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Bilaterally symmetric intrinsic brain activity (homotopic functional connectivity; FC) is a fundamental feature of
the mammalian brain's functional architecture. In mammals, homotopic FC is primarily mediated by the corpus
callosum (CC), a large interhemispheric white matter tract thought to balance the bilateral coordination and
hemispheric specialization critical for many complex brain functions, including human language. The CC first
emerged with the Eutherian (placental) mammals ~160 MYA and is not found among other vertebrates. Despite
this, other vertebrates also exhibit complex brain functions requiring hemispheric specialization and coordina-
tion. For example, the zebra finch (Taeniopygia guttata) songbird learns to sing from tutors much as humans ac-
quire speech and must balance hemispheric specialization and coordination to successfully learn and produce
song. We therefore tested whether the zebra finch also exhibits homotopic FC, despite lacking the CC. Resting-
state fMRI analyses demonstrated widespread homotopic FC throughout the zebra finch brain across develop-
ment, including within a network required for learned song that lacks direct interhemispheric structural con-
nectivity. The presence of homotopic FC in a non-Eutherian suggests that ancestral pathways, potentially
including indirect connectivity via the anterior commissure, are sufficient for maintaining a homotopic functional
architecture, an insight with broad implications for understanding interhemispheric coordination across

phylogeny.

1. Introduction

Bilaterally symmetric neural activity is among the most striking
characteristics of the Eutherian (i.e., placental) mammalian brain's
intrinsic functional architecture. This pattern is consistently observed
both in humans (Stark et al., 2008; Zuo et al., 2010; Zhang et al., 2014;
Shen et al., 2015) and in other mammalian species such as macaques
(Vincent et al., 2007; Shen et al., 2015) and rodents (Pan et al., 2011;
Matsui et al., 2016). Symmetric brain activity is typically studied by
examining temporal correlations (i.e., functional connectivity; FC)
embedded within intrinsic (i.e., spontaneous) infra-slow brain activity
(<0.1Hz), conveniently recorded as blood-oxygen-level-dependent
(BOLD) signals from resting-state fMRI (rs-fMRI; Biswal et al., 1995,
2010; Mitra et al., 2018). However, consistent results are also obtained
using other methods, such as wide-field calcium imaging (Matsui et al.,
2016) and local field potentials (Pan et al.,, 2011). FC between

geometrically corresponding, bilateral brain regions is termed homotopic
FC (Stark et al., 2008; Zuo et al., 2010; Zhang et al., 2014; Shen et al.,
2015). Homotopic FC is: 1) generally much stronger than either ipsilat-
eral or asymmetric interhemispheric (i.e., heterotopic) FC (Stark et al.,
2008; Zhang et al., 2014; Shen et al., 2015), 2) more stable across various
task and non-task settings than ipsilateral or heterotopic FC (Misic et al.,
2014; Shen et al., 2015), and 3) important for shaping whole-brain
network dynamics (Zhang et al., 2014). Homotopic FC also appears to
be clinically relevant, with reductions in homotopic FC implicated in
diverse human neuropsychiatric (Kelly et al., 2011; Zhang et al., 2014)
and neurodegenerative (Zhou et al., 2013) disorders.

FC is only moderately linked to structural connectivity (SC), such as
white matter projections (r= 0.50; Honey et al., 2009), and FC is also
capable of arising from functional interactions traversing indirect poly-
synaptic SC pathways (Vincent et al., 2007; Honey et al., 2009; Lu et al.,
2011). Nonetheless, substantial evidence indicates that the direct
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homotopic SC of the corpus callosum (CC; Jarbo et al., 2012) largely
mediates homotopic FC in Eutherian mammals. Strong causal evidence
supporting the importance of the CC for mediating homotopic FC comes
from cases of intractable epilepsy in which the CC was therapeutically
severed (i.e., callosotomy). Pre-vs. post-operative rs-fMRI scans revealed
that homotopic FC was almost completely abolished following complete
callosotomy (Johnston et al., 2008) and markedly reduced following
partial callosotomy (Roland et al., 2017). Long-term follow-up (2-7 years
postoperative) in a subset of cases revealed no recovery of homotopic FC
(Roland et al., 2017; but also see Uddin et al. (2008), a single case report
of partially recovered homotopic FC 45 years postoperative, and Casimo
et al. (2018), a single case report of preserved FC after incomplete
anterior callosotomy). The importance of the CC as a structural mediator
of homotopic FC has also been evidenced in healthy humans and ma-
caques; specifically, the signal conduction efficacy of intact CC fibers is
positively associated with homotopic FC magnitude (Shen et al., 2015;
Hermesdorf et al., 2016).

Nevertheless, homotopic FC's reliance on the CC as a structural sub-
strate appears to be somewhat region-specific, and alternative SC permits
the maintenance of homotopic FC in some regions following CC damage.
For example, homotopic FC between multimodal regions of frontal and
parietal cortices is almost completely abolished following callosotomy,
whereas homotopic FC between sensorimotor and primary visual areas is
generally reduced, yet somewhat spared (O'Reilly et al., 2013; Roland
et al., 2017). Parallel behavioral evidence from macaques suggests that
callosotomy spares the interhemispheric transfer of simple visual infor-
mation (e.g., color) but impairs interhemispheric transfer of more com-
plex visual stimuli (e.g., visual discrimination learning tasks; Glickstein
and Sperry, 1960; Glickstein et al., 1998; van der Knaap and van der
Ham, 2011). It is likely that the anterior commissure (AC; Glickstein
et al., 1998; Glickstein, 2009; van der Knaap and van der Ham, 2011),
thalamocortical connections (Toulmin et al., 2015), and/or visuomotor
transfer via the cerebellum (Glickstein et al., 1998; Glickstein, 2009; van
der Knaap and van der Ham, 2011) mediates this residual interhemi-
spheric transfer. Consistent with a potentially important role of the AC in
functional adaptations following callosotomy, O'Reilly et al. (2013)
noted that for a single macaque in which the CC was lesioned but the AC
was spared, homotopic FC was moderately reduced, but to a lesser extent
than for monkeys in which both the CC and AC were lesioned.

In examining the primacy of the CC for homotopic FC, and whether it
plays a causal role, a critical distinction must be drawn between evidence
obtained from callosotomy patients versus evidence obtained from in-
dividuals born without a CC (i.e.,, callosal dysgenesis/agenesis).
Dysgenesis patients often do not exhibit the classic disconnection syn-
drome characteristic of callosotomy patients, a well-known purported
discrepancy sometimes referred to as the Sperry paradox (Sperry, 1968;
Paul et al., 2007; Tovar-Moll et al., 2014). Some dysgenesis patients
exhibit reduced but not abolished homotopic FC (Quigley et al., 2003;
Paul et al., 2007), and some also exhibit analogous functional deficits to
callosotomy patients (Paul et al., 2007). Yet, others exhibit near normal
homotopic FC and fewer behavioral deficits (Tyszka et al., 2011; Khanna
etal., 2012). These mixed findings have been clarified by the discovery of
aberrant long-range homotopic structural plasticity, which likely de-
velops during a critical period for axonal targeting in utero (Tovar-Moll
et al., 2014). In other cases, preserved homotopic FC in dysgenesis, as
opposed to complete agenesis, may be attributable to partially preserved
CC projections (Khanna et al., 2012; Roland et al., 2017). In sum, evi-
dence supports a causal role for the CC in supporting homotopic FC, but
also suggests that aberrant long-range structural plasticity can preserve
homotopic FC in cases of CC dysgenesis, and that alternative structural
pathways may be capable of at least partially compensating for loss of the
CC occurring later in development.

Despite a wealth of evidence gleaned from Eutherian mammals, much
less is known regarding the interhemispheric FC of either non-Eutherian
mammals (e.g., opossums, platypus, etc.) or non-mammalian vertebrates
(e.g., avians and amphibians), all of which lack the evolutionarily novel
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CC in normal ontogeny (Aboitiz and Montiel, 2003; Luo et al., 2011).
Notwithstanding this, many non-mammalian vertebrates demonstrate
similarly complex multimodal behaviors as Eutherian mammals,
requiring a well-calibrated balance between interhemispheric coordina-
tion and hemispheric specialization, functions thought to normally be
mediated by the CC (Gazzaniga, 2000; van der Knaap and van der Ham,
2011).

