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Rodent models have opened the door to a better understanding of the neurobiology
of brain disorders and increased our ability to evaluate novel treatments. Resting-
state functional magnetic resonance imaging (rs-fMRI) allows for in vivo exploration
of large-scale brain networks with high spatial resolution. Its application in rodents
affords researchers a powerful translational tool to directly assess/explore the effects
of various pharmacological, lesion, and/or disease states on known neural circuits
within highly controlled settings. Integration of animal and human research at the
molecular-, systems-, and behavioral-levels using diverse neuroimaging techniques
empowers more robust interrogations of abnormal/ pathological processes, critical for
evolving our understanding of neuroscience. We present a comprehensive protocol
to evaluate resting-state brain networks using Independent Component Analysis (ICA)
in rodent model. Specifically, we begin with a brief review of the physiological basis
for rs-fMRI technique and overview of rs-fMRI studies in rodents to date, following
which we provide a robust step-by-step approach for rs-fMRI investigation including
data collection, computational preprocessing, and brain network analysis. Pipelines are
interwoven with underlying theory behind each step and summarized methodological
considerations, such as alternative methods available and current consensus in the
literature for optimal results. The presented protocol is designed in such a way that
investigators without previous knowledge in the field can implement the analysis and
obtain viable results that reliably detect significant differences in functional connectivity
between experimental groups. Our goal is to empower researchers to implement rs-fMRI
in their respective fields by incorporating technical considerations to date into a workable
methodological framework.

Keywords: BOLD, fMRI, ICA, MRI, rs-fMRI, protocol, resting-state networks, review

INTRODUCTION
Definition of Method

Functional magnetic resonance imaging (fMRI) is one of the most commonly used neuroimaging
research tools today, due to its non-invasiveness, high spatial resolution relative to other functional
imaging methods, and ability to perform longitudinal studies. The technique measures intrinsic
low-frequency fluctuations in the blood oxygen level dependent (BOLD) signal, as a putative
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index of neuronal activity (Logothetis, 2003; Raichle and
Mintun, 2006). Resting-state functional magnetic resonance
imaging (rs-fMRI) refers to fMRI data acquired in the absence
of controlled stimuli or an explicit task. Mapping temporal
covariance of BOLD signal between distinct brain regions (i.e.,
functional connectivity) reveals consistent patterns of large-
scale functional networks termed resting-state networks (RSNs)
(Buckner et al., 2013). Also known as functional connectivity
magnetic resonance imaging, this technique has been utilized to
investigate the effects of various drugs and neurological disorders
on resting-state functional brain networks (Fox and Greicius,
2010).

Resting-State Functional Connectivity in

Rodents
An important additional advantage of rs-fMRI is its role
as a translational neuroimaging tool. Despite its exponential
application in human research, comparatively few studies have
applied rs-fMRI in rodent models. Mechanistic studies of rodent
physiology provide mounting empirical support of rs-fMRI
BOLD signal as a surrogate of underlying neuronal activity
(Pan et al, 2011; Raichle, 2011; Bruyns-Haylett et al.,, 2013;
Thompson et al., 2013, 2014). Studies mapping resting-state
functional connectivity in rodents thus far have identified cortical
and subcortical networks analogous to those seen in humans, that
were reliably reported in both rats (Pawela et al., 2008; Hutchison
et al., 2010; Becerra et al., 2011b; Jonckers et al., 2011; Liang
et al., 2011; Schwarz et al., 2013; Van Der Marel et al., 2013;
Sierakowiak et al., 2015) and mice (Jonckers et al., 2011; Guilfoyle
et al,, 2013; Nasrallah et al., 2014; Zerbi et al., 2015; Sforazzini
et al,, 2016). Further, rodent brain networks appear to exhibit
similar frequency characteristics as those identified in human
subjects (Zhao et al., 2008; Magnuson et al., 2010; Williams et al.,
2010). However, recent advances in rs-fMRI data acquisition
(e.g., accelerated repetition times) may yet reveal inter-species
differences (Kalcher et al., 2014; Gozzi and Schwarz, 2016).
Explorations using rodent rs-fMRI thus far span a broad
range of topics, including psychiatric disorders such as autism
(Zhan et al., 2014), schizophrenia (Errico et al., 2015), depression
(Gass et al., 2014; Ben-Shimol et al., 2015), and attention deficit
hyperactivity disorder (Van Der Marel et al, 2014), as well

Abbreviations: BOLD, blood oxygen level dependent; DVARS, derivative of RMS
variance over voxels; DPABI, Data Processing & Analysis of Brain Imaging
toolbox; DPARSE, Data Processing Assistant for Resting-State fMRI toolbox; FAST,
FMRIB’s Automated Segmentation Tool; FASTMAP, Fast Automatic Shimming
Technique by Mapping Along Projections; FD, framewise displacement; FDR,
fast discovery rate; FEAT, FMRI Expert Analysis Tool; FIX, FMRIB’s ICA-based
X-noiseifier; FLIRT, FMRIB’s Linear Image Registration Tool; fMRI, functional
magnetic resonance imaging; FSL, FMRIB’s Software Library; GIFT, Group ICA Of
fMRI Toolbox; GMM, Gaussian mixture modeling; GUI, graphical user interface;
ICA, independent component analysis; MCFLIRT, Motion Correction using
FMRIB’s Linear Image Registration Tool; MELODIC, Multivariate Exploratory
Linear Optimized Decomposition into Independent Components; MRI, magnetic
resonance imaging; PD, postnatal day; N3, non-parametric non-uniform intensity
normalization; pICA, probabilistic independent component analysis; BET, Brain
Extraction Tool; RMS, root-mean-squared; ROI, region of interest; rs-fMRI,
resting-state functional magnetic resonance imaging; RSN, resting-state network;
SCA, seed-based correlation analysis; SNR, signal-to-noise ratio; TE, echo time;
TFCE, threshold free cluster extent; TR, repetition time; tstat, t-statistic.

as the impact of chronic stress (Borsook and Becerra, 2011;
Henckens et al., 2015), neuropathic pain (Borsook and Becerra,
2011; Baliki et al., 2014), and analgesia (Borsook and Becerra,
2011) on functional neurocircuitry. Furthermore, rs-fMRI has
been successfully applied in rodent models of neurodegenerative
disease to elucidate putative genetic biomarkers (Zerbi et al.,
2014), characterize disease course (Shah et al., 2013; Grandjean
et al., 2014) and evaluate clinical treatment efficacies (Little
et al, 2012; Wang et al, 2013, 2015a,b; Shah et al., 2015).
In addition, functional connectivity mapping in the setting of
pharmacological exposure (Leslie and James, 2000), including
drugs of abuse (Gass et al., 2013; Lu et al., 2014) and prescription
medications (Schwarz et al., 2007), sheds light on drug efficacy,
optimal dosage, and possible (mal)adaptive sequelae.

Importance of Rodent Models in
Biomedical Research

There is significant interest in using rs-fMRI to identify
biomarkers in neurological disease and track disease progression
in both humans and animal models. In human studies,
genetic vs. environmental influences are difficult to disentangle
for a number of reasons, including scarcity of affected
individuals and infinite potential environmental confounds.
Animal models circumvent many of these issues, allowing for
in vivo manipulation of experimental variables within highly
controlled environments and further allow longitudinal studies
of disease evolution or modulation by intervention. In this
regard, rodents are also of particular interest due to the
development of transgenic lines that model pathology of human
disorders (Lythgoe et al., 2003). Further, novel methods to create
“humanized” rodents (carrying functioning human genes, cells,
tissues, and/or organs) may lead to substantial improvement
and refinement of rodent models (Scheer et al., 2015). Given
that intrinsic BOLD fluctuations in rodents and humans appear
to exhibit comparable frequency ranges (Williams et al., 2010),
future studies using rs-fMRI in rodent models may contribute to
a greater understanding of the rs-fMRI technique (e.g., efficacy
of various preprocessing measures). Certainly, translational
studies of functional connectivity highlight the potential of
rodent models to further explore facets of induced abnormal
or pathological states at different (critical) ages at the system-
level investigations. For details of species-specific rs-fMRI
considerations see Box 1.

Common Approaches to Resting-State

Functional Connectivity Analysis

Two distinct analytical techniques are typically used to assess
patterns of resting-state functional connectivity, which include
independent component analysis (ICA; Box2; Stone, 2002;
Beckmann et al., 2005) and seed-based correlation analysis (SCA)
(Biswal et al., 1995; Hampson et al., 2002). Despite inherent
differences, both analyses of rs-fMRI data produce resting-state
networks that are for the most part mutually consistent (Van
Dijketal., 2010). SCA is a model-based, hypothesis-driven method
that measures BOLD response in a predetermined region-
of-interest (ROI), and then generates whole-brain correlation
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BOX 1 | Species-specific considerations.

Comparison of rs-fMRI investigations between mice and rats are not always straightforward due to species-specific differences. Most rodent rs-fMRI studies to date
have been performed in rats, despite more advanced genetic manipulation techniques in mice, owing to challenges of rs-fMRI in mice (e.g., reproducibility of brain
activity). Traditionally, rats are preferred for studies in pharmacological and behavioral studies (Jacob, 1999; Lazar et al., 2005). Rats are larger than mice, facilitating
procedural interventions (e.g., surgical), as well as exhibit social behaviors more in line with humans in comparison to mice (Bryda, 2013). Furthermore, more is known
about rat physiology (Jonckers et al., 2015). Intimate understanding of physiology is critically important for correctly processing and analyzing rs-fMRI data as BOLD
signal can be influenced by factors such as CO;, blood pressure, heart rate, and respiratory rates. Awake rats exhibit lower heart and respiratory rates (400 beats
per min; 85 breaths per min) relative to mice (600 beats per min; 150 breaths per min) (Jonckers et al., 2015). Accordingly, mice are considered more susceptible
to motion artifact at the hands of increased pulsatory and respiratory forces. Such species-specific differences will have implications for acquisition, processing and
interpretation of data. Additionally, human studies suggest sex steroids and timing of reproductive cycles may influence measures of functional connectivity (Weis
et al., 2011). While similar work is limited in rodents, contribution of hormones should be considered in future studies of sex differences (Peper et al., 2011). In addition
to physiological confounds, functional connectivity can also be altered across different levels of anesthesia and consciousness (Liu et al., 2013). For example, the
anesthetic drug propofol induced dose-dependent reductions in rat thalamocortical functional connectivity (Tu et al., 2011; Liu et al., 2013). Recent emerging trend
to perform non-anesthetized rs-fMRI scans in awake animals may help to eliminate such issues in the future (Becerra et al., 2011b). Processing techniques and
parameters described in the present manuscript should not be applied without careful consideration of species differences (e.g., rats vs. mice). In other words,
established methodology in rats should be adapted, not adopted for studies in mice.

