat to our approach could be
that sedation with Diazepam may enhance inhibitory activity in
Voss et al.

Fig. 4. Experimental setup and stimulation paradigms. (A) Immobilization of
mildly sedated zebra finch in a flexible Tygon plastic tube. (B) Bird in the MRI
radiofrequency coil. (C) Timing of stimuli. Here the pure tone stimulus TONE is
shown. It consists of 1-s on and 1-s off tones, repeated twice within a sampling
interval of 4 s. The sampling interval is repeated eight times (32 s), followed by a
silent block of 32-s duration. The whole on– off block of 64 s is repeated 16 times,
yielding 17:04 min stimulation time per experiment. For song stimulation (CON,
BOS, TUT), the song is played twice within a sampling interval of 4 s, and the gaps
between the repeated song playouts are adjusted accordingly.

echo time ⫽ 1,000/25 ms. The effective repeat time per volume was
4 s. Eight sagittal slices of 1.0-mm thickness, 4 cm field of view
(FOV) (phase FOV ⫽ 0.75), flip angle 70°, and a matrix size of
128 ⫻ 64 (zero filled to 128 ⫻ 128) were acquired with gradient
ramp sampling. Slices were prescribed from right to left (Fig. 1 A).
The scan time per experiment was 1,024 s (256 repeats). Additionally, localizers, in-plane anatomical images, and field correction
maps were acquired.

Methods

Paradigms. All stimuli were delivered in 16 blocks, each consisting

Preparation of Birds. Sixteen male juvenile zebra finches were

of a 32-s on and a 32-s off segment, totaling 1,024 s (Fig. 4C). All
stimuli where normalized with respect to peak amplitude and
played out 16 times (twice per sampling interval) during the on
segment of each block, i.e., the number of stimuli per time was kept
constant despite the different stimuli lengths. The auditory stimuli
were TONE, CON, BOS, and TUT. The birds used for our
experiments were obtained from the laboratories of O.T. and
S.A.H. The BOSs and TUTs were highly dissimilar with the CON
[similarity ⬍20%, Sound Analysis program (55)], which was an
unfamiliar song recorded from a bird in a different colony. Two
CONs were tested before the experiment, yielding similar results,
and one of these songs was used in all birds. All songs were
female-directed songs recorded from birds that were ⬎150 days old.
All birds used in this study were tutored by a single tutor in groups
of two to four. Seven different TUTs were used, depending on the
exact tutoring history. The durations of the TONE and CON stimuli
were 1,000 and 730 ms, respectively. The mean durations of BOS
and TUT were 1,233 ⫾ 406 and 1,519 ⫾ 454 ms, respectively.

live-tutored by male adult zebra finches. Each group of two to six
birds was raised with one tutor from posthatch day ⬇15 through
posthatch day ⬇100. At the time of scanning the birds were ⬇24–48
months old. They were sedated with 40 microl Diazepam (Abbott
Labs, Abbott Park, IL) i.m. (1.66 mg/ml Diazepam in normal saline
solution) 10 min before MRI scanning. The dose of Diazepam used
for sedation was ⬇5 mg/kg body weight (see also SI Text). The fMRI
experiments lasted for ⬍2 h after Diazepam injection. After the
experiments, the birds appeared to be still sedated. To minimize the
influence of the sedation level, we randomized the order of the
stimulus application. After sedation, the birds were immobilized in
a restraining device made of soft transparent Tygon plastic tubes
(Saint-Gobaine Performance Plastics, Beaverton, MI) and a solid
plastic tube (Kendall, Mansfield, MA) (Fig. 4). The birds were
placed in a foam/rubber compound sound isolation box, and
auditory paradigms were delivered by using a flash memory music
player (Samsung, Seoul, Korea), a headphone volume booster
(RadioShack, Fort Worth, TX), and a pair of stereo headphones
(CV-200; COBY, Maspeth, NY) with the magnets removed. The
two headphone parts were randomly exchanged between the right
and left side. The distance to the bird’s head was 4 cm. The sound
pressure level of the auditory stimuli at the head position was ⬇100
dB, and the background noise during the echo-planar imaging
(EPI) sequence was ⬇83 dB. The experiment was approved by the
Institutional Animal Use and Care Committees of Cornell University and The Methodist Hospital Research Institute/Texas A&M
Institute of Biotechnology.
MRI Parameters. Images were acquired on an Excite 3.0 T scanner

(GE, Waukesha, WI) with an in-house built solenoid transmit/
receive coil of 20-mm length and 15-mm inner diameter (Fig. 1B).
BOLD-sensitive fMRI sequences of images were acquired by using
a four-shot 2D gradient echo EPI sequence with repetition time/
Voss et al.