One such behavior is learned vocal communication. In humans, lan-
guage learning is among the most complex of multimodal distributed
brain processes (Geschwind, 1970), and the CC is thought to play a
critical role by helping to integrate lateralized processing streams from
each hemisphere (Gazzaniga, 2000). Analogously, songbirds such as the
zebra finch (Taeniopygia guttata) exhibit vocal learning for song, a process
with deep genomic, neural, behavioral, developmental, and social par-
allels with human speech acquisition (Doupe and Kuhl, 1999). Similar to
humans, zebra finches exhibit lateralization of vocal learning and audi-
tory processing (Cynx et al., 1992; Avey et al., 2005; Moorman et al.,
2012, 2015), yet they also require tight interhemispheric coordination of
premotor activity to enable vocal production (Ashmore et al., 2008).
Such functional parallels between Eutherian mammals and
non-mammalian vertebrates, which implicate a simultaneous need for
both hemispheric specialization and interhemispheric integration, are
particularly notable in light of the obvious divergence in SC (i.e., CC vs.
no CC). It remains an open question whether non-mammalian vertebrates
such as avians exhibit a similar pattern of homotopic FC to Eutherian
mammals, despite this clear structural divergence.

Although no CC is present, the avian brain is connected bilaterally by
the evolutionarily ancient AC (its largest interhemispheric connection),
which connects bilateral regions of the caudal telencephalon (Letzner
et al., 2016). However, in contrast to the mammalian CC, its projections
are primarily heterotopically organized and unidirectional (as opposed to
reciprocal), with the exception of a relatively small arcopallial and
amygdaloid cluster of homotopic SC (notably, these regions are not
believed to directly support song learning) (Letzner et al., 2016). Thus,
the avian AC provides a less obvious structural substrate for homotopic
FC compared to the CC of Eutherian mammals, or even compared to the
AC of non-Eutherian mammals, which is more well-developed than the
AC of some non-mammalian vertebrates, such as avians or reptiles (Heath
and Jones, 1971; Aboitiz and Montiel, 2003; Letzner et al., 2016).

In addition to the AC, some polysynaptic structural pathways have
been identified in songbirds which link bilateral regions of the telen-
cephalon via interhemispheric connections within the thalamus,
midbrain, and brainstem (Schmidt et al., 2006; Ashmore et al., 2008).
However, these are only known to connect a small subset of premotor
regions within the telencephalon (Schmidt et al., 2006; Ashmore et al.,
2008). Therefore, these structural connections do not provide an obvious
structural substrate for mediating the brain-wide homotopic FC
commonly observed in Eutherian mammals, nor for mediating homo-
topic FC between a more distributed set of song network regions. It thus
remains an open question whether additional polysynaptic pathways,
linked to either the AC or the sub-telencephalic pathways described,
might enable a more widespread distribution of homotopic FC
throughout the avian brain, including additional regions of the song
network.

Based on evidence obtained from callosotomy and dysgenesis pa-
tients, and the observed parallels between species for complex vocal
learning, we hypothesized that the zebra finch brain would exhibit a
pattern of homotopic FC similar to that of Eutherian mammals, despite
lacking the CC. We performed five sets of analyses to examine this hy-
pothesis from multiple angles. First, we tested whether homotopic FC
was present within a network of well-characterized brain regions
specialized for learned song. Second, we examined whether a set of sub-
telencephalic regions (parts of thalamus, midbrain, and hindbrain) that
display direct interhemispheric SC show stronger homotopic FC than
regions without homotopic SC, as is the case in Eutherian mammals
(Shen et al., 2015). Third, we examined whether homotopic FC between
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particular structurally connected bilateral regions was related to homo-
topic FC within the song network. Fourth, we complimented ROI ana-
lyses by examining homotopic FC across the whole brain using a
data-driven voxel-wise analysis, a technique for which in vivo neuro-
imaging is particularly well-suited. Fifth, given that homotopic FC in
humans decreases globally from childhood to middle adulthood (Zuo
et al., 2010), we used a longitudinal design to investigate whether the
zebra finch brain exhibits a similar developmental trajectory across the
sensitive period for song acquisition. Critically, non-invasive rs-fMRI
allowed us to obtain repeated measures from intact animals across
development. In combination, these analyses provide the strongest test to
date of the possibility that polysynaptic connections traversing inter-
hemispheric pathways between sub-telencephalic nuclei, or relying on
the largely heterotopic fibers of the avian AC, are sufficient to establish
homotopic FC, absent the CC in normal ontogeny.

2. Methods
2.1. Animals

All animal procedures were approved by the Institutional Animal
Care and Use Committee of the University of Chicago in accordance with
the NIH Guide for the Care and Use of Laboratory Animals. Five male
zebra finches (only males sing) were scanned longitudinally at four post-
hatch (P) days to capture the approximate beginning, middle, and end of
the song learning process (P25, P45, P65, and P90; N =5 each age). A
P90 MRI scan was not successfully obtained for one bird, yielding a final
sample of 19 functional series. Due to scanner availability limitations, not
all birds could be scanned on the exact target days: P25 (range: P24-P26),
P45 (range: P44-P46), P65 (range: P64-P67), and P90 (range: P88-P91).
All birds were maintained under a 14/10h light/dark photoperiod
throughout the experiment, with food provided ad libidum.

2.2. Scanning procedure

MRI data were collected at the MRIS Facility of the University of
Chicago. Zebra finches were anesthetized using an admixture of oxygen
and isoflurane gas (anesthesia induction: 1.5-2.25%; maintenance:
1-2%), administered via a tube fitted to the zebra finch beak. This pro-
cedure has been widely validated in prior zebra finch fMRI research
(Boumans et al., 2007; Poirier et al., 2009, 2010; Van Ruijssevelt et al.,
2013; Van Ruijssevelt et al., 2017). For example, Van Ruijssevelt et al.
(2017) found that auditory-evoked BOLD responses in zebra finches are
similar between isoflurane-anesthetized and awake animals. The shape
of hemodynamic responses in anesthetized animals is known to be
similar to that of awake animals (Shtoyerman et al., 2000; Fukuda et al.,
2005; Zhao et al., 2007), and resting-state networks such as the
default-mode network are well-preserved under a variety of anesthetics
(Greicius et al., 2003; Vincent et al., 2007; Boveroux et al., 2010; Mar-
tuzzi et al., 2010).

Isoflurane doses varied slightly between birds within the specified
range (1-2%), because we noted during pilot scans that doses <1.5%
were insufficient to prevent some birds from awakening during scanning
(particularly P90's), whereas doses as high as 2% posed a health hazard
to some birds (particularly P25's). Thus, isoflurane doses were adjusted
for each individual animal to the minimum required to maintain stable
physiological readings during scanning. Notably, however, any dose
adjustments nearly always occurred prior to functional acquisition, and
isoflurane varied during functional acquisition for only a single bird at
one time point (bird #4 at P90). We controlled for this variation in a
nuisance regression described below (2.3.2. Data extraction and
denoising). Isoflurane dose for each individual bird can be found in
Supplementary Table S1.

Following anesthesia administration, birds were fitted with a tem-
perature probe and respiration monitoring pad, allowing for vitals to be
monitored throughout the scanning period. A previously validated
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feedback-controlled heating system within the scanner was used to
maintain constant body temperature within the normal physiological
range (~40 °C; Poirier et al., 2009, 2010; Van Ruijssevelt et al., 2013;
Van Ruijssevelt et al., 2017).

2.2.1. Imaging data acquisition

Neuroimaging data were acquired using a 30 cm bore, 9.4 Tesla Bruker
small animal MRI scanner. A TurboRARE-T2 multi-slice anatomical scan
was acquired first during each scanning session (TR = 3.5s, TE = 20 ms,
Matrix Size: 256 x 256, in-plane resolution =70.3 ym x 70.3 um, slice-
thickness = 200 pm, 59 slices, 9 averages). Next, resting-state spin-echo
(Poirier and Van der Linden, 2011) MR images were acquired
(TR=1.07s, TE=27 ms (Lee et al., 1999; Jin et al., 2006; Budde et al.,
2014), RARE Factor =12 (3 repetitions per acquisition), Matrix Size:
128 x 36, in-plane resolution = 141 pm x 500 pm, slice-thick-
ness=750pm, 15 slices). Slices were acquired in an interleaved,
ascending order. 180 vol were acquired consecutively with an effective
sampling rate of one volume per 3.20 s and a total resting-state scan time of
9.60 min. To avoid T1-equilibration effects, the first five volumes of each
functional series were discarded.

The sampling rate utilized represented a trade-off between image
structural resolution, full brain coverage, and scanner limitations, versus
temporal resolution. Although our sampling rate was slower than the
two-second TR often used in human neuroimaging studies, it still easily
met the Nyquist criterion for alias free signal sampling. Specifically, for a
bandwidth of 0.092 Hz (0.008-0.10 Hz passband), which is commonly
used to define resting-state fMRI frequencies of interest, a Nyquist rate of
0.184 Hz (2 times the bandwidth, equivalent to one sample every 5.43 s)
is needed to successfully resolve the underlying function without alias-
ing. It is also worth noting that the fastest of the slow hemodynamic
fluctuations measured in the resting-state (0.1 Hz) complete one cycle
every 10s.