BOX 2 | Advantages and disadvantages of independent component analysis (ICA).

Advantages. ICA is a model-free, data-driven analysis that decomposes complex 4D fMRI data into simpler statistically independent components. In other words,
resulting components are not dependent on a model of predicted activations (unlike univariate analysis). ICA provides a means for exploratory analysis when no
hypothesis is needed or available, as no prior knowledge of brain systems is required. Most often it is employed for final network analysis to measure functional
connectivity between brain regions (either resting-state or event-related). Recently, the technique has been increasingly used as part of preprocessing to attenuate
physiological noise contamination, creating “cleaned” rs-fMRI datasets prior to final analysis.

Disadvantages. Pervasive weaknesses of the probabilistic ICA model stem from its dependence on user-defined parameters (i.e., dimensionality) and permutation
ambiguity of original sources. To mitigate risk of potential type | errors (i.e., false-positive), a number of additional preprocessing steps can be employed to ensure a
more conservative approach. These include: band-pass filtering and inclusion of estimated motion parameters, respiratory and cardiac signals, global BOLD signal

Resting-State Networks in Rodents

and BOLD signals in white matter and cerebral spinal fluid as additional covariates (Cole et al., 2010; Buckner et al., 2013).

maps reflecting functional connectivity to designated ROI. This
analytical approach is optimal when activity in a specific brain
ROI is thought to be modulated by an experimental condition
(e.g., drug effect vs. control). Alternatively, ICA is a model-
free, data-driven technique that analyzes whole-brain patterns
of BOLD signal fluctuation and then generates maximally
independent spatiotemporal components (i.e., networks) that
reflect specific neuroanatomical systems (Beckmann et al,
2005; Damoiseaux et al., 2006). Probabilistic ICA (pICA)
has since evolved from the original ICA model, specifically
adapted for application in fMRI datasets (Beckmann and Smith,
2004). This approach is ideal for exploratory analysis and/ or
when no suitable hypothesis is available (Hyvarinen, 2013).
Additionally, pICA at the individual level can be used as
part of data preprocessing pipelines to identify and remove
non-neuronal components stemming from physiological or
motion-related artifact in the data (Beckmann and Smith,
2004; Robinson et al., 2009; Erhardt et al,, 2011). Increasing
availability of specialized high-field animal MRI scanners (7,
9.4, 11.7, and 15 Tesla) affords the novel opportunity to
integrate systems-level analyses in labs traditionally focused
on brain mechanisms at molecular and cellular levels. Brain
regions with correlating patterns of activity are considered to
be functionally connected (Van Dijk et al., 2010). Together, rs-
fMRI and pICA provide invaluable insight into distinct patterns
of large-scale brain network dynamics, complementing results
from lower levels of biological complexity. The development
and dissemination of these techniques to laboratories studying
a wide range of clinical problems has the potential to

markedly accelerate translation of basic science into clinical
care.

This protocol concisely and comprehensively outlines all steps
important for rodent rs-fMRI data analysis using pICA. We
include detailed descriptions of all the necessary preprocessing
steps for removal of statistical noise and the appropriate data
formatting prior to final statistical analysis. As written, the
present protocol is intended for non-specialists in the field
of neuroscience who are interested in adding the tool of
resting-state functional connectivity analysis to their research
repertoire.

MATERIALS AND EQUIPMENT

Animals

Though presented rs-fMRI data herein are acquired from
rats (Sprague Dawley, Sasco; Charles River Laboratories
International, Inc., Wilmington, MA, USA), this protocol could
reasonably be applied for studies in mice with minor species-
specific adjustments (see Box 1). All animal studies must abide
by all relevant institutional and governmental regulations. All
procedures of this report were performed in accordance to the
United States Public Health Service Policy on Humane Care and
Use of Laboratory Animals, and the guide for the Care and Use
of Laboratory Animals (NIH Publication No. 15-8013, revised
2015) prepared by the National Academy of Sciences” Institute
for Laboratory Animal Research. The Institutional Animal Care
and Use Committee at Boston Children’s Hospital approved
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the experimental protocols for the use of vertebrate animals
illustrated as examples in this protocol.

Reagents

Anesthetics

Emerging evidence suggests neurovascular coupling under
anesthesia, as well as the extent and magnitude of correlated
BOLD response may be affected in a drug- and dosage-dependent
manner (Austin et al., 2005; Williams et al., 2010; Pan et al,,
2013, 2015). As such, for the purpose of rs-fMRI, it is essential
to keep anesthesia levels uniform across all animals in the study,
and comparisons between studies using different anesthetics
should be approached with caution. In our previous work,
we used isoflurane/O, 3% (vo/vol) at 1 L/min for 3min of
anesthesia induction that was followed by 1% (vol/vol) at 1 L/min
for anesthesia maintenance throughout the rs-fMRI scanning.
Higher levels of isoflurane have been reported to negatively affect
the BOLD signal (Wang et al.,, 2011; Liang et al., 2015). Detailed
anesthesia protocol is described in our previous work (Bajic
etal, 2016). To prepare animals for scanning in non-anesthetized
states, see report by Becerra et al. (Becerra et al., 2011b).

Equipment and Equipment Setup

Small Animal MRI Scanner

A vendor-supplied small animal magnetic resonance imaging
(MRI) scanner (horizontal magnet; field strength 4.7T or higher)
is sufficient for acquiring rs-fMRI data from rodents. Our
scanning was performed with a Bruker BioSpec 70/30USR 7T
MRI scanner (Bruker, Billerica, MA) at the Small Animal Imaging
Laboratory at Boston Children’s Hospital. The signal-to-noise
ratio (SNR) is often better at higher magnetic field strengths,
however this can also result in greater distortions. For the
explanation of rodent positioning in the scanner and nose cone
fitting please refer to Box 3. For a description of the appropriate
scanning parameters refer to Box 4.

Computing Hardware for Analysis

Using a Unix-based computer is best, as FSL (see below) is
precompiled for Apple Mac (Mac OS X 10.4 or higher) and PCs
(running Linux virtual machines like RedHat 9, Debian/Ubuntu,
Centos) (Smith et al., 2007). The computer used for the analysis
should have at least a 1 GHz CPU clock, 1 GB RAM, 5 GB
swap and 20 GB of free hard drive space. Using a computer
cluster (multiple computers networked together) is advantageous
as it can greatly reduce overall analysis time. Analyses presented

herein were performed on a reconfigured Apple Mac Pro 6-Core
Intel Xeon E5 (2.70 GHz) with 64 GB RAM to run OS Ubuntu
14.04.1.

Computing Software for Analysis

(a) Terminal window, often referred to as the “terminal
emulator,” is a text-only window located within a graphical
user interface (GUI) that emulates a console. Individual
commands (as described in the protocol) can be executed
within the terminal window.

(b) MATLAB (MathWorks) was used herein to develop code
and perform calculations.

(c) Software packages like dem2nii and MRICron for
preprocessing and network visualization, respectively
(http://www.mccauslandcenter.sc.edu/mricro/mricron/).

FMRIB Software Library (FSL). FSL is freely available software
from the Analysis Group at the University of Oxford and can be
installed here: http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FslInstallation.
Several FSL commands will be used in this procedure to process
rs-fMRI data. Independent Component Analysis (ICA) can be
implemented with software packages such as MELODIC (http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/ MELODIC) from FSL. Melodic is
an acronym for: Multivariate Exploratory Linear Optimized
Decomposition into Independent Components. The program
uses ICA to break down 4D (length, width, height, time) data sets
into statistically independent components in spatial and temporal
domains. Of note, many other ICA models exist that allow for
comparable functional connectivity analysis (e.g., Group ICA
Of fMRI Toolbox (GIFT) ICA package in MATLAB, http://
mialab.mrn.org/software/gift/; CONN: functional connectivity
toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012), https://
www.nitrc.org/projects/conn).

Important note on software versions. The latest versions
of software packages should typically be used, as they are the
most up to date and optimized (e.g., bug fixes). Software versions
used to process data should always be disclosed for transparency.
Those used to obtain presented data in this protocol are
MATLAB version R2015a, FSL v.5.0, and MELODIC v.3.14.

Procedural Outline

The analysis of RSNs can be divided into two major parts:
(I) Preprocessing, which entails a series of steps performed at the
subject-level aimed at preparing functional images for (II) Brain
Network Analysis (final statistical analysis), using group pICA.

BOX 3 | Safe and efficient positioning for scanning.

Rodent restraining device and a nose cone. Safe and efficient positioning of an animal in the MRI scanner (and subsequent scanning) is paramount during data
acquisition and requires several steps. The restraining device should consist of a flat platform to hold the animal, an incisor hook to attach the upper incisors to the
device, a head restrainer with a built-in coil to restrict head movement, an ankle bar to restrict lower body movement, and a nose cone for anesthesia delivery. The
nose cone should fit over the animal nose after it has been secured on the restraining device. The animal’s respiratory rate should be assessed [e.g., by using the
Small Animal Monitoring and Gating System (Model 1025-2-50; Instruments, Inc., San Diego, CA)]. Paper tape should be applied over the body onto the body cail
to secure respiratory rate monitor, which is placed underneath the animals (below the ventral chest).