Postprocessing. BOLD-sensitive EPI images were corrected for
distortions by using field correction maps and in-house software
written in IDL (Research Systems, Boulder, CO) (56, 57). The
images were then despiked and motion was corrected by using
AFNI (58). After statistical modeling, as described below, the
statistical parametric maps (SPMs) were registered to a brain
template that consisted of the least distorted and most symmetric
(with respect to the sagittal midline) EPI scan. The 2D registration
was based on a locally affine but globally smooth transformation
(59) estimated from the EPI data and applied to the SPMs and
averaged BOLD response time series. All averaging of activities, as
described for the two modeling approaches below, was done after
this registration process. Activations in areas with an EPI intensity
baseline ⬍20% of the maximum slice intensity were discarded. It
was not necessary to discard scans due to bulk motion which was
PNAS 兩 June 19, 2007 兩 vol. 104 兩 no. 25 兩 10671
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some parts of the brain, and we cannot exclude that additional areas
may have been activated without the use of Diazepam. However,
this effect of Diazepam, albeit at doses higher than those that we
used, has been shown to make electrophysiological neuronal responses in HVC less variable and more selective to BOS as
compared with wakefulness (55). Further, as described in supporting information (SI) Text, SI Fig. 5, and SI Fig. 6, surface-evoked
potential responses and field potential responses in NCM to the
stimuli are not significantly altered by Diazepam at the dose used.
The restraint of the birds may cause stress and possible changes in
neuromodulator levels, which again may affect the BOLD response.
There are remaining technical challenges and room for improvements to make fMRI in songbirds a reliable research tool. The
details of the coupling of the BOLD response to neuronal activation
in songbirds are unknown, and therefore, optimal timing and
delivery of stimuli should be further investigated. The anatomical
mapping of active areas could be further improved by the development of automatic registration methods suitable for the avian
brain, which does not have anatomical landmarks as significant as
the human brain. This would make the assignment of observed
activations to anatomical structures more reliable, for example, in
our case field L and NCM, which were based to some degree on
function itself.
In conclusion, we have demonstrated that auditory fMRI of the
awake zebra finch can reveal details about the 3D topography of
neural correlates of song perception. It suggests a differential
encoding underlying experience-based discrimination between
song stimuli and a right hemispheric bias in auditory processing.
Even though there is still room for improvement, the noninvasive
nature of fMRI holds the promise of conducting within-subject
longitudinal studies of the development of neural correlates of song
perception.

always small [unlike in our first experiment using mild anesthesia
(60)]. Eye components were removed. Distortion corrected images
were mapped to anatomical drawings (ref. 42 and B. Nixdorf and
H.-J. Bischof, personal communication).
Statistical Modeling. Statistical modeling was done following two
approaches: correlation analysis and general linear modeling with
spatial adaptive smoothing. Correlation analysis is easier to reproduce and turned out to be more suitable for obtaining averaged
statistical parametric maps, whereas general linear modeling with
spatial adaptive smoothing yields a better effective resolution and
rendering of individual activation areas, as well as a higher statistical
accuracy.
Correlation analysis. As a first and easily reproducible modeling
approach, data were smoothed slicewise with a 2D Gaussian filter
(half-width 1.5 voxels), voxelwise detrended by subtracting a linear
fit, and temporally smoothed by convolution with a binomial filter
over three time points. Statistical significance of activation was
defined voxelwise by correlating the signal intensity with the on–off
block stimulation function. In the BOLD response time series (Fig.
1B), all 16 repeated blocks were averaged. For each voxel in the
average plot in Fig. 2 A, a sufficient condition for a voxel to be
displayed was that at least 4 of the 16 birds had a correlation
coefficient of R ⬎ 0.16, corresponding to P ⬍ 0.005 for each bird.
General linear model. As a statistically more advanced approach that
was used for quantification and statistics, we also fitted general
linear models to the data that take local trends and the expected
hemodynamic response function (HDR) into account. The statistical parametric map for this response has been smoothed by using
the propagation–separation (PS) approach (61–63) to achieve noise
reduction without blurring the shape of the activation areas. The PS
method naturally adapts to different shapes of activation areas by
generating a spatial structure corresponding to similarities and
differences between time series in adjacent locations. The general
linear model was given by yt ⫽ ␤0 ⫹ ␤1h(t) ⫹ ␤2t ⫹ ␤3t2 ⫹ t, with
yt the signal in one voxel at time t, t the residual, ␤(.) coefficient
vectors, and h(t) the expected BOLD response function, defined as
the convolution of the block stimulation function with an idealized
HDR. The HDR was modeled as:
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with a1 ⫽ 6, a2 ⫽ 12, b1 ⫽ b2 ⫽ 0.9, and di ⫽ aibi, i ⫽ 1, 2, c ⫽ 0.35,
and t the time in seconds (64). Subsequently, PS was applied as
described (63). From the smoothed map of coefficients ␤1 and its
estimated standard deviation, voxelwise t scores were computed.
Discrimination of the response to the four stimuli was performed
by measuring the mean BOLD response amplitude in percent of the
mean signal amplitude within significant voxels for t ⬎ 2.60 (P ⬍
0.005) for the regions as described in Results and subsequent
application of a Wilcoxon signed rank test for zero median of the
differences (Table 1). To account for the multiple testing problem,
these results were verified by a single-factor ANOVA test with the
stimulus as parameter, as described in Results. All ANOVA tests
were repeated-measure tests with the individual 16 birds as repeated measure.
Cluster analysis. The PS approach contains a simple clustering
mechanism by segmenting regions of activations by the fit coefficient ␤1 and its standard deviation. Clusters were computed only
within activations with a global, i.e., multiple test corrected, threshold of P ⫽ 0.05, by including voxels with a voxelwise threshold of
P ⫽ 0.005. Clusters within the activated region presumably containing field L and NCM were counted. Clusters were evaluated
with respect to their exact position relative to each other; clusters
were grouped by their position as described as rostral-dorsal
(presumably field L) vs. caudal-ventral (presumably NCM), and
these groups were compared with amplitudes and onset latencies of
the corresponding averaged time series of activation.
All computations were performed with in-house software written in R (The R Project for Statistical Computing, www.rproject.org), MATLAB (Mathworks, Natick, MA), and Excel 2003
(Microsoft, Redmond, WA) on personal computers and Unix
workstations.
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