2.2.2. Preprocessing

Image preprocessing was completed using a combination of Advanced
Normalization Tools (ANTs; Avants et al., 2009, 2011), Statistical Para-
metric Mapping (SPM12; Penny et al., 2011), and custom Matlab scripts.
First, DICOM files were converted to NIfTI format using our MRIqual
toolbox (E.A.L., in preparation). Second, the “N4” bias field correction
algorithm (Tustison et al., 2010) was used to correct images for magnetic
field intensity inhomogeneity. Third, an average of the bias-corrected
anatomical scans was selected as an unbiased starting point for sym-
metric group-wise normalization (SyGN; Avants et al., 2010) and
template-building using ANTs. This process involved iteratively regis-
tering each anatomical scan to a custom brain template using affine and
nonlinear transformations. As image registration improved, the custom
template was recursively updated in each iteration. Cross-correlation was
implemented as the similarity metric for image comparison, and four
template construction iterations were completed.

Fourth, functional scans were corrected for slice timing differences
using SPM (Johnstone et al., 2006; Sladky et al., 2011). Fifth, each 3D
functional volume was realigned to the first volume in its series using
ANTs, and the six rigid-body motion parameters were retained for later
nuisance regression. Sixth, the first functional volume of each series was
co-registered to the corresponding bias-corrected anatomical volume via
affine transformation in ANTs. To minimize the number of interpolations
applied, all affine and nonlinear transformations obtained from func-
tional realignment, coregistration, and structural normalization were
combined into 3D volume-specific deformation fields using the ANTSs
routine “antsApplyTransforms.” Seventh, deformation fields were
applied in a single step to each slice timing corrected 3D functional
volume. Lastly, we assessed the quality and consistency of spatial
normalization by computing voxel-wise Pearson correlations between
the custom template and normalized anatomical scans across voxels
(Fmean = 0.94, SD = 0.01, rpyin = 0.91), as well as between the normalized
functional scans averaged across time and the custom template
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(Tmean = 0.87, SD = 0.02, rppin = 0.81). These analyses indicated a robust
and consistent spatial normalization across scans.

2.3. Data preparation

2.3.1. Region of interest (ROI) delineation

Using our open-source NeuroViz toolbox for Matlab (E.A.L. & M.G.B.,
in preparation), coauthor S. E. L. manually delineated six key compo-
nents of the zebra finch song network within each hemisphere on our
anatomical brain template using anatomical references and a previously
published zebra finch brain atlas (Poirier et al., 2008). These regions of
interest (ROIs) included two sensory processing areas (1. Field L and 2.
auditory forebrain (here defined as caudomedial nidopallium (NCM) and
caudal mesopallium (CM)), three sensorimotor regions (1. lateral
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magnocellular nucleus of the anterior nidopallium (LMAN), 2. Area X,
and 3. HVC (used as a proper name)), and one premotor region (1. robust
nucleus of the arcopallium (RA)). Tract tracing studies have indicated
that these regions do not exhibit homotopic SC (Wild et al., 1997;
Striedter and Vu, 1998; Schmidt et al., 2006; Ashmore et al., 2008), and
therefore they will henceforth be referred to as “homotopic
non-structurally connected” (homotopic-nSC) ROIs. We also delineated
four additional bilateral ROIs that include brain areas known to receive
bilateral inputs and/or direct homotopic SC: the medulla, medial dien-
cephalon, thalamic nucleus uvaeformis (Uva), and the dorsomedial
subdivision of the intercollicular nucleus (DM) (Ashmore et al., 2008;
Striedter and Vu, 1998; Wild et al., 1997; Wild et al., 2000). These latter
ROIs will henceforth be referred to as “homotopic structurally con-
nected” (homotopic-SC) ROIs. For further details on the homotopic SC of
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Fig. 1. Region of interest (ROI) delineation and preprocessing. A: Slice mosaic of the male zebra finch brain template overlaid with ROIs (Song Network: 1. Area X
(Midnight Blue); 2. LMAN (Royal Blue); 3. Auditory Forebrain (Light Green); 4. Field L (Light Yellow); 5. RA (Blue); 6. HVC (Teal); Homotopic-SC ROIs: 7. Medial
Diencephalon (Yellow); 8. Medulla (Orange); 9. Uva (Red); 10. DM (Maroon)). The brain slices shown are 3.6, 4.4, 5.4, 6.2, 7.2, 8.2, and 9.0 mm from the anterior tip of
the telencephalon. B: Left: ROIs displayed within a 3D rendering of the male zebra finch brain template. 3D axes show brain orientation. Right: The basic data
extraction and preprocessing steps are shown using data from left RA in male 1 at P25. Signals extracted from all voxels of an ROI were averaged (top), nuisance
regression was performed (middle), and ROI signals were bandpass filtered (bottom).
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these regions, see Supplementary Materials. This procedure yielded
twenty ROIs in total, comprised of ten bilateral homotopic pairs (Fig. 1A,
Supplementary Table S2). Finally, in addition to these ROIs, co-author S.
E. L. manually traced a conservative cerebrospinal fluid (CSF) mask,
comprised of voxels within brain ventricles.

2.3.2. Data extraction and denoising

Data extraction and denoising were accomplished using custom
Matlab scripts and NIfTI Tools (Shen, 2014) for loading and saving NIfTI
files. For each resting-state functional series, BOLD time series were
extracted from the voxels comprising each ROI and averaged. We fol-
lowed the default approach used in CONN Toolbox (Whitfield-Gabrieli
and Nieto-Castanon, 2012) by extracting ROI signals from unsmoothed
functional data, so as to avoid contamination of the ROI signals with
signal from neighboring regions. However, our main results were robust
to using either unsmoothed or smoothed functional data for ROI
extraction (Supplementary Materials, section 6). Next, a nuisance
regression was performed in which the six rigid body motion parameters
(Bright and Murphy, 2015), the first five principal components of CSF
signals (Behzadi et al., 2007; Whitfield-Gabrieli and Nieto-Castanon,
2012; Layden et al., 2017), linear and quadratic trends (Tanabe et al.,
2002), and body temperature were removed from each ROI time series.
The residual ROI time series were then bandpass filtered (range:
0.008-0.1 Hz; Hallquist et al., 2013) using the bst_bandpass_filtfilt
function from Brainstorm (Tadel et al., 2011). See Fig. 1B for a visual
depiction of this process.

2.4. rs-fMRI validation analyses

2.4.1. Temporal signal-to-noise ratio (tSNR)

The quantification of image quality metrics such as the temporal
signal-to-noise ratio (tSNR) may be particularly valuable for novel
scanning paradigms and/or for use with model organisms, for which
scanning parameters are often less well-established (Kalthoff et al.,
2011). We calculated tSNR voxel-wise, using MRIqual, as the temporal
mean intensity divided by the temporal standard deviation (Triantafyllou
et al., 2005; Harmer et al., 2012; Kemper et al., 2015). tSNR values were
averaged across all voxels within the brain mask to summarize
whole-brain tSNR.

Spatial smoothing is known to markedly enhance tSNR (Molloy et al.,
2014), and many studies only report tSNR for either smoothed or un-
smoothed data (e.g., Harmer et al., 2012; Chang et al., 2018). This factor
(and heterogeneous smoothing protocols) may help to account for the
wide variability observed in tSNR values in prior literature (range: [4.42,
2801, Welvaert and Rosseel, 2013). Therefore, to enable easier compar-
ison to prior studies, we calculated whole-brain tSNR for both un-
smoothed and smoothed (0.422 x 1.000 x 1.125mm FWHM,
corresponding to 3 x 2 x 1.5 voxels, respectively) rs-fMRI scans. We then
compared tSNR values from this study to those obtained in prior studies
utilizing sub-millimeter voxel resolutions at high magnetic field strengths
(Barth and Norris, 2007; Desai et al., 2010; Kemper et al., 2015; Liska
et al., 2015; Yoshida et al., 2016; Rua et al., 2017; Chang et al., 2018;
Huber et al., 2018). Given the small volume of our functional voxels
(~0.05 mm3), tSNR was expected to be lower than in human resting-state
scans collected at lower spatial resolution (i.e., more coarse), because
tSNR is known to be strongly related to voxel volume (i.e., larger voxel
volume yields higher tSNR; Triantafyllou et al., 2005; Murphy et al.,
2007; Hutton et al., 2011; Zwaag et al., 2012).

2.4.2. Power spectral analyses

The power spectrum for each resting-state functional series was
calculated within the infra-slow frequency range (~0.008-0.1 Hz; Cordes
et al., 2001) after the completion of preprocessing. Average power was
calculated via Welch's power spectral density estimate, implemented
using the Matlab function pwelch.m and integrated within MRIqual. The
power spectrums obtained were compared to those reported in the
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human resting state literature (Duff et al., 2008; Kim et al., 2014) and in
the murine literature, which routinely utilizes isoflurane anesthesia
(Kannurpatti et al., 2008; Grandjean et al., 2014). Both literatures have
consistently identified 1/f power spectrums, with resting-state power
highest in low frequency bands (<0.1 Hz). In particular, resting-state
time series obtained from isoflurane anesthetized mice (Grandjean
et al., 2014) and rats (Kannurpatti et al., 2008) have demonstrated peaks
in the power spectrum at very low frequencies (~0.01 Hz).