Radio frequency coil. We used a Bruker inner diameter of 85 mm transmit-only volume coil in combination with a Bruker rat brain 4-channel phase array receive_only
coil (Bruker, Billerica, MA) for adult rats and a Bruker mouse brain 4-channel phase array receive_only coil for 2-week old infant rats. This is because the size of the
rat pups at 3rd week of life (postnatal day (PD) 14-17) was equivalent to the size of an adult mouse.
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BOX 4 | MRI scanning parameters.

are reasonably generic and will work with most small animal MRI scanners.

Although the primary focus of this protocol involves functional images, acquiring both anatomical and functional data is recommended. Traditionally, anatomical
images are acquired first in the scanning sequence protocol. For our previous experiments (Becerra et al., 2011b; Bajic et al., 2016), anatomical scans were acquired
with a TurboRARE sequence without fat suppression. A FASTMAP (Fast, Automatic Shimming Technique by Mapping Along Projections) shimming technique is
performed to improve the homogeneity of the BO field. High-resolution anatomical images can be acquired with a fast spin-echo sequence as follows: RARE factor 8;
repetition time (TR) 4,000 ms; echo time (TE) 35 ms; voxel size = 0.078 x 0.078 x 0.5mm?; 34 slices with a 0.1 mm gap; field of view = 20 x 202; in-plane resolution
256 x 256 voxels; excitation pulse = 90 degrees (2.7 ms). Subsequently, a 10-min functional scan should be obtained with co-centered single-shot BOLD rs-fMRI
time series using an echo planar imaging (EPI) sequence with the following parameters: TR = 1,000 ms; TE = 37.323 ms; voxel size = 0.313 x 0.313 x 0.75mm>;
20 slices with a 0.15 mm gap; field of view = 20 x 20 mm?; in-plane resolution 64 x 64 voxels; 600 volumes per animal. All parameters and procedures described

Steps are summarized and outlined in Figure 1. Importantly,
both preprocessing and final analyses involve a pICA run using
the same Melodic interface. Instructions to set up Melodic for
both subject- and group-level pICA runs are described in detail
in preprocessing Step 6: Melodic Interface. However, the group-
level analysis does not occur until Step 9: Network Detection via
Group ICA.

PREPROCESSING

Unlike task-based fMRI, studies of resting-state functional
connectivity use covariance amongst time-series as the primary
measure of interest, necessarily rendering the method highly
sensitive to artefactual sources of signal like motion (Power
et al, 2015). To address sensitivity of the technique, many
spatial and temporal preprocessing steps are typically performed
to minimize contamination of non-neuronal signal within
the rs-fMRI data prior to final statistical analysis. Each
preprocessing step is associated with unique benefits and
time penalties, and can be implemented independently within
the terminal window, or in combination using graphic user
interfaces (GUI). Preprocessing steps for functional data (and
anatomical MRI images, if available) are summarized in Figure 1
and outlined in detail below. Subsequently, preprocessed
versions of rs-fMRI data are used for final statistical analysis
(see section Brain Networks Analysis). Steps numbering
throughout the text correspond to step numbering listed in
Figure 1.

Step 1. Convert Raw MRI Data from Dicom to Nifti
Format. Raw imaging data exported directly from the scanner
are in dicom format (.dcm). In order to process MRI data
using analytical tools, one must convert raw dicom files
(extension _.dcm) to compressed nifti files (extension _.nii.gz;
high dynamic range image file <hdrfile>). This can be achieved
using the software dem2nii. To convert files, one should
click and drag the folder containing dicom images into the
dcm?2nii GUL

Step 2. Change Resolution of Functional Image. To obtain
high-resolution functional images in rodent brains, voxel sizes
are much smaller than those typically seen in human brain images
(e.g., 0.313 x 0.313 x 0.9 mm?> vs. 2 x 2 x 2 mm?, respectively).
However, in order to process rodent MRI data using FSL tools
(designed for human data), voxel sizes must be increased (e.g.,
by a factor of 10) so that they are comparable to human voxel
dimensions. As a first step, one should identify the exact voxel

size of each functional scan, and then multiply each dimension
by chosen scaling factor. To alter the resolution of MR images,
use the FSL command fslchpixdim to change the voxel size with
the following format:

fslchpixdim <hdrfile > < xdim > < ydim > < zdim >

Designated x, y, and z dimensions should be given in millimeters,
while the time dimension is given in seconds. If applicable,
anatomical MR images must be similarly upscaled (factor
determined by voxel size).

Step 3. Standardize Orientation of Functional Image.
Oftentimes, functional images are acquired with different
orientations than the standardized anatomical image in FSLView.
As a first step, one should check header information in
FSLView to ensure each label correctly corresponds to the
respective axis (anterior-posterior, superior-inferior, left-right).
No analysis should be done using mislabeled images, as missing
or incorrect header information can compromise subsequent
analysis performed within FSL. To visualize functional image in
FSLView and check its labels, use the fslview command as follows:

fslview <hdrfile >

After confirming axes are correctly labeled, reorient image (if
necessary) into standard analyzable convention using fslswapdim
command in the following format:

fslswapdim <hdrfile> —x —y — z <hdrfile_{flip >

Listed dimensions (x, y, z) represent the new axes of functional
image with respect to the old axes. Only those dimensions
designated as negative values (e.g., —y and —z) are flipped in
output image. Importantly, this command does not register the
T1 image to any standard-space template within FSL. It simply
rotates or flips the fMRI image on the three axes so that one
can properly orient image to match the standard anatomical
orientation in FSL. If left/right orientation was incorrectly
switched, the FSL program will produce a warning message
within the terminal alerting the user to the possible error. One
should always visualize the fMRI image within FSLView (using
fslview command) to confirm that rotation was successfully
performed prior to moving to next step. An additional strategy
to confirm and preserve the correct orientation of images after
rotation is to fill a small capillary (1-2mm in diameter) with
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I. Preprocessing
(subject-level)

1) Convert raw MRI
> data from Dicom
to Nifti format

7

2) Change image
resolution (increase
voxel size x10)

v
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6) Use MELODIC to preprocess
individual scans (single-session ICA)
7) Assess motion parameters and
registration

17

8) Data Cleaning

(Dual Regression).

FIGURE 1 | Rodent resting-state network analysis outline. Schematic outlines 14 steps for resting-state network analysis. Note that preprocessing in Step 6 should
be performed at the individual level, in contrast to using group-level brain network identification in Step 9. Steps 10 and 11 can be run in any order since they are
independent of each other. Note that identification of networks of interest to template networks (Step 10) assumes availability of appropriate species-specific
templates. If no species-specific network templates are available for spatial correlation, one should evaluate all components qualitatively and then proceed to Step 11

L T

17

12) Change dual regression
output into standard space

v

13) Threshold dual regression
output for networks of interest
using
Gaussian mixture modeling

17

14) Identify location and
strength of brain clusters
(creation of tables)

water and attach it inferiorly to the head coil. Capillary will
appear in images as a landmark for the right or left side of the
brain.

Step 4. Perform Brain Extraction. To improve accuracy
of subsequent processing steps, the functional MR image
must be stripped of non-brain tissue voxels (e.g., skull).
Typically, brain extraction of rodent images is carried out
manually (vs. segmentation-based methods used in human
studies), moving slice-by-slice through each functional image
to ensure inclusion of all brain tissue and removal of obvious
non-brain tissue (e.g., skull, facial structure). This can be
achieved by visualizing the brain-extracted functional image
overlaid on anatomical image in FSLView, using the pencil
and eraser tools in the upper tool bar. Accuracy of brain
extraction should be evaluated in each view—sagittal, coronal,
and axial. Alternatively, an open source application called ITK-
SNAP may be implemented (www.itksnap.org) (Yushkevich
et al, 2006). Obtained brain extracted functional image
(hdrfile_brain) should be used in subsequent preprocessing
step.

Step 5. Bias Field Correction. Bias fields refer to non-uniform
distributions of signal intensity across MR images. Strong bias
fields in structural and/or functional MRI data can compromise
registration accuracy, which relies heavily on tissue densities
including gray and white matter contrast (Graham et al., 2015).
This is particularly relevant to animal MRI studies that employ
stronger magnetic fields resulting in stronger bias fields. Several

avenues exist to correct for signal intensity inhomogeneity. FAST
(FMRIB’s Automated Segmentation Tool) is a fully automated
method for simultaneous tissue-type segmentation and bias field
estimation, available within FSL (Zhang et al., 2001). Alternative
methods also exist. For example, the popular non-parametric
non-uniform intensity normalization (N3) algorithm (Sled et al.,
1998) and the newest version, N4ITK (Tustison et al., 2010),
have been successfully employed in mouse (Lin et al., 2013)
and rat (Oguz et al., 2014) MRI datasets, respectively. Bias field
correction of functional data can be performed by dividing
functional file by its bias field image using fslmaths command in
FSL as follows:

fslmaths <hdrfile_brain> —div <estimated bias field >

< hdrfile_brain_norm >

Step 6. Melodic Interface. Preprocessing of rs-fMRI data and
final network detection (see section Brain Network Analysis)
are performed within the Melodic interface, employing single-
session (subject-level) and multi-session (group-level) pICA,
respectively.

Specifically, pre-statistical preprocessing and registration in
Melodic are carried out using FEAT (FMRI Expert Analysis Tool,
v.6.0). Individual processing steps can be performed separately
within terminal, or implemented simultaneously within Melodic
GUI (with the exception of Step 8: Data Cleaning), helpfully
compartmentalizing the pipeline. Instructions to setup Melodic
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GUI for preprocessing and network detection runs are
outlined below. Following bias field correction (Step 5), the
initial preprocessing Melodic run allows for quantification of
motion in each scan, as well as provides an opportunity to
remove artefactual processes embedded within fMRI data via
single-session pICA. The latter is part of the 2-step approach
referred to as ICA-based artifact removal, which capitalizes
on pICA model’s strength of segregating artefactual processes
embedded within fMRI data into distinct components that can
then be removed. To open the Melodic GUI, type “melodic_gui”
(for Mac) or “Melodic” (for Linux) into terminal. Once the
interface opens, setup Melodic tabs as follows:

a. Data tab.

i.

ii.