2.4.3. FC of anatomical connections

Anatomical connectivity is known to moderately predict FC at rest in
humans (Honey et al., 2009). However, distinct brain networks are
associated with the resting-state as compared to various task states
(Greicius et al., 2003). Therefore, it is uncertain to what extent we might
expect to observe FC between previously delineated premotor and motor
pathways during the resting-state. However, we proceeded to investigate
whether there was consistency between the FC measured in the present
study and SC known from prior research.

In particular, an ipsilateral projection from HVC to RA comprises an
important component of the descending motor pathway for song pro-
duction, and this anatomical connection has been observed previously
using diffusion tensor imaging (DTI) in starlings (De Groof et al., 2006).
Notably, projections from HVC to RA do not project into RA until
after ~ P30, and they are thought to increase in density and conduction
efficacy from P30 to adulthood (>P90; Mooney and Rao, 1994). There-
fore, we restricted our search for any analogous FC between HVC and RA
to birds P45 or older, and we additionally investigated whether FC
increased with age.

Another widely studied anatomical pathway is the projection from
LMAN to RA, a connection crucial for song learning during development
but less involved in stereotyped song production during adulthood
(Aronov et al., 2008). This projection is known to be present as early as
P15 (Mooney and Rao, 1994) but becomes functionally less important as
song becomes crystalized (Aronov et al., 2008). We thus investigated
whether FC between LMAN and RA was present across all ages. Finally,
we also investigated FC between another prominent ipsilateral structural
connection between Field L (primary auditory region) and auditory
forebrain (secondary auditory region) (Vates et al., 1996).

We utilized one-sample t-tests to determine whether FC was positive
and significant across birds for these known structural connections. Also,
we used a linear mixed-effects (LME) model to examine the fixed-effect of
age on HVC to RA FC, controlling for a random intercept for bird.
Additional investigations of known ipsilateral projections are detailed in
Supplementary Materials (Section 1, Table S4).

2.5. Homotopic FC analyses

ROI-to-ROI FC was computed separately for each bird at each age. FC
was defined as the Fisher's Z-transformed Pearson correlation between
the preprocessed time series of a pair of ROIs. This FC measure reliably
detects homotopic FC in Eutherian mammals (Stark et al., 2008; Zuo
et al., 2010; Shen et al., 2015) and provides results consistent with
alternative measures of brain connectivity (Pan et al., 2011; Matsui et al.,
2016).

We first sought to determine whether homotopic FC is relatively
stronger than ipsilateral or heterotopic FC across the ROIs of the zebra
finch brain, as has been shown consistently in Eutherian mammals. To do
so, we implemented an LME random-intercept model in which ROI-to-
ROI FC across all ROIs served as the criterion variable. Connection
type (homotopic, heterotopic, and ipsilateral) was entered as a three-
level nominal fixed-effect, with ipsilateral coded as the reference cate-
gory. We also controlled for the fixed-effect of age and included a random
intercept for bird to account for repeated measures. This LME model was
optimized for maximum likelihood using the Matlab function “fitime.” A
contrast was performed for the effect of homotopic vs. ipsilateral FC. We
then redefined heterotopic as the reference category for the connection
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type variable, so that an effect size for the homotopic vs. heterotopic FC
contrast could also be estimated. Finally, we also report the main effect of
connection type based on a likelihood-ratio drop-test.

2.5.1. Additional controls

We sought to control for a variety of nuisance factors known to in-
fluence resting-state FC. For instance, the Euclidean distance between a
pair of ROIs is known to be inversely associated with the FC strength of
the pair (Salvador et al., 2005; Honey et al., 2009; Misi¢ et al., 2014).
Additionally, increased ROI volume is associated with increased FC
strength (Salvador et al., 2008; Wang et al., 2009). Therefore, we added
these covariates to our previously described LME model. Additionally, we
added isoflurane dose and average body temperature over the duration of
functional acquisition as additional covariates for our LME model.

2.5.2. FC of individual homotopic connections

To examine whether homotopic FC was specific to a subset of ROIs or
presented as a more global feature of the zebra finch brain, we computed
one-sample t-tests to determine whether the FC of each individual
homotopic ROI pair significantly differed from zero across birds and ages.
We corrected for multiple comparisons across homotopic connections
using the false discovery rate (FDR). Next, we constructed a grand mean
ROI-to-ROI FC network by averaging Fisher's Z values across birds and
ages (Fig. 2). This grand mean FC network was thresholded at p < 0.05
for display purposes.

2.5.3. Isoflurane and homotopic FC

Our analyses above examined whether homotopic FC was stronger
than ipsilateral or heterotopic FC, controlling for any effect of isoflurane
dose. Interestingly, however, a recent study found that increasing iso-
flurane dose from 1.1 to 2% selectively and causally decreased homo-
topic FC in mice (Bukhari et al., 2018), consistent with prior correlational
results in rats (Hutchison et al., 2014). Thus, we added the interaction
between connection type and isoflurane dose to our LME model to
determine whether increasing isoflurane dose was associated with
selectively reduced homotopic FC in the zebra finch.

2.6. Homotopic-SC vs. homotopic-nSC

In humans and macaques, homotopic FC appears to depend on the
direct SC of the CC (Quigley et al., 2003; Johnston et al., 2008; Shen
et al., 2015; Roland et al., 2017). Thus, to gauge whether homotopic SC
also serves to augment homotopic FC in the zebra finch brain, we
examined whether FC was significantly stronger between homotopic-SC
ROI pairs compared to homotopic-nSC ROI pairs. We implemented an
LME model, here considering only the FC of homotopic connections.
Connection type was added as a binary categorical variable (homo-
topic-SC vs. homotopic-nSC), and age and a random intercept for bird
were included as covariates. In a follow-up regression, we also included
the covariates described in “Additional controls.”

2.6.1. Test for mediation of homotopic-nSC FC by homotopic-SC FC

A minority of ipsilateral anatomical connections have been identified
that connect homotopic-SC and homotopic-nSC ROIs (Schmidt et al.,
2006; Ashmore et al., 2008). Therefore, a natural question is whether FC
between homotopic-SC ROIs might indirectly mediate the homotopic FC
observed between homotopic-nSC ROI pairs. In particular, the thalamic
nucleus Uva is known to make direct ipsilateral projections to HVC while
receiving direct bilateral inputs from DM (a midbrain nuclei) and PAm (a
medullary nuclei; Schmidt et al., 2006; Ashmore et al., 2008). This circuit
is thought to be critical for enabling the interhemispheric coordination of
descending motor output for song production (Schmidt et al., 2006;
Ashmore et al., 2008; Hamaguchi et al., 2016; Galvis et al., 2018),
although little is known regarding its role in the interhemispheric coor-
dination of intrinsic brain activity. Therefore, we sought to investigate
whether Uva homotopic FC or Uva-HVC FC might mediate HVC
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homotopic FC, as this connection in particular appeared to be the most
likely candidate for the mediation of homotopic-nSC FC by homotopic-SC
FC. To investigate this possibility, we first undertook a series of bivariate
correlation analyses, examining whether the homotopic FC of bilateral
HVC was correlated with 1. R Uva to R HVC ipsilateral FC, 2. L Uva to L
HVC ipsilateral FC, 3. Uva homotopic FC, 4. the interaction between Uva
homotopy and R Uva to R HVC FC, or 5. the interaction between Uva
homotopy and L Uva to L HVC. If merited by the results of this analysis,
we planned to subsequently undertake more extensive regression-based
mediation analyses.

2.7. Homotopy as a function of development

In human subjects, global homotopic FC decreases from early child-
hood through middle adulthood, a trend which may reflect the devel-
opment of increasing hemispheric specialization (Zuo et al., 2010). Thus,
we investigated whether a similar trajectory of changes in homotopic FC
might be observed in zebra finches across the developmental time-course
of song learning. To do so, we added a term denoting the interaction
between age and connection type (Homotopic, Ipsilateral, and Hetero-
topic) to the LME model described above in section 2.5. We then con-
ducted a follow-up analysis in which we parsed the homotopic
connection type into Homotopic-SC and Homotopic-nSC to investigate
whether age effects were specific to either type.

2.8. Full model predicting ROI-to-ROI FC

Finally, to examine homotopic FC when comprehensively controlling
for all effects and interactions investigated in previous sections, we
implemented an LME model which included all of the following fixed-
effects covariates: (1) connection type (homotopic-nSC, homotopic-SC,
ipsilateral, heterotopic), (2) age, (3) body temperature, (4) isoflurane
dose, (5) Euclidean distance, (6) ROI volume, (7) connection type by age
interaction, and (8) connection type by isoflurane dose interaction.
Additionally, a random intercept was included for bird. We examined
whether this model could be further reduced to minimize AIC.