. Pre-stats

Number of Inputs: Select the total number and the actual
functional images to be analyzed (“select 4D data”), as well
as designate an output directory for results of the analysis.
During preprocessing, the output file from Step 5: Bias
Field Correction (hdrfile_brain_norm) serves as the input
functional image. During final network analysis, “cleaned”
fMRI datasets are uploaded.

High pass filter cutoft (s): Select the high-pass filter cutoff
to define the temporal period of the scan. This protocol set
the filter cutoff at 100 seconds (0.01 Hz), thereby removing
BOLD signal whose temporal periods exceed the specified
cutoff.

tab. Pre-statistical processing automatically

performed by Melodic GUI includes grand-mean intensity
normalization of the entire 4D dataset using a single
multiplicative factor. Additional modifiable options that
require selection are as follows:

i.

ii. Slice timing correction:

Motion correction: Turn on MCFLIRT (which stands for
Motion Correction by FMRIB’s Linear Image Registration
Tool) for preprocessing Melodic run and turn off for
final network analysis (i.e., only perform step once).
MCFLIRT corrects for changes in head position during
scan acquisition in terms of rotation and translation
along each axis (x, y, z). Specifically, it uses rigid body
transform to realign all volumes in a given time-series to
match the middle volume reference point. Realignment
parameters reported by MCFLIRT can be used to assess
the extent of head motion contamination present in
individual time-series, as well as identify problematic
motion spikes that need to be removed prior to final
analysis. Spike detection can also be achieved separately
within the FSL terminal, using the fsI_motion_outliers
command.

Similarly, turn on for

preprocessing Melodic run and turn off for final network
analysis (i.e., only perform step once). Note that 2D
slices in a given 3D functional volume are not acquired
simultaneously during scanning (e.g., for a functional
volume acquired with a TR of 4 seconds and composed of
20 slices, the last slice is obtained approximately 4 seconds
after the first slice). Failure to account for differences in
individual slice timing can compromise the statistical

iii.

. Spatial smoothing: Spatial

techniques used in subsequent steps, as they operate
under the assumption each functional volume is acquired
exactly half way through each TR. Specifically, slice timing
correction uses Fourier-space time-series phase-shifting
(temporal shift) to improve estimation of functional
correlation between voxels in different slices (Smith et al.,
2013). To correct for differences in slice timing, Melodic
requires the order in which slices were obtained during
fMRI data acquisition. Accordingly, the option selected
here will depend on study-specific parameters. For our
purposes, interleaved slice timing correction was selected
from the drop down menu because volume slices were
acquired in interleaved order (e.g., 0,2,4... 1, 3, 5).

BET brain extraction: Human brain extraction tool (BET)
should be turned off during all runs of Melodic. Rat brain
extraction should be achieved manually as described in
prior Step 4: Brain Extraction.

smoothing is useful for
enhancing the signal-to-noise ratio (SNR), which greatly
improves accurate detection of true neuronal signal during
final analysis. As a downside, it is known to reduce spatial
resolution (Rombouts et al, 2007). Therefore, spatial
smoothing should be turned off during preprocessing
Melodic run using single-session ICA (by setting the kernel
size to zero mm), and turned on during final network
detection using group ICA (by selecting a non-zero kernel
size). The degree of spatial smoothing is determined by
manipulating size of the Gaussian kernel applied to fMRI
data. Optimal kernel size (mm) will reduce noise without
reducing valid activations. This is achieved when active
brain region is larger than the size of applied smoothing
kernel. Therefore, if interested in identifying small regions
of activity (relative to head size), a smaller kernel works
best. Alternatively, if interested in expansive patterns of
brain activity (e.g., large-scale networks across the whole
brain), a larger kernel size is more appropriate. Other
important considerations that factor in include the rodent’s
brain size (e.g., pups vs. adults) and quality of fMRI data
(e.g., SNR). Based on our previous work (Bajic et al., 2016),
we recommend a Gaussian kernel FWHM of 0.7 mm to
identify larger patterns of functional connectivity.

. Temporal filtering: Studies to date suggest humans and

rodents exhibit similar ranges of resting-state temporal
frequencies (Zhao et al, 2008; Magnuson et al., 2010;
Williams et al,, 2010). Accordingly, current consensus
holds that temporal filters applied to rs-fMRI data should
be similar across species (Gozzi and Schwarz, 2016).
In light of recent advances in scan sequences, our
current understanding of cross-species differences may
change (Kalcher et al, 2014). In practical terms, turn
on “Highpass” (by selecting box) during preprocessing
Melodic run, and turn off (by deselecting box) for final
network detection using group ICA (ie., only perform
step once). High-pass temporal filtering will remove lower
frequencies (e.g., < 0.01Hz) from rs-fMRI data whose
temporal periods exceed the filter cutoft defined in Data
tab. This will eliminate linear trends in the data, including
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slow temporal drifts characteristic of scanner artifacts
(Feinberg et al., 2010). Alternatively, band-pass filtering
(i.e., simultaneous use of high- and low-pass filters) can
be used to effectively define a range of BOLD signal
frequencies to be retained within rs-fMRI data, and remove
frequencies that fall outside desired range. Note that low-
pass filtering removes higher frequencies from rs-fMRI
data, with oscillatory speeds above a designated threshold.
Band-pass filtering must be performed separately in the
terminal window using the fslmaths command with the
-bptf option, as Melodic does not offer this. Traditionally,
resting-state networks have been considered low-frequency
fluctuations in BOLD signal between 0.01 and 0.1 Hz
(100 and 10 seconds). Accordingly, this protocol applies
band-pass filtering to retain only this range of frequencies
(similar to past rodent studies (Becerra et al., 2011b; Liang
et al,, 2011). However, in light of emerging evidence that
suggests valuable neuronal signal may be present > 0.3 Hz
(Feinberg et al., 2010; Boubela et al., 2013), it may be
advisable to apply highpass temporal filtering only.

c. Registration tab. During single-session preprocessing,

each rodent’s functional image can be co-registered to
its corresponding anatomical image in native space (i..,
coordinate system unique to individual) and/or projected
into a standard space (i.e., coordinate system common to
all subjects). Accordingly, select the “Main structural image”
option (if applicable) to align each rodent’s functional and
anatomical images in native space, and/or “Standard-space”
option to normalize to a standard space (e.g., template
or atlas). The latter is absolutely required for group-level
analysis (e.g., Step 9: Network Detection via Group ICA).
Next, define the desired resampling resolution (e.g., 4 mm)
and degrees of freedom (e.g., 12 dof). Robust linear (affine)
registration is carried out using FLIRT (FMRIB’s Linear
Image Registration Tool) (Jenkinson and Smith, 2001;
Jenkinson et al., 2002). Registration techniques like FLIRT
rely heavily on tissue densities (e.g., gray-white-matter
contrast) to accurately align images (Graham et al., 2015).
Poor tissue contrast and/or spatial resolution of functional
images, as well as individual variations in rodent brain size
and (to a lesser degree Pan et al., 2015) morphology can
result in suboptimal registration. Accordingly, it may be
advisable to co-register each rodent’s fMRI image to its
corresponding high-resolution anatomical image in native
space as an intermediary step, prior to normalization to
standard space. To do so, select “Main structural image.” For
further details regarding linear and non-linear transforms for
brain registration, please see published work by Klein et al.
(2009). In this protocol, rodent fMRI data was normalized
to a study-specific rodent template based on the rodent
Atlas (Paxinos and Watson, 1998), generated in-house
(see Figures 7 and 8). Such study-specific templates can be
generated from a single anatomical scan (e.g., study by Becerra
et al., 2011b), reflecting the “typical” image for the study, or
from many scans, reflecting the mean of each experimental
group or all subjects combined. For access to the in-house

template used in current work, contact Dr. Lino Becerra
(lino.becerra@childrens.harvard.edu). ~ Alternatively, pre-
existing rodent MRI templates are available for researchers,
including both mouse (Ma et al., 2008; Bai et al., 2012; Papp
et al., 2014) and rat (Schweinhardt et al., 2003; Schwarz et al.,
2006; Lu et al., 2010; Valdes-Hernandez et al., 2011; Nie et al.,
2013; Wisner et al., 2016). Currently, publicly available rodent
brain MRI templates in atlas space are somewhat lacking
in number, with considerable variability in methodology
(e.g., number of animals, data acquisition parameters and
processing pipelines). Additionally, while the majority of
brain templates to date are Paxinos-Watson atlas based, other
rodent atlases are beginning to emerge for rats (Papp et al.,
2014) and mouse brains (Mackenzie-Graham et al., 2004,
2007; Ullmann et al.,, 2013). Consequently, it is imperative
that users understand the origins and inherent assumptions
underlying preparation of chosen template/atlas if adopted
from pre-existing database.