2.9. Voxel-wise homotopic FC

To further interrogate the distribution of homotopic FC agnostically,
without pre-defined ROIs, we implemented the experimenter-blind voxel-
mirrored homotopic connectivity (VMHC; Zuo et al., 2010) analysis, using a
combination of custom Matlab scripts, SPM12, the Data Processing &
Analysis for (Resting-State) Brain Imaging (DPABI) toolbox, and ANTs.
VMHC analysis allowed us to characterize the voxel-wise distribution of
homotopic FC across the entire brain. Specifically, VMHC quantifies FC
between each voxel in one hemisphere with its mirror-symmetric counter-
part in the contralateral hemisphere. The VMHC analysis proceeded as fol-
lows: first, a symmetric group-wise brain template was formed by mirroring
the right hemisphere of our custom brain template across the midline. Each
individual anatomical scan was then renormalized to this symmetric brain
template. The transformation parameters obtained from normalization were
then applied to each corresponding functional series, using ANTSs. Subse-
quently, each functional scan was smoothed using a Gaussian kernel
(0.422 x 1.000 x 1.125 mm FWHM, corresponding to 3 x 2 x 1.5 voxels in
functional dimensions) in SPM12 to help account for any registration errors
and/or individual-specific brain anatomy. Spatial smoothing may be espe-
cially critical for VMHC analysis, given that VMHC compares pairs of sym-
metric voxels, requiring great spatial precision (Zuo et al., 2010).
Additionally, sufficient spatial smoothing is an important assumption of
random-field theory-based methods (Eklund et al., 2016) and helps to
overcome potential errors in registration and realignment (Mikl et al., 2008).

Next, Fisher's Z-transformed Pearson correlations were computed
between each pair of homotopic brain voxels, and voxel-wise t-statistics
were calculated to summarize the strength of homotopic FC across birds
and time points. Finally, all voxels within a distance of 0.281 mm (i.e.,
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four structural voxels, two functional voxels) from either side of the
midline were set to zero to avoid obtaining artefactual homotopic FC as a
result of spatial smoothing (for FWHM = 0.422mm, ¢ = 0.179 mm,
yielding an approximate cut-off for signal contamination at
30 =0.537 mm, corresponding to 7.64 structural voxels or 3.82 func-
tional voxels).

Significant clusters of homotopic FC were detected using the cluster-
extent based thresholding method, as implemented in the DPABI toolbox
(primary/voxel-level threshold: p-uncorrected < 0.001, family-wise error
(FWE)-corrected cluster-extent threshold: pFWE < 0.05; Yan et al., 2016).
By illuminating regional clusters of homotopic FC, such an analysis has
the potential to be informative for future studies investigating putative
neural pathways underlying interhemispheric coordination in the avian
brain. We next calculated the overlap between significant homotopic FC
clusters and our previously delineated homotopic-nSC song ROIs as the
number of intersecting voxels divided by the total number voxels
included within homotopic-nSC ROIs. To compare this overlap to chance,
we utilized a permutation test in which the voxel indices of homotopic FC
clusters were randomly permuted 10,000 times, and the proportion of
overlap with our homotopic-nSC ROIs was calculated in each case. The
original observed overlap proportion was then compared to the null
distribution of overlap proportion obtained via permutations to derive a
non-parametric p-value.

2.9.1. Quantitative comparison of voxel-wise homotopic vs. ipsilateral and
heterotopic FC

In addition to examining the regional distribution of homotopic FC,
we also sought to quantitatively compare the distribution of voxel-wise
homotopic FC to the distributions of voxel-wise ipsilateral and hetero-
topic FC, in a manner similar to what was done previously for ROI-based
analyses. Therefore, we calculated the average voxel-wise FC for each
connection type (homotopic, ipsilateral, heterotopic) for each bird, and
at each time point. This allowed us to fit a mixed-effects random intercept
model in which average FC served as the criterion variable, and fixed-
effects predictors were connection type, age, isoflurane dose, and body
temperature; a random intercept was included for bird. We examined the
main effect of connection type using a likelihood-ratio drop-test, and
then we examined the simple effect contrasts for homotopic vs. other
connection types. For reference, we also computed the effect size (as
Cohen's d) of the difference between all voxel-wise homotopic connec-
tions and ipsilateral or heterotopic connections across birds. In supple-
mentary materials, we provide this same effect size measure for each
individual scan (Supplementary Table S7).

2.9.2. Full model for voxel-wise FC

Finally, we replicated the optimal model for predicting ROI FC (sec-
tion 3.5, Table 1) using average voxel-wise FC. Euclidean distance and
ROI volume were ROI-specific measures, and they could not be used in
this case given that the criterion variable here was average voxel-wise FC
across the whole brain. We therefore implemented an LME random
intercept model which included all of the following fixed-effects: (1)
connection type (homotopic, ipsilateral, reference: heterotopic), (2) age,
(3) body temperature, (4) isoflurane dose, (5) a connection type by age
interaction, and (6) a connection type by isoflurane dose interaction.
Additionally, a random intercept was included for bird. We examined
whether this model could be further reduced to minimize AIC.

2.10. Figure creation

Figs. 1-5 were created using our NeuroViz Toolbox (E.A.L. & M.G.B.,
in preparation) and custom Matlab scripts.

2.11. Data and code availability statement

Key fMRI data, analysis code, ROI masks, and the custom group-wise
brain template are all openly available from our G-Node Open Data
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3. Results
3.1. rs-fMRI validation analyses

3.1.1. tSNR

Across functional scans, tSNR (smoothed: M =58.37, SD =13.22;
unsmoothed: M =15.22, SD = 2.81; Supplementary Table S3) was com-
parable to values reported in prior research utilizing sub-millimeter voxel
resolutions at high magnetic field strengths. For example, three mouse
studies reported similar tSNR values for smoothed data (e.g.,
tSNR = 27.7 £ 5.8, Chang et al., 2018; tSNR = 23-40, Liska et al., 2015;
tSNR=53+4, Yoshida et al, 2016). Also, one mouse study
(tSNR=15-17, Desai et al., 2010) and four human studies
(tSNR = 15-20, Barth and Norris, 2007; tSNR =18 £ 4, Huber et al.,
2018; tSNR = 5-15, Kemper et al., 2015; tSNR ~ 10, Rua et al., 2017)
reported similar tSNR values for unsmoothed data.

3.1.2. Power spectral analyses

Consistent with prior rs-fMRI data, the zebra finch rs-fMRI signals
exhibited power spectrums with a 1/f (frequency) distribution, with the
highest power at low frequencies (Supplementary Fig. S1; Kannurpatti
et al., 2008; Grandjean et al., 2014). Specifically, this observation con-
cerns the relative distribution of power within the resting-state frequency
range and not necessarily between the resting-state and non-resting-state
frequency ranges.

3.1.3. FC of anatomical connections

We next examined FC between brain regions known to be connected
by ipsilateral SC from invasive tract tracing studies (Supplementary
Materials, Section 1; Table S4). We noted a trend toward positive FC for L
HVC - L RA, an important component of the descending motor pathway
for song production, for birds aged P45-90 (t(13)=1.82, p = 0.092).
Interestingly, the FC of this connection increased significantly with age,
from P25 through P90 (B=0.47, t(17) =2.33, p=0.032), consistent
with its previously characterized structural developmental trajectory
(Mooney and Rao, 1994). However, FC was not significant for the right
hemispheric homologue of this connection (t(13) = 0.23, p > 0.80), nor
was there a significant trend with age (B =0.03, t(17) =0.13, p > 0.80).
We also found that Field L and Auditory Forebrain exhibited robust
ipsilateral FC in both hemispheres across birds (R Field L — R Aud.
Forebrain: t(18)=12.30, p<0.001; L Field L — L Aud. Forebrain:
t(18) =6.85, p < 0.001). Notably, despite their close spatial proximity,
these ipsilateral connections remained significant after regressing out the
effects of Euclidean distance across connections (R Field L — R Aud.
Forebrain: t(18) =12.80, p<0.001; L Field L. — L Aud. Forebrain:
t(18)=7.17, p < 0.001). Finally, we failed to find significant FC for
LMAN to RA in either hemisphere (both p > 0.45). Additional analyses
investigating the FC of known structural connections are detailed in
Supplementary Materials (Supplementary Table S4).

3.2. Homotopic functional connections are among the strongest within the
song network

To test our first hypothesis, that homotopic FC would be observed
among a set of distributed regions important for learned song, we
analyzed homotopic FC across the homotopic-nSC regions of the song
network. We fit an LME random intercept model predicting ROI-to-ROI
FC via connection type (homotopic, ipsilateral, heterotopic), control-
ling for age and bird-specific effects. This revealed a strong main effect of
connection type as evidenced by a likelihood-ratio drop-test
(;(2(2) =91.33, p<0.001), such that homotopic connections were
significantly stronger than either ipsilateral (B=0.15, t(1250) =9.08,
p<0.001) or heterotopic connections (B=0.16, t(1250)=9.50,
p <0.001). This effect was not explained by the Euclidean distance
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between ROIs, the average volume of ROI pairs, isoflurane dose, or body
temperature. The FC strength of homotopic connections remained higher
than that of the other connection types after controlling for these
nuisance variables (homotopic vs. ipsilateral: B=0.17, t{(1246) = 10.62,
p<0.001; homotopic vs. heterotopic: B=0.12, t(1246)=7.45,
p <0.001), and the main effect of connection type remained significant
(7*(2) =109.45, p < 0.001).

We next analyzed the FC of individual homotopic ROI pairs. One-
sample t-tests revealed significant positive FC among all homotopic
ROI pairs after correction for multiple comparisons using FDR. Average
homotopic FC values (mean Fisher Z-transformed correlations) and FDR-
corrected p-values (pFDR) were as follows: Area X (Z=0.19,
PFDR < 0.001), LMAN (Z=0.17, pFDR=0.001), RA (Z=0.06,
PFDR =0.012), HVC (Z=0.16, pFDR=0.002), Auditory Forebrain
(Z=0.48, pFDR < 0.001), and Field L (Z=0.15, pFDR = 0.001). Fig. 2
displays FC values for the entire song network thresholded at p < 0.05 for
display purposes.

3.2.1. Isoflurane and homotopic FC

Although the main effect of isoflurane dose was not significant in the
model described above in section 3.2 (B=-0.02, t(1246)=-1.29,
p>0.19), we next examined whether isoflurane dose interacted with
connection type, as has been found in prior literature. We found that the
overall interaction between isoflurane dose and connection type, as
measured by a likelihood-ratio drop-test, was significant (y%(2) = 8.24,
p=0.016). Higher isoflurane doses were associated with selectively
lower homotopic FC, relative to either ipsilateral (B=-0.12,
t(1244)=-2.41, p=0.016) or heterotopic FC (B=-0.14,
t(1244) = —2.87, p = 0.004). In contrast, isoflurane dose was not differ-
entially associated with heterotopic versus ipsilateral FC (B=—0.02,
t(1244) = —0.80, p > 0.40). Notably, Homotopic FC remained stronger
than ipsilateral (B=0.42, t(1244) =4.64, p <0.001) or heterotopic
(B=0.34, t(1244) = 3.69, p < 0.001) FC after controlling for the inter-
action between isoflurane dose and connection type.

3.3. Structural connectivity predicts greater homotopic FC in zebra finches

As expected, all homotopic-SC ROIs exhibited significant homotopic
FC (all pFDR<0.05; Fig. 2). More interestingly, homotopic-SC
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connections demonstrated significantly stronger FC than homotopic-
nSC connections (B=0.10, t(187) =2.97, p=0.003; Fig. 3) even after
controlling for nuisance covariates (B =0.07, t(183) =2.18, p = 0.030).

3.3.1. No evidence that homotopic-SC connections mediate homotopic-nSC
connections

Across zebra finches, HVC homotopic FC was uncorrelated with: 1. R
Uva to R HVC ipsilateral FC (r(17) = —0.01, p > 0.90), 2. L. Uva to L HVC
ipsilateral FC (r(17)=-0.16, p>0.50), 3. Uva homotopic FC
(r(17) = 0.18, p > 0.45), 4. the interaction between Uva homotopy and R
Uva to RHVC FC (r(17) = 0.12, p > 0.60), and 5. the interaction between
Uva homotopy and L Uva to L HVC FC (r(17) = —0.09, p > 0.70). Thus,
our results offered no indication that the FC of homotopic-SC ROlIs,
specifically involving Uva, mediated the homotopic FC of HVC. As such,
we did not consider these results to merit more extensive regression-
based mediation analyses.

3.4. Homotopy as a function of development

To investigate the developmental trajectory of homotopic FC, we
added an age by connection type interaction to the random intercept
model described in section 3.2, again controlling for effects of Euclidean
distance between ROIs, the average volume of ROI pairs, isoflurane dose,
and body temperature. The interaction main effect was significant, as
evidenced by a likelihood-ratio drop-test (y%(2)=6.95, p=0.031).
Consistent with human findings, zebra finch homotopic FC decreased
significantly more with age than did ipsilateral (B=-0.0012,
t(3600) = —2.59, p=0.010) or heterotopic (B=-0.0010,
t(3600) = —2.10, p = 0.035) FC. In contrast, heterotopic and ipsilateral
FC did not developmentally differ (B=—0.0002, t(3600)= —1.08,
p>0.25).

A follow-up analysis, in which homotopic connections were parsed
into homotopic-SC and homotopic-nSC sub-types, again revealed a sig-
nificant age by connection type interaction (y*(3) = 16.09, p =0.001).
Interestingly, analysis of simple effects revealed that homotopic-SC
connections  decreased significantly with age (B=-0.0028,
t(3598) = —3.98, p < 0.001), whereas homotopic-nSC connections did
not (B =—0.0001, #(3598) = —0.20, p > 0.80).
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Fig. 2. A prominent pattern of homotopic FC. Left: The grand mean FC matrix thresholded at p-uncorrected < 0.05. The blue-red color scale corresponds to average
Fisher Z-transformed Pearson product-moment correlations across birds and ages. Homotopic connections are displayed on the diagonal highlighted by teal and blue
dots. Teal boxes and dots: the song network ROIs (no direct homotopic SC) and homotopic connections, respectively. Blue boxes and dots: homotopic-SC ROIs and
homotopic connections, respectively. Right: The grand mean FC network overlaid on a 3D rendering of the group-average brain template. Spheres are located at the
centroids of each corresponding ROI listed in the legend. Connections depict the Fisher Z values (left panel), with both line thickness and color proportional to the

association strength. 3D axes show brain orientation.
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Fig. 3. The relative FC of different connection types. Left: Bar plot showing mean FC values as Fisher Z-transformed Pearson product-moment correlations apportioned
by connection type. Error-bars represent 95% confidence intervals. *** = p < 0.001, ** = p < 0.01. Effect sizes for the contrast between homotopic-SC and other
connection types were as follows: d = 0.44 (homotopic-nSC), d =1.77 (ipsilateral), d = 1.89 (heterotopic). Effect sizes for the contrast between homotopic-nSC and
other connection types were as follows: d =1.10 (ipsilateral), d = 1.19 (heterotopic). Middle: Histograms showing the distribution of FC values for each connection
type. Histogram bins were normalized as the probability of FC of a given magnitude for each connection type. Right: A schematic illustrating each connection type
overlaid on a superior view of the zebra finch brain template. Axes show brain orientation.

3.5. Full model

Finally, to examine homotopic FC when comprehensively controlling
for all fixed-effects and interactions investigated in previous sections, we
implemented an LME model which included all of the following fixed-
effects covariates: (1) connection type (homotopic-nSC, homotopic-SC,
ipsilateral, heterotopic), (2) age, (3) body temperature, (4) isoflurane
dose, (5) Euclidean distance, (6) ROI volume, (7) connection type by age
interaction, and (8) connection type by isoflurane dose interaction.
Additionally, a random intercept was included for bird. We found that
this model was not further reducible based on AIC (i.e., AIC was
increased by removing any predictor). Model parameters are displayed in
Table 1 below.

3.6. A medially-biased, brain-wide pattern of homotopic FC

VMHC analyses revealed a distributed pattern of homotopic FC,
notably similar to the voxel-wise pattern observed in the human brain
(Stark et al., 2008; Zuo et al., 2010). For example, homotopic FC
appeared to be more pronounced within medial portions of the zebra
finch brain (Zuo et al., 2010), spanning the medulla to the superior
telencephalon, with lesser homotopic FC observable in more lateral re-
gions (Fig. 4). Similar to the findings of Zuo et al. (2010) in humans, a

single, large significant cluster of homotopic FC was identified which
encompassed 87.8% of the total brain volume (primary threshold:
p < 0.001, cluster-extent threshold: pFWE < 0.05) (Fig. 4, Supplementary
Table S5). The proportion of voxels within this cluster that overlapped
with song network ROIs (5.38%) exceeded that which would be expected
by chance (Mdn null overlap: 4.84%, 95% CI=[4.80%, 4.87%],
p <0.0001).

3.6.1. Voxel-wise homotopic FC is stronger than ipsilateral or heterotopic FC

An LME random intercept model was fit in which average voxel-wise
FC served as the criterion variable, and fixed-effects predictors included
connection type, age, isoflurane dose, and body temperature; a random
intercept was included for bird. The main effect of connection type was
significant (%(2) =58.14, p < 0.001). Simple effect contrasts revealed
that homotopic FC was significantly stronger than either ipsilateral FC
(B=1.51, t(51)=8.43, p<0.001) or heterotopic FC (B=1.63,
t(51) =9.08, p < 0.001), whereas heterotopic and ipsilateral FC were not
significantly different (B=—0.12, (51) = —0.65, p > 0.50). The voxel-
wise distributions of FC for each connection type are displayed in Fig. 5.