. Stats tab. Standard pre-ICA processing automatically

performed by Melodic includes masking of non-brain voxels
and voxel-wise de-meaning of the rs-fMRI data. Additional
modifiable options that require selection include:

i. Variance-normalize timecourses: Select “Variance-
normalize timecourses” during all runs of Melodic (default
setting). Each time-series will be rescaled such that analysis
is primarily influenced by voxel-wise temporal dynamics
instead of a given voxel’s amplitude signal. In other words,
ICA places greater importance on temporal changes in
signal within a given area, rather than the average signal in
that area.

ii. Automatic dimensionality estimation: = This parameter
allows one to control the ICA decomposition process,
transforming fMRI data into independent components.
During preprocessing, the purpose of single-session ICA
is to segregate data into components so that embedded
artefactual processes can be removed. Accordingly, one
should select “Automatic dimensionality estimation”
during preprocessing Melodic run. This instructs Melodic
to objectively estimate the dimensionality for each fMRI
file based on the quantity and quality of data therein,
facilitating ICA convergence stability. During final brain
network analysis, one may choose to enforce a uniform
dimensionality across all runs of group ICA by deselecting
“Automatic dimensionality estimation” and designating
the desired number of output components. Currently,
there is no consensus on how to determine optimal
dimensionality. Higher dimensionalities increase incidence
of component “splitting” into sub-components, which
has been argued to provide more biological detail and
speculatively reflect functional hierarchy (e.g., brain
networks split into sub-networks) (Fransson et al,
2007; Smith et al., 2009, 2013). While this tends to
increase functional homogeneity within each component
(desirable), higher dimensionalities also tend to generate
noisier associated timecourses (undesirable) as fewer
and fewer time-series are averaged together (Smith et al,,
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2013). Further, too high a dimensionality may compromise
comparative analyses due to topological variability between
individual animal scans (Smith et al.,, 2013). Ultimately,
optimal dimensionality will depend on study-specific
quality and quantity of rs-fMRI datasets, as well as the
intent of analysis (Smith et al., 2013). Aim of group
analysis in present protocol was to achieve a reasonable
balance between component combination and splitting,
decomposing rs-fMRI data into interpretable components
and sub-components. Accordingly, ICA herein was set to
extract 40 independent components (similar to previous
investigations; Hutchison et al., 2010; Liang et al., 2011),
which resulted in an appropriate decomposition.

iii. Single-session ICA: During preprocessing, select “Single-
session ICA” from the drop down menu to analyze
individual fMRI data files separately. This maintains
session/subject-specific  variation that will improve
detection of artifacts, which can have high inter- and
intra-subject variability. To perform group ICA, one
should select “Multi-session temporal concatenation.”
This instructs Melodic to concatenate (i.e., link together)
individual subject’s time-series to form a single multi-
subject time-series that can then be analyzed by ICA,
resulting in group-level component spatial maps that
reflect large-scale patterns of functional connectivity in the
sample. Group ICA effectively defines functional networks
of interest, particularly useful for group-wise comparisons.
Importantly, this approach does not assume temporal
response patterns are uniform across the sample, allowing
associated timecourses to differ while constraining spatial
maps.

e. Post-stats tab: Leave all options at their default setting for all
runs of Melodic. Specifically, the “Threshold IC maps” option
will be automatically set at 0.5, meaning extracted component
spatial maps are thresholded with the alternative hypothesis
tested at P > 0.5 for activation (signal) vs. null (noise).

Once setup is finished, press the “Go” button in the bottom left
corner of the Melodic GUI to run the analysis. Time requirements
for both single- and multi-session analyses are highly dependent
on the number of animals included in the analysis.

Step 7. Review Melodic Report (Critical Step). Melodic
generates a folder of results for each file run through analysis,
including a convenient Melodic report (reporthtml) that
contains a summary of results. After single-session pICA analysis
is finished for a given functional file, one should open its Melodic
report and evaluate (1) MCFLIRT motion parameters and (2)
registration of functional image to standard space as follows:

a. Pre-stats tab: MCFLIRT motion parameters. Individual
time-series should always be assessed for motion
contamination prior to deciding whether fMRI data should
be included or excluded in final group analyses. Motion
assessment is particularly important in cases of imaging awake
subjects (Figure 2). However, absence of motion must be
confirmed even when imaging was performed on anesthetized
animals (Figure 3; see also Figure 3 Bajic et al., 2016), as
even miniscule changes in head position can introduce

b.

false statistical significance (Power et al., 2012). To evaluate
motion, inspect MCFLIRT graphical results of realignment
parameters for any abrupt changes in head position (ie.,
motion spikes) throughout the animals time-series. Each
rigid body transform performed by MCFLIRT is defined
by six parameters: estimated rotational (in degrees) and
translational (in mm) displacement along the three axes (x,
¥, z). These six parameters are condensed by MCFLIRT into
a single vector referred to as the root-mean-squared (RMS)
displacement, expressed in mm (rotational displacements are
converted to mm). This is a summary statistic, describing
total head position change in terms of absolute and relative
measures. Specifically, absolute RMS displacement describes
head position for a given volume with respect to a reference
time point (e.g. middle volume in the time-series), useful
for identifying gradual shifts in head position. Relative RMS
displacement, often referred to as frame-wise displacement
(FD), describes head position for a given volume relative
to the subsequent volume in BOLD time-series (Power
et al, 2012). Alternatively, DVARS (derivative of RMS
variance over voxels) can be used as a highly sensitive
index of motion, describing changes in signal intensity
across the entire brain image relative to the subsequent
volume in time-series (Smyser et al., 2013; Gao et al., 2014,
2015a,b; Power et al., 2014). DVARS has also been strongly
correlated with relative RMS displacement (Power et al,
2012; Satterthwaite et al., 2013). An appropriate definition
of excessive motion (unsalvageable volume) will depend on
the scanning parameters used to acquire rs-fMRI data (e.g.,
length of TR), and cannot simply be adopted from preexisting
literature (Power et al., 2014, 2015). In this protocol, excessive
motion was defined as estimated rotation > 0.005 degrees
and/ or translation > 0.02mm along any axis, as well as
RMS displacement exceeding more than half a voxel size. If
definition of excessive motion is met, motion censoring (i.e.,
data scrubbing via targeted volume removal) may be used to
salvage time-series (see sections Troubleshooting and Motion
Censoring).

Registration tab. Ensure proper alignment of functional
images to the structural template. Common expected minimal
artifacts are well described in the literature (Schwarz et al,,
2006) and occur in the ventral regions of the brain near
ear canals (Figure4A). See also Figure 2 in Bajic et al.
(2016). An example of an extreme case of erroneous
registration is illustrated in Figure4B when the image
is flipped 180 degrees in relation to template. Precise
registration is crucial for fMRI analysis, as well as any other
image analyses that require functional-to-structural alignment
(e.g., structural and diffusion image analysis). If individual
registrations are inaccurate, further statistics at a structural
or group level will likely be inaccurate. Poor registration
may be salvageable (see sections Troubleshooting and
Registration).

. ICA tab: Component Classification. As previously

mentioned, ICA-based artifact removal involves an initial
preprocessing run of pICA to decompose 4D fMRI data into
independent components. During pICA, the dimensionality
(i.e., number of components) of each animal’s fMRI data was
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FIGURE 2 | Awake rat motion assessment. The motion parameters for 2 typical rats (Left column) in the study and the 2 rejected rats (Right column) are displayed.
Green Line, translation/rotation X-axis, Blue Y-axis, and Red Z-axis. Figure reprinted with permission from Becerra et al. (2011b) study in adult rats.
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objectively estimated. As a result, estimated dimensionalities
listed in the Melodic report will likely vary between fMRI
files. An inherent advantage of the ICA model is that it
helpfully segregates signal embedded within fMRI data
based spatiotemporal characteristics, such that signals arising
from a similar source are more likely to group together
in a given component (e.g., motion-related, blood vessels,
venous sinuses, neuronal). Components identified as noise
can later be removed from fMRI data (see Step 8: Data
Cleaning). However, the ICA model does not classify signal
origins isolated in each extracted component (e.g., signal
or noise). Consequently, components must be classified
following analysis as either “good” (i.e., predominantly

signal) or “bad” (i.e., predominantly noise) by evaluating all
spatiotemporal features of each component in a hierarchical
manner. Component classification can be achieved manually
(by human rater) or by automated or semi-automated
classifiers (e.g., FIX (FMRIB’s ICA-based X-noiseifier); see
Step 8b. Automated Data Cleaning). Neither method is
perfect. While currently considered the golden standard
(McKeown et al., 1998; Moritz et al., 2003; Kelly et al., 2010),
manual classification is time-consuming (increasing risk
of fatigue and error), and critically dependent on operator
expertise and inter-rater reliability. Further, while classifiers
are often described as fully automated, their performance
should realistically be monitored for accuracy and consistency
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FIGURE 3 | Assessment of motion in lightly anesthetized infant rats during imaging. (A,A”) display the rotation (in degrees) and translation (in mm) for an immobile
2-week-old rat during MRI, respectively. Rotation is a rigid body movement and refers to the movement of the head around a center point. Translation is every point on
the head moving a constant distance in a specific direction. The immobile rat’s head did not rotate more than 0.005 degrees or moved more than 0.02 mm. This is an
acceptable amount of movement for the group ICA. (B,B’) illustrate rotation and translation of an infant rat that moved during the scanning, which lead to a
motion-related imaging artifact. As a result, data obtained from this animal was excluded from the group ICA. Blue X line, horizontal axis; Green Y line, vertical axis;
Red Z line, longitudinal axis of the scanner. Figure reprinted with permission from past study (Bajic et al., 2016) in infant rats.

FIGURE 4 | Examples of registration. (A) lllustrates representative individual animal functional-to-standard registration of the rat. The gray image is individual
resting-state fMRI data while the red contour represents the outline of an adult anatomical atlas as reported by FSL output. First 4 columns are in the axial view; the
middle 4 are in the sagittal view; last 4 columns are in coronal view. A common expected artifact is seen in the ventral regions of the rat brain [near ear canals
(Schwarz et al., 2006)] and is noted in the second coronal section (arrowheads). Distortions noted in the ventral parts of the brainstem were noted in the caudal region
of the brainstem (stars). (B) Shows an extreme example of the erroneous registration when the individual resting-state fMRI data image is rotated 180 degrees to the
anatomical template. There is an obvious mismatch of registration that clearly implicates flipped data registration as seen in the temporal regions (first axial section;
arrow). Obviously, such case of erroneous registration should not be included in subsequent analysis. Numbers below coronal slices represent distance from Bregma
(mm). Left hemisphere of the brain corresponds to the right side of the image. Section with Bregma of 0 mm corresponds to Panel 17 of Rat Brain Atlas (Paxinos and
Watson, 1998).

within and between experimental groups. Accordingly, Griffanti et al. (2017) provides a comprehensive “how-to”
a solid understanding of typical spatiotemporal features guide on component classification in human subjects that can
associated with neuronal and artefactual components is reasonably be adapted to other species (Griffanti et al., 2017).
essential, regardless of the method. Refer to recent work by If performing classifications by purely manual methods, raters
Zerbi et al. (2015) for extensive illustrations of group-level must evaluate each component from a given ICA run and
signal and noise components identified in rodents (Zerbi compile a list of recorded classifications (neuronal, artifact,
et al., 2015). Additionally, the recently published work by unknown component).
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Important Points of Preprocessing. Motion spikes within the
fMRI time-series and/ or poor registration will compromise
the accuracy of subsequent analyses. If excessive motion and/
or unsatisfactory registration cannot be rectified at the single-
session level (see section Troubleshooting), it is advisable to
exclude the afflicted animal dataset from group-level processing
and analysis.