3.6.2. Full model for voxel-wise FC
Finally, we replicated the optimal model for predicting ROI FC (sec-
tion 3.5, Table 1), here using average voxel-wise FC. Euclidean distance

Table 1

Full model including all fixed-effects covariates.
Fixed Effects Estimate SE B t p 95% CI
Intercept 0.4868 0.1069 - 4.55 <0.001 [0.277, 0.697]
Homotopic-nSC 0.3851 0.0829 0.93 4.65 <0.001 [0.223, 0.548]
Homotopic-SC 0.6248 0.1005 1.38 6.21 <0.001 [0.428, 0.822]
Ipsilateral —0.0280 0.0294 —0.13 —0.95 0.340 [-0.086, 0.030]
Age 0.0003 0.0002 0.04 1.55 0.120 [-0.000, 0.001]
Body Temperature —0.0086 0.0028 -0.06 -3.05 0.002 [-0.014, —0.003]
Isoflurane —0.0265 0.0122 —0.05 -2.18 0.029 [-0.050, —0.003]
Euclidean Distance —0.0220 0.0017 -0.21 -12.76 <0.001 [-0.025, —0.019]
ROI Volume 0.0165 0.0015 0.16 10.88 <0.001 [0.014, 0.019]
Homotopic-nSC:Age 0.0003 0.0006 0.04 0.43 0.670 [-0.001, 0.001]
Homotopic-SC:Age —0.0024 0.0007 —0.36 —3.35 0.001 [-0.004, —0.001]
Ipsilateral:Age —0.0003 0.0002 —0.04 —1.21 0.227 [-0.001, 0.000]
Homotopic-nSC:Isoflurane —0.1410 0.0456 -0.28 -3.09 0.002 [-0.230, —0.052]
Homotopic-SC:Isoflurane —0.1538 0.0552 -0.30 —2.78 0.005 [-0.262, —0.046]
Ipsilateral:Isoflurane 0.0116 0.0161 0.02 0.72 0.473 [-0.020, 0.043]
Random Effects
Groups Name Std. Dev. 95% CI
Bird Intercept 0.005 [0.001, 0.023]
Error Residual 0.142 [0.139, 0.146]

Note. DFE = 3595, Rsquared = 0.179, Adjusted Rsquared = 0.176.
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Fig. 4. Zebra finch voxel-mirrored homotopic connectivity (VMHC). Top row: three views (left: left lateral/anterior diagonal view, middle: dorsal view, right: posterior
view) of a 3D rendering of the zebra finch brain template, with homotopic FC (as t-statistics from one-sample tests for homotopic FC across birds and ages) plotted on
its surface. Red meshes indicate the location of slices used for the bottom row of plots. Bottom row: three slice orientations (left: coronal, middle: sagittal, right: axial)
depicting homotopic FC. 3D axes display panel orientation. A single, large significant cluster of homotopic FC was identified, encompassing 87.8% of the total brain
volume (primary threshold: p < 0.001, cluster-extent threshold: pFWE < 0.05; Supplementary Table S5). The color bar [range: 0-8.5] indicates the color-scaling of

t-statistics.
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Fig. 5. The relative voxel-mirrored homotopic connectivity (VMHC) strength of different connection types (homotopic, ipsilateral, heterotopic). Left: Bar plot showing
mean voxel-wise FC values as Fisher Z-transformed Pearson correlations apportioned by connection type. Error-bars represent 95% confidence intervals, and Cohen's
d effect sizes are displayed above each connection type contrast. Middle: Histograms showing the distribution of FC values for each connection type. Histogram bins
were normalized as the probability of FC of a given magnitude for each connection type. Right: A schematic illustrating each connection type overlaid on a superior

view of the zebra finch brain template. Axes show brain orientation.

and ROI volume were ROI-specific measures, and they could not be
controlled for in this case, given that the criterion variable here was
average voxel-wise FC across the whole brain. We therefore implemented
an LME random intercept model which included all of the following
fixed-effects covariates: (1) connection type (homotopic, ipsilateral,
heterotopic), (2) age, (3) body temperature, (4) isoflurane dose, (5) a
connection type by age interaction, and (6) a connection type by iso-
flurane dose interaction. Additionally, a random intercept was included
for bird. We then proceeded to reduce the model by minimizing AIC,
assuring that nested models were significantly different based on
likelihood-ratio drop-tests: (1) the age by connection type interaction
was not significant (y%(2)=1.00, p>0.60) and was dropped
(AAIC = 3.00; Burnham and Anderson, 2004); (2) the main effect of age
was not significant (B = 0.003, t(49) = 0.88, p > 0.35) and was dropped
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(AAIC = 1.23). The model was not further reducible based on AIC (i.e.,
dropping additional predictors yielded higher AIC), thus yielding the
final model displayed in Table 2 below.

Consistent with ROI-based analyses, homotopic FC was significantly
stronger than heterotopic FC (B = 4.92, t(50) = 5.34, p < 0.001), whereas
ipsilateral and heterotopic FC were not significantly different (B=0.15,
t(50) =0.16, p>0.85). Also consistent with ROI-based analyses, we
noted a significant isoflurane dose by connection type interaction
(;(2(2) =14.99, p < 0.001), such that higher isoflurane dose was associ-
ated with selectively reduced homotopic FC, relative to heterotopic FC
(B=-1.83, t(50) = —3.63, p < 0.001). In contrast, ipsilateral and het-
erotopic FC did not significantly differ based on isoflurane dose
(B=-0.017, t(50) = —0.03, p > 0.90).
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Table 2

Voxel-wise FC model.
Fixed Effects Estimate SE p T p 95% CI
Intercept 8.8938 2.5355 - 3.51 0.001 [3.801, 13.986]
Ipsilateral 0.1468 0.9205 0.12 0.16 0.874 [-1.702, 1.996]
Homotopic 4.9166 0.9205 1.63 5.34 <0.001 [3.068, 6.765]
Isoflurane 0.1373 0.3750 0.04 0.37 0.716 [-0.616, 0.890]
Body Temperature —0.2401 0.0648 -0.27 -3.71 0.001 [-0.370, —0.110]
Ipsilateral:Isoflurane —0.0168 0.5054 -0.01 -0.03 0.974 [-1.032, 0.998]
Homotopic:Isoflurane —1.8330 0.5054 -0.57 -3.63 0.001 [-2.848, —0.818]
Random Effects
Groups Name Std. Dev. 95% CI
Bird Intercept 0.111 [0.021, 0.599]
Error Residual 0.480 [0.369, 0.582]

Note. DFE = 50, Rsquared = 0.769, Adjusted Rsquared = 0.742.

4. Discussion

To our knowledge, these results provide the first indication of wide-
spread homotopic FC in a non-Eutherian brain at rest. Non-invasive rs-
fMRI enabled us to obtain repeated measures across development from
the same intact zebra finches, and allowed us to conduct voxel-wise an-
alyses to examine the spatial distribution of homotopic FC across the
entire zebra finch brain. We noted robust homotopic FC throughout a
brain network necessary for learned song, and follow-up analyses
revealed that, consistent with Eutherian brain connectivity (Honey et al.,
2009; Shen et al., 2015), homotopic FC was stronger between regions
that also shared homotopic SC. Also, consistent with the developmental
increases in lateralization observed in humans from childhood through
middle adulthood (Zuo et al.,, 2010), we found that homotopic FC
decreased across development in the zebra finch brain, but this result
appeared to be specific to homotopic-SC connections. Beyond extending
the finding of homotopic FC across phylogeny, the present results also
underline the efficacy of rs-fMRI paradigms for investigating both
comparative neuroscience questions and vocal learning in songbirds. The
ability to conduct longitudinal investigations during a short sensitive
period for vocal development makes the zebra finch an ideal model or-
ganism for such investigations.

VMHC analyses revealed that homotopic FC is a brain-wide phe-
nomenon in the zebra finch, apparent even when examined without a
priori defined ROIs. Interestingly, the voxel-wise distribution of homo-
topic FC exhibited an apparent medial bias, notably similar to the voxel-
wise pattern observed in the human brain (Stark et al., 2008; Zuo et al.,
2010). Importantly, the midline homotopic FC observed here was not an
artefact of spatial smoothing, as we discarded data within a four-voxel
radius of the midline before proceeding to data analyses. Although
homotopic FC appeared widely distributed, we also found that the song
network exhibited greater spatial overlap with the significant voxel-wise
homotopic FC cluster than expected by chance. This provides an initial
suggestion that bilateral coordination may be of particular functional
importance for song, a complex and distributed multimodal brain pro-
cess. Future studies will benefit from the incorporation of song data to
further test this intriguing possibility.