Step 8. Data Cleaning. The second stage of ICA-based artifact
removal, referred to as “data cleaning,” allows for the removal of
unique variance associated with artefactual sources of signal (e.g.,
motion and physiological). Specifically, components identified as
predominantly noise during review of the Melodic report (Step
7c: ICA tab) are removed, effectively creating “cleaned” 4D fMRI
datasets (Smith et al., 2011, 2013). Data cleaning can be achieved
manually (by human rater) or by automated classifiers.

a. Manual data cleaning. For smaller sample sizes or unique
patient populations, it is usually advisable to classify all
components by hand (Griffanti et al., 2017). Manual de-
noising of fMRI data can be performed within terminal using
the command fsI_regfilt in the following format:

fsl_regfilt — i

< filtered_func_data> —o <denoised_data>
—d <filtered_func_data.ica/melodic_mix >
—£“1,2,3...7

Option -i designates the input file containing preprocessed
fMRI data (filtered_func_data), located within the rodent’s
preprocessing  single-session Melodic output directory.
Option -o designates the output file containing denoised
fMRI data (denoised_data). Option -d stands for “design,’
and designates subsequent file listed as containing the
corresponding Melodic mixing matrix (melodic_mix).
Because the design matrix file is in directory below the
rodent’s single-session melodic output directory, it is
necessary to define the pathway in command followed
by a slash (filtered_func_data.ica/melodic_mix). Option -f
designates list of unwanted components (“1,2,3...”) to be
filtered out of the regression model. For example, if ICA
components 3, 10, 15 and 55 are manually classified as “bad”
when reviewing the Melodic report (see Step 7c: ICA tab), the
—f option would be formatted as -f “3,10,15,55”. Importantly,
double quotes must encompass the list in order for the entire
list of components is passed to Melodic. Note, while the
Melodic report.html begins component numbering at one,
FSL software and actual Melodic output files begin numbering
at zero (e.g., component 4 in Melodic report is defined as
component 3 by FSL).

b. Automated data cleaning. Researchers using large sample
sizes as in rodent studies may benefit from the advanced
automated approaches that are now emerging. Notably, the
recently developed fusion classifier! FIX (FMRIB’s ICA-based
X-noiseifier) employs ensemble learning, evaluating over

"Fusion classifier refers to the strategic “stacking” of multiple independent
classifiers in order to increase overall accuracy of predictive model with weighted
predictions. In this way, shortcomings associated with any one classifier are
compensated through the strengths of others (Salimi-Khorshidi et al., 2014).

180 spatiotemporal features to arrive at a final weighted
classification. Its application in numerous human rs-fMRI
studies yield promising results, particularly when trained on
study-specific datasets (>95% accuracy, with >99% using
trained classifier) (Smith et al., 2013; Griffanti et al., 2014,
2015; Salimi-Khorshidi et al., 2014; Feis et al., 2015). To
our knowledge, only one study conducted by Zerbi et al.
has implemented FIX to evaluate rodent rs-fMRI datasets,
demonstrating high levels of accuracy comparable to results
obtained in human studies (Zerbi et al., 2015). The study-
specific mouse training datasets and trained FIX classifier
describe by Zerbi et al. (2015) are now publicly available
(Central.xnat.org; Project ID: CSD_MRI_MOUSE; mice ID’s:
1366, 1367, 1368, 1369, 1371, 1378, 1380, 1402, 1403, 1404,
1405, 1406, 1407, 1411, and 1412).

BRAIN NETWORK ANALYSIS

Step 9. Use Melodic to Perform Network Detection via
Group ICA. Preprocessed and cleaned fMRI data will now be run
through group ICA, as part of final statistical analysis. Refer to
Step 6 for instructions on how to setup the Melodic interface (and
tabs therein) to perform group-level analysis of data. Group-level
components obtained from this step reflect large-scale patterns of
functional connectivity in a given sample.

Step 10. Evaluate Group-Level Components To Identify
Networks Of Interest. Following group ICA, group-level
components should be carefully inspected (Figure 5) in order
to distinguish noise components from networks of interest (i.e.,
those reflecting biologically relevant neuronal signal). Group
ICA output file containing extracted components (melodic_IC)
is stored in the Melodic output directory. Components can be
evaluated by qualitative and/ or quantitative methods to identity
representative brain networks. Qualitative measures entail visual
inspection of temporal (timecourse), spectral (powerspectrum)
and spatial characteristics (spatial maps) to identify components
of interest. In order to view each component overlaid on
standard-space template within FSL (using fslview command),
the dimensions of functional files must be converted to match
that of the anatomical template. This can be achieved using
flirt command. Once dimensions are equivalent, components
can be viewed superimposed on anatomical template image,
which is helpful for localization of BOLD signal. Alternatively,
quantitative methods can involve measuring spatial correlation
(Pearson’s R) between extracted components and templates of
canonical large-scale rodent networks (e.g., default-mode vs.
visual network). While there are currently no standardized
rodent templates, one can use network templates made available
by previously published studies (e.g., mouse Zerbi et al., 2015,
or rat templates). Our group uses 7 template networks reliably
identified in adult rat brain, reported by Becerra et al. (2011b).
Highest correlation (i.e., degree of spatial overlap) between
component and a given template is helpful in discerning the
probable identify of component. While the metric is not without
controversy, spatial correlation can be helpful in directing
attention to definite components of interest. Correlated spatial
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overlap R > 0.20 with a template network is sufficient to
identify potential candidate networks of individual components
(Figures 6A,B). Higher statistical thresholds (e.g., R > 0.40)
would identify component identities with greater certainty,
however, this would necessarily risk exclusion of biologically
relevant brain activity such as network sub-components, as well
as relevant components excluded due to potential topological
variability across subjects, groups and/or strains (e.g., Figure 6C).
Accordingly, studies should not rely on this methodology in
a confirmatory capacity or as the sole means of identifying
components of interest, as this engenders risk of missing
valuable components. Meaningful evaluation and interpretation
of group ICA spatial maps will require thorough knowledge of
previously reported rodent RSN topologies to inform component
classifications (see also Figures 7 and 8). Regardless of chosen
measure, only ICA components identified as brain networks of
interest should be processed later in Steps 12 and 13 related to
Gaussian mixture modeling.

Step 11. Analyze All Group Level Components Using
Dual Regression. As previously mentioned, component spatial
maps extracted from group ICA reflect group-level patterns
of functional connectivity in the sample. Dual regression can
now be performed to identify associated timecourses (stage
1) and spatial maps (stage 2) within individual subject’s rs-
fMRI data that correspond to group-level components (Filippini
et al., 2009). Specifically, dual regression probes intra-group
consistency of functional connectivity patterns in order to

provide measures of intra-group differences. This approach,
referred to as multiple linear regression, is suggested to be
more reliable than alternative back-projection methods, which
can produce false statistical significance (Filippini et al., 2009).
Further information regarding the technical aspects of dual
regression can be found on the FSL website (http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/DualRegression). For detailed descriptions of
common multi-subject experimental designs and instructions on
how best to setup group contrasts (viz. group comparisons), refer
to the FSL website (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/GLM).
Dual regression itself may take a day or more to complete
depending on the number of group ICA components to be
analyzed, number of subjects within each group, and complexity
of the experimental design (e.g., number of contrasts). The
final stage of dual regression analysis (stage 3) will generate
t-statistic (tstat) maps for each component that correspond
to each group contrast in chosen design matrix. Output
files are named after corresponding component and contrast
numbers (e.g., component X, contrast 1 would be named
dr_stage3_ic000X_tstatl; dr, dual regression; ic, independent
component). Additionally, a file reflecting the average of all
brains (mask.nii.gz) can be found within the dual regression
output directory, and will be used in subsequent steps.
Ultimately, results of dual regression will be entirely study-
dependent, and are arguably best illustrated in the setting of
a study with the added context of experimental groups and
hypothesis.

a large degree of edges. Left side of image corresponds to right side of brain.

FIGURE 5 | Group ICA spatial maps. Figure shows representative group-level component spatial maps extracted from group ICA (Step 9: Network Detection via
Group ICA) as they appear in the Melodic report, including pre-determined statistical thresholds (warm colors reflect positive z-scores, while cold colors reflect
negative). Putative neural networks (A-C) show coherent BOLD signal predominantly arising from gray matter, while non-neuronal artefactual components (D,E) show
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FIGURE 6 | Brain network identification via spatial correlation. Figure illustrates representative group-level component spatial maps extracted from group ICA for
(A) Sensorimotor, (B) Salience, (C) Autonomic Networks (red-yellow) overlaid on spatial maps of correlated template networks (green). Spatial correlation R > 0.20
between individual components and template network(s) is sufficient to identify potential functional networks of interest amongst the full set of extracted group-level
components. Components that do not meet criteria for network classification based on set of template networks (e.g., R-values < 0.20 for all templates) may still
contain biologically relevant brain activity (as in the example of Autonomic Network). Numbers above each coronal section represent distance from Bregma (in mm).
Left side of image corresponds to right side of brain.

Step 12. Prepare T-Statistic Maps for Gaussian Mixture  Option -ref designates anatomical template file (anat_brain)
Modeling. Subsequent processing steps require output files from  as the “reference” image, from which the new dimensions
dual regression to be (a) in standard space (i.e., have same  of t-stat map are determined. Option -applyxfm for “apply
dimensions as anatomical template) and (b) masked (i.e., contain  transformation” refers to the projection of t-statistic maps into
only brain voxels, and exclude all non-brain voxels). Only group  this new dimensional space corresponding to reference file.
ICA components identified as “networks of interest” (see Step  Importantly, this step does not involve registration of the t-
10: Evaluate Group-Level Components to Identify Networks of  statistic map to anatomical template (as image registration can
Interest) are evaluated further with Gaussian mixture modeling.  only be performed between structural images, and not statistical
Accordingly, only t-statistic maps corresponding to selected  maps). As a last step, dimensions of the mask file generated by
components need be prepared at this step. Use the fslsplit  dual regression (mask.nii.gz) should also be altered to match
command used previously during preprocessing to remove  anatomical template.
artefactual components. Step 13. Threshold T-Statistic Maps Using Gaussian

a. Alter Dimensions of T-Statistic Maps. Output files from  Mixture Modeling. Following dual regression, output t-
dual regression (t-statistic maps and mask file) must also  statistic maps are thresholded to identify clusters (i.e.,
have the same dimensions as anatomical template in order  spatially contiguous regions of voxels) of significant brain
to be correctly processed in subsequent steps. One can alter  activity. Cluster-based analysis can be statistically advantageous
dimensions of mask file (mask.nii.gz) and selected t-statistic = compared to alternative methods analyzing individual voxel
maps (e.g., dr_stage3_ic0001_tstatl.nii.gz) to match anatomical  units, improving SNR within each unit and reducing the number

template by using the flirt command in the following format: of hypotheses tested (Pendse et al., 2009). There are a number of
) ) ) approaches to cluster analysis, including the popular threshold

flirt —in <dr_stage3_ic0001_tstatl > free cluster extent (TFCE) (Smith and Nichols, 2009) that is not

—out <ic01_tstatl > —ref <anat_brain > without its limitations (see report by Woo et al., 2014). Here, we

—applyxfm will describe a generalized false discovery rate (FDR) approach.

Specifically, Gaussian mixture modeling (GMM) is used to
Option -in designates input t-stat map (dr_stage3_ic001_tstatl)  generate probability density histograms for each spatial map of
and -out designates output t-stat map with new dimensions.  z-scores by estimating the posterior probability that activity in a
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FIGURE 7 | Resting-state networks in awake rats. Complete maps for Components (C1-C7). All components have been thresholded according to a mixture model
approach. See Methods from Becerra et al. (2011b) for details. The atlas is based on the Paxinos and Watson Atlas (1998). Abbreviations: Ins, Insula; AcB, Nucleus
Accumbens; Motor, Motor Cortex; Amyg, Amygdala; Parab, Parabrachial; CPu, Caudate-Putamen; PAG, Periaqueductal Gray; Cereb, Cerebellum; ParA, Parietal
Association Cortex; Cnf, Cuneiform Nucleus; Som, Somatosensory Cortex; Ent, Entorhinal Cortex; SupColl, Superior Colliculus; FC, Frontal Cortex; Thal, Thalamus;
TpA, Temporal Association Cortex; Hypo, Hypothalamus; cing, Cingulate Cortex (anterior and retrosplenial); InfColl, Inferior Colliculus. Figure reprinted with permission
from Becerra et al. (2011b).

given voxel is significantly modulated by associated timecourse  background noise). In other words, significant brain activity
(Pendse et al., 2009). The alternative hypothesis is tested at P is defined when the probability of reflecting neuronal signal
> 0.5 for “activation” (neuronal signal) vs. null (non-neuronal  exceeds the probability of reflecting non-neuronal noise. The
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FIGURE 8 | Full spatial maps of resting-state networks in awake rats. Components (C1-C7) are ordered according to their reproducibility degree. Component 1 has
significant cerebellar structures; Component 2 includes medial and lateral cortical structures resembling the human default mode network; Component 3 includes a
basal-ganglia-hypothalamus network; Component 4 encompasses basal-ganglia-thalamus-hippocampus circuitry; Component 5 represents an autonomic pathway;
Component 6 represents the sensory network; and Component 7 groups interoceptive structures to form a network. All components have been thresholded
according to a mixture model approach. See Methods section for details. The atlas is based on the Paxinos and Watson Atlas (1998). Abbreviations: Ins, Insula; AcB,
Nucleus Accumbens; Motor, Motor Cortex; Amyg, Amygdala; Parab, Parabrachial; CPu, Caudate-Putamen; PAG, Periaqueductal Gray; Cereb, Cerebellum; ParA,
Parietal Association Cortex; Cnf, Cuneiform Nucleus; Som, Somatosensory Cortex; Ent, Entorhinal Cortex; Sup Coll, Superior Colliculus; FC, Frontal Cortex; Thal,
Thalamus; TpA, Temporal Association Cortex; Hypo, Hypothalamus; cing, Cingulate Cortex (anterior and retrosplenial); Inf Coll, Inferior Colliculus. Figure reprinted with

permission from Becerra et al. (2011Db).

Parab £=3Cpu &=3PAG &= Cereb &3 ParA == Cnf &= Som

null hypothesis is estimated adaptively from the data as a mixture
of Gaussians, from which voxel membership is estimated as
one of three classes: “deactivation,” “activation,” and “null”
distributions. Generated histogram will allow for meaningful
thresholding of t-statistic maps prior to cluster analysis (next
step). For more detail on methodology, refer to Pendse et al.

(2009). Thresholding via GMM can be achieved within Matlab.

a. Identify Significance Thresholds: As a first step,
should create a new folder to run the analysis in (e.g,
GMM_Component#_tstat). Next, use the following Matlab
script with inserted name of t-statistic file to be processed:

one

threshld_gmm(‘../tstat1_ic00.nii.gz’, ‘../mask.nii.gz’, [], 1000, 1)

When the script is finished running, a histogram (Figure 9)
with several distributions will appear, where the x-axis
shows z-scores and y-axis provides a measure of probability.
Typically, null distributions are modeled by one or two (“split
null”) Gaussian curves (larger volumes, centered near zero),
while activation and deactivation curves are typically modeled
as solitary Gaussian curves (with smaller volumes), skewed
to the right and left of null distribution, respectively (Pendse
et al., 2009). Non-Gaussian distributions skewed to the left

. Use Thresholds to Perform Cluster Analysis:

or right of the null curve are described as “negative” and
“positive,” respectively. This simply indicates opposite polarity
of signal modulation, resulting from sign ambiguity (i.e.,
scaling indeterminacy) in the ICA model. Importantly, sign
ambiguity precludes fixed interpretations of polarity (e.g.,
positive distributions could reflect increased or decreased
brain activity). Thresholds are defined as z-scores at which
non-null distributions (positive and/or negative) intersect
with null curve. Record thresholds for each t-statistic image, as
these will be used to perform cluster analysis in the subsequent
step.

Statistical
thresholds identified in GMM histogram of each t-statistic
map will now be used to identify regional patterns of
brain activity via cluster analysis. Within the GMM folder
(GMM_Component#_tstat), create an additional two folders
named “Positive” and “Negative,” referring to the opposing
polarities of non-Gaussian distributions. Separately, within
each directory, use the following in-house Matlab script
with appropriate threshold values to perform cluster
analysis:

postprocess_memx_ordered_maxima
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FIGURE 9 | Statistical thresholds identified via Gaussian mixture modeling. Figure illustrates variable appearance of Gaussian mixture modeling (GMM) results using
four t-statistic maps from different components (A-D). Histogram of z-scores is shown for each t-statistic map (data line), modeled as the full mixture of Gaussians
density (gmm fit line), as well as by distinct Gaussian sub-distributions according to class (i.e., “null,” “activation,” “deactivation”). Probability density (y-axis) is used to
determine z-score threshold(s) of statistical significance (black squares). (A) Example of more straightforward results, in which three fit curves are taken to be
“deactivation” (fit 7, left-shifted with negative z-scores; dark blue line), “null” (fit 2, centrally localized near zero; green line), and “activation” (fit 3, right-shifted with
positive z-scores; turquoise color line). Gray region indicates z-values with statistically insignificant BOLD activity, while yellow regions highlight z-scores beyond
identified thresholds exhibiting statistically significant BOLD activity. Intercepts between fit 1 (or fit 3) with “null” (fit 2) curve, is marked with small black square.

(B) Example of t-statistic histogram with only one significant positive threshold (black square intercepts), despite presence of both positive (fit 3) and negative (fit 1)
distributions. Probability density of the latter never surpasses the null (fit 2), confirmed with zoomed in view (no intercept). (C) Example of “split null” distribution, with
the null class modeled by fit 2 and 3. Note, only the z-score furthest from zero is considered the threshold: negative threshold (z-score = —2.645) is described when fit
1 > fit 2 (not when fit 1 > fit 3), while positive threshold (z-score = 2.768) is described when fit 4 > fit 3 (not when fit 4 > fit 2). (D) Example for more challenging
interpretation of results when fit 2 (green line) can be described as right-shifted (suggestive of “activation” class) with large volume (suggestive of “null” class).
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The statistical spatial map can be considered a function
with peaks (maxima) and valleys (minima). The goal of the
clustering procedure is to identify peaks by growing connected
clusters around each maximum in the first step. In the next
step, all voxels above the chosen threshold are assigned to
clusters from Step 1 using a minimum cluster distance. This
step may require anywhere from 5 minutes to several hours,
depending on the number of clusters present.

Step 14. Anatomical Allocation of Brain Clusters (Creation
of Tables). The final product of this step is a summary report
of cluster analysis, including each identified cluster’s spatial

location (corresponding brain coordinates), volume (number of
composite voxels) and peak statistical values (measure of brain
activity). This is achieved after active (or de-active) voxels are
associated with a particular cluster. Each cluster is assigned
to a brain region based on the coordinate of its maxima, as
determined using the in-house Paxinos and Watson (1998) atlas-
based rodent template (see Figures7 and 8), and the volume
of the cluster is calculated. One should review the tables of all
clusters to identify physiologically relevant networks showing
significant differences between experimental groups that will
inform subsequent interpretations of functional connectivity.
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Such networks should be converted into text files and presented
as tables. For examples of cluster tables, refer to published
manuscripts (Becerra et al., 2011b; Bajic et al., 2016). During
this process, it is also advisable to survey clusters overlaid on
corresponding group ICA spatial maps (e.g., using FSLView).