Notably, we failed to find evidence to suggest that the FC of sub-
telencephalic homotopic-SC connections mediated song network homo-
topic FC. We examined a well-characterized circuit that links bilateral
HVC, relying critically on Uva of the thalamus (Schmidt et al., 2006;
Ashmore et al., 2008). Although this circuit did not appear to mediate the
homotopic FC observed between bilateral HVC, as measured in terms of
intrinsic brain activity, evidence suggests that it likely does mediate
interhemispheric premotor coordination during vocalization (Schmidt
et al., 2006; Ashmore et al., 2008). Thus, it is possible that this pathway
represents a task-specific structural mechanism for interhemispheric

coordination, as opposed to a more domain-general SC pathway for
mediating widespread intrinsic homotopic FC such as that observed here
in the resting-state. It is also possible that interhemispheric coordination
via Uva SC occurs on a timescale not detectable via rs-fMRI measure-
ments of infra-slow brain activity. However, evidence does suggest that
synchronization in the amplitude envelope fluctuations of much faster
signals (e.g., Gamma) can be detected by rs-fMRI (Mantini et al., 2007;
He et al., 2008; Sadaghiani et al., 2010; Ko et al., 2011; Hacker et al.,
2017). In light of these results, an informative topic for future studies
would be to investigate additional sub-telencephalic SC pathways that
might underlie domain-general interhemispheric coordination of
intrinsic, as opposed to task-related, brain activity. For instance, future
studies might further explore the role played by the indirect SC of the AC,
perhaps with the aid of diffusion imaging (Hamaide et al., 2017).

Interestingly, the reliance of homotopic FC on the CC in Eutherian
mammals appears to be somewhat region specific (Paul et al., 2007;
O'Reilly et al., 2013; Roland et al., 2017) and resilient to structural insults
(Uddin et al., 2008; Khanna et al., 2012; O'Reilly et al., 2013), leading to
the suggestion that dual structural mechanisms may underlie homotopic
FC in these organisms: (1) a cortical mechanism relying on interhemi-
spheric transfer via the CC, and (2) a subcortical mechanism relying on
interhemispheric structural projections between sub-telencephalic re-
gions such as the thalamus, midbrain, brainstem, and/or other subcor-
tical nuclei (Uddin et al., 2008). It has been posited that the former
mechanism predominates in normal ontogeny, but that the latter mech-
anism may compensate in cases of loss or damage of the CC by retaining
the transfer of simpler, often unimodal information (Glickstein and
Sperry, 1960; Glickstein et al., 1998; Paul et al., 2007; Uddin et al., 2008;
Glickstein, 2009). The present results, in an organism that lacks the CC in
normal ontogeny, suggest the possibility that the largely heterotopic and
much less extensive avian AC (Letzner et al., 2016) may be sufficient for
mediating widespread homotopic FC via indirect SC. It is notable that we
not only observed robust homotopic FC in the zebra finch brain between
primary sensory regions such as Field L, which might be predicted from
studies of CC dysgenesis, but also between higher-level processing areas
such as the auditory forebrain (here, NCM and CM), among others.

In addition to interhemispheric communication via SC, other poten-
tial mechanisms underlying homotopic FC have also been proposed,
including 1. brain activity driven by symmetric sensory inputs (Van
Essen, 2005; Shen et al., 2015) and 2. neuromodulation by bilaterally
symmetric ascending arousal systems (e.g., acetylcholine; Ryan and
Arnold, 1981; Sakaguchi and Saito, 1989; Everitt and Robbins, 1997;
Shen et al., 2015; Turchi et al., 2018). The first hypothetical mechanism
appears unlikely to underlie homotopic FC in the present study, given
that homotopic FC was widespread throughout the brain and not limited
to primary sensory regions. Additionally, while registration of sensory
input does still occur in songbirds under anesthesia (Van Meir et al.,
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2005; Boumans et al., 2007), the zebra finches’ eyes were closed during
scanning, limiting visual input, and foam earplugs were provided to limit
scanner noise and auditory input. Although these precautions likely did
not eliminate the potential for symmetric sensory input driving brain
activity, they at least helped to mitigate this potential.

Although the second hypothetical mechanism is an interesting
possibility, a recent study in macaques found that inactivation of
ascending arousal systems in one hemisphere leads to a drop in fMRI
signal amplitude ipsilaterally, but it does not appear to abolish homo-
topic FC, nor does it significantly change the shape of well-known
resting-state networks (Turchi et al., 2018). These results do not sup-
port the notion that ascending arousal systems are critical for homo-
topic FC in Eutherian mammals. Regardless of which specific
mechanism (or combination of mechanisms) underlies homotopic FC in
non-Eutherian vertebrates, the zebra finch, which lacks the CC in
normal ontogeny, and which presumably also lacks any compensatory
structural plasticity observed in callosal dysgenesis (Tovar-Moll et al.,
2014), provides an ideal model organism for investigating the role of
alternative mechanisms to direct SC that may also contribute to inter-
hemispheric coordination.

Notably, we designed our scanning paradigm to utilize a light dose of
isoflurane anesthesia based on prior work demonstrating the validity of
this procedure for zebra finch fMRI (e.g., Boumans et al., 2007; Poirier
et al., 2009, 2010). Prior work in mammals has found that isoflurane
reduces the magnitude of hemodynamic responses, but their shape re-
mains similar to that of awake animals (Shtoyerman et al., 2000; Fukuda
etal., 2005; Zhao et al., 2007). A number of studies in humans (Greicius
et al., 2003; Boveroux et al., 2010; Martuzzi et al., 2010) and macaques
(Vincent et al., 2007) have also found that prominent resting-state net-
works, including the default-mode network, are preserved under a va-
riety of anesthetics, although often with somewhat reduced correlations.
Notably, a recent study directly compared BOLD responses to auditory
stimuli in awake versus isoflurane anesthetized zebra finches (Van
Ruijssevelt et al., 2017). This study found no difference in the magnitude
of auditory-evoked BOLD responses, nor differences in neural selectivity
for natural versus synthetic sounds, between awake versus isoflurane
anesthetized birds; in contrast, the spatial extent of activation was
slightly larger under isoflurane (Van Ruijssevelt et al., 2017). This study
raises the possibility of confirming the presence of homotopic FC in
awake zebra finches in future studies. As noted previously, recent evi-
dence from rodents indicates that an increase in isoflurane dose from 1%
to 2% is associated with a concomitant decrease in homotopic FC
(Hutchison et al., 2014; Bukhari et al., 2018), and here we also found that
higher isoflurane doses predicted selectively lower homotopic FC in
zebra finches. If this trend also holds for lower doses of isoflurane, this
predicts that awake zebra finches should exhibit greater homotopic FC
than anesthetized zebra finches, an interesting possibility to be explored
in future studies.

Although the present study is unique as a longitudinal whole-brain rs-
fMRI investigation in zebra finches, it was the beneficiary of a growing
body of literature focused on the neuroimaging of songbirds (e.g., Bou-
mans et al., 2007; Poirier et al., 2009, 2010; Poirier and Van der Linden,
2011; Van Ruijssevelt et al., 2017). For instance, we utilized a spin-echo
fMRI sequence, as opposed to gradient echo, to avoid susceptibility ar-
tefacts previously shown to be more prevalent in songbirds (Poirier and
Van der Linden, 2011). In addition to these precautions, we applied a
bandpass filter to remove high frequency components of cardiac and
respiratory contributions to the signal (>0.10 Hz Biswal et al., 1996;
Murphy et al., 2013), regressed out principal components of CSF signals
to further remove physiological noise (Behzadi et al., 2007), and assured
the quality of our resting-state signals using tSNR and power spectral
analyses. We also measured and controlled for effects of Euclidean dis-
tance between ROIs, ROI volume, and body temperature. Even with these
rigorous statistical controls, we still observed robust homotopic FC across
much of the zebra finch brain, supporting a biological, rather than
technical or artefactual, origin for these findings.
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5. Conclusion

In sum, our results indicate that a homotopic functional brain archi-
tecture likely arose in animals prior to the evolution of the CC, suggesting
that this marker of interhemispheric coordination may be a neural
feature observed more broadly across phylogeny, beyond the Eutherian
mammals. Accordingly, rather than serving as a necessary prerequisite
for homotopic FC, the CC may have evolved to provide finer dynamic
control over, or flexible switching between, bilateral coordination and
hemispheric specialization (Aboitiz and Montiel, 2003; van der Knaap
and van der Ham, 2011). Such insights, in conjunction with the present
results, increase the plausibility of the notion that ancestral pathways
such as the AC (Paterson and Bottjer, 2017) or symmetric ascending
bilateral inputs (Ashmore et al., 2008) are sufficient to provide the bal-
ance of interhemispheric coordination and specialization required for
complex multimodal cognition in non-Eutherian vertebrates. Future
studies are merited to investigate links between homotopic FC in
non-mammalian vertebrates and complex brain functions requiring
hemispheric specialization and coordination, such as song learning.
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