TIMING

Making sure that all the software programs are operational is
the first requisite for time-efficiency. As previously mentioned,
analyses presented herein used a reconfigured Apple Mac Pro
6-Core Intel Xeon E5 (2.70 GHz) with 64 GB RAM to run OS
Ubuntu 14.04.1. Individual preprocessing steps (Steps 1-3,5),
as well as data cleaning (Step 8) will require several minutes
per individual subject file. As previously listed, time required to
complete. Manual brain extraction (Step 4) of anatomical and
fMRI images is the most time consuming step. It will depend
on acquired image resolution (e.g., number of slices) as well
as the skill of the operator. It may range from one to several
hours. Step 6: Melodic Interface (during preprocessing, including
single-session ICA analysis) will scale with the number of subjects
included in the analysis. In other words, the more fMRI data files
analyzed at one time, the longer the analysis. On average about 1
hour for an individual animal subject. This will also be true for
group ICA analysis (Step 9: Network Detection via Group ICA),
with increasing amounts of data to be processed costing higher
time penalties. Similarly, remaining Steps 10-14 may take several
days to complete.

TROUBLESHOOTING
Motion Censoring (Data Scrubbing)

Essentially all fMRI studies are susceptible to some degree of
motion artifact. It is now known that commonly used regression
techniques (e.g., regression of realignment parameters) are
inadequate to remove motion-induced artifact, and that motion
residuals introduce systematic biasing effects on measures of
functional connectivity in a distance-dependent manner (Power
et al., 2012; Satterthwaite et al., 2012; Van Dijk et al., 2012; Kundu
et al., 2013). Further, motion-related artifacts are known to arise
from micromovements less than a few tenths of a millimeter
(Power et al, 2012). Thus, while particularly important in
cases of imaging awake animals (see previously published work:
Figure 1 in (Becerra et al., 2011b); and Figure 2 in Becerra et al.,
2011a), motion must be addressed when imaging anesthetized
animals as well (see Figure 3 in Bajic et al., 2016). Typically
as part of data quality assessment, input data files <hdrfile>
should be visually inspected (e.g., using fslview command in
Terminal) for obvious and pervasive motion artifacts throughout
each BOLD time-series. As previously described in Step 6:
Melodic Interface, MCFLIRT motion correction is used during
preprocessing to correct for changes in head position throughout
scan. Realignment parameters reported by MCFLIRT are useful
for qualifying (e.g., sharp or gradual) and quantifying (e.g.,
isolated spike or pervasive) motion present in fMRI time-series.
Graphical results depicting MCFLIRT realignment parameters
are shown in each rodent’s Melodic report (report.html). Graphs

should be closely inspected for the extent of motion corruption.
Currently, motion censoring (i.e., “data scrubbing”) is the most
effective and conceptually simple method for motion-related
artifact removal (Power et al., 2014), whereby volumes with
motion exceeding defined motion parameter thresholds are
discarded from the dataset. Unsalvageable animal time-series
should be excluded from subsequent group ICA analysis (Step
9: Network Detection via Group ICA), as unrecognized motion
can introduce false significance of identified networks and lead to
erroneous interpretation of results. To perform motion censoring
manually, use command:

Sslsplit <hdrfile > < output basename > —t

Option “-t” will split the 4D fMRI time-series (hdrfile)
into separate 3D volumes with designated basename (e.g.,
volume_00##), after which motion-corrupted volumes can be
deleted. To recombine remaining volumes into 4D time-series,
use command:

fslmerge <hdrfile_scrubbed > < filel file2... >

Here, input files <filel file2...> represent all volumes to
be retained in new “scrubbed” time-series (hdrfile_scrubbed).
Additional important notes on employing data scrubbing
technique:

Attention to Differences in Volume Numbering

When looking at the online Melodic reporthtml, MCFLIRT
graphical result begin numbering volumes at “volume 1” (Step 7a:
Pre-stats tab) and components begin numbering at “component
17 (see Step 8: Data Cleaning). This is in contrast to FSL software
and actual Melodic output files, which begin volume numbering
at “volume zero” and component numbering at “component
zero.

Limitations of the Technique

(i) Minimum time-series length. Correlation estimates become
more accurate and statistically robust with increasing numbers
of volumes included in analysis, and increasingly noisy with
decreasing numbers of volumes. Thus far, the field has typically
considered 5 minutes of resting-state data per subject adequate
to achieve network stabilization in humans (Van Dijk et al,,
2010), however, there is currently no established limit on
the amount of data that must be retained in a given fMRI
file (Power et al., 2015). (ii) Controlling for time-series length.
Depending on the analysis (e.g., multivariate pattern analysis),
it is advisable to control for time-series length in order to
maintain equal degrees of freedom across subjects (Power et al.,
2014). Statistical bias may be otherwise introduced due to the
direct relationship between extent of motion censoring and
amount of motion present in scanned data. This is particularly
relevant for rodent models of higher-moving animals (e.g.,
Parkinson’s disease). Time-series length can be controlled at
the individual and/or group level, such that all files and/or
all experimental groups entering final analysis contribute equal
proportions of BOLD signal. Note that at the individual level, all
rodent files are reduced to minimum time-series length found
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in the sample. Alternatively at the group level, all experimental
groups are made to contain the same amount of data, but
allow individual time-series lengths to vary. In other words,
for group-level analyses (e.g., average seed-maps) in samples
containing hundreds of subjects, differences in the amount of
data contributed by each subjects file appears to have little
impact on final results (Power et al, 2014). In such cases,
there may be no need to control for time-series length. (iii)
Preserving temporal contiguity. Time-series should ideally retain

temporal contiguity (i.e., disparate lengths of volumes should not
be rejoined). Removal of successive volumes has been shown
to remove more important information about BOLD signal
than if the same number of non-contiguous volumes were
removed (Power et al., 2015). Importantly, temporal contiguity
is required for rs-fMRI data preprocessing using ICA-based
artifact removal, which relies heavily on correlated temporal
covariance across a period of minutes. Accordingly, only motion
contamination at the beginning or end of time-series can be
removed (while still controlling for degrees of freedom). If time-
series temporal contiguity is retained during motion censoring,
scrubbed data can undergo Melodic preprocessing run (Step
6: Melodic Interface and Step 7: Review Melodic Report) and
subsequent data cleaning via ICA-based artifact removal. If
temporal contiguity is forfeited during data scrubbing in order
to salvage subject datasets, additional data cleaning via ICA-
based artifact removal should not be performed. In this event,
automated data scrubbing based on defined motion thresholds
can be achieved using alternate software such as the Data
Processing Assistant for Resting-State fMRI (DPARSF) V4.0 Rat
module (Schwarz et al., 2006) based on Statistical Parametric
Mapping (SPM8; www.fil.ion.ucl.ac.uk/spm) and toolbox for
Data Processing & Analysis of Brain Imaging (DPABI Yan et al,,
2016, http://rfmri.org/DPABI). Best strategy to minimize residual

artifacts in the data will ultimately be informed by results of
quality assessment.

Registration

Being that animals slightly differ in brain size, individual
input rs-fMRI data are registered to a standard space template
during brain network analysis using group ICA to facilitate
comparisons across all animals within a group (Step 9: Network
Detection via Group ICA). Registration of all functional images
to a common coordinate system is a pre-requisite for group
ICA, and accurate alignment is critically important for valid
final analysis. Inaccurate registration can compromise statistical
analyses performed thereafter, resulting in erroneous final results
from which no valid conclusions can be drawn. However, poor
registration may be salvageable, and several avenues exist to fix
suboptimal registration. One option would be to rerun FLIRT
using the example_func file (output by Melodic) as the initial
functional image for registration. Alternatively, normalization
to a standard template may be improved with non-linear
transformation using FNIRT (Jesper et al., 2007). In human
subjects, non-linear registration risks warping fMRI data due
to variability in cortical folding. However, gyral folding in
the rodent brain is less substantial, reducing the risk of such
warping. Lastly, poor registration may be the result of magnetic
field inhomogeneity that presents as BOLD distortions (e.g.,
stretching or warping) in the fMRI image. Correction methods to
rectify susceptibility-induced distortion are available, including
use of top-down distortion correction (Holland et al., 2010),
a self-field map (Jezzard and Balaban, 1995; Cusack et al.,
2003; Zerbi et al., 2015), or a mean field map (Gholipour
et al, 2008). The latter two options require forethought, as
an additional scan must be acquired at the time of data
acquisition.

A

5 4

distance from Bregma (in mm).

Default Mode Network: Average Group Level

S AKAL ¢ /

B  Default Mode Network: Morphine Treament > Saline Treatment

-

FIGURE 10 | Example of rodent resting-state network and cluster analysis. (A) Example of a group ICA spatial map. Specifically, this row of images illustrates the
Default Mode Network at the group level. (B) Example of group-level differences between adult rat ICA spatial maps. It is an example of group level differences
between rats previously treated with morphine or saline in early neonatal period. Melodic report spatial maps are presented as z-scores superimposed on mean
functional image in radiological convention (right side of image corresponds to left side of brain). The numbers at the bottom (below each coronal section) refer to

S
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ANTICIPATED RESULTS

After running group ICA (Step 9), Melodic will output enforced
dimensionality (e.g., 40 components) that can be visualized in
Melodic report web browser. These components can be used
to distinguish brain networks from artefactual components (see
Figure 5 for examples). However, networks of interest should
be thresholded prior to presentation. Spatial correlation between
each group-level spatial map and template networks (Step 10:
Evaluate Group-Level Components to Identify Networks of
Interest) produces a set of Pearson’s R values. Networks with an
R value greater than 0.2 can be processed further (Figures 6A,B).
Additionally, networks that exhibit neurobiologically plausible
spatial distributions should also be included in remaining
analyses (Figure 6C). Dual regression (Step 11) creates a number
of t-statistic maps that correspond to between-group contrasts
(e.g., contrast 1 = tstatl). In other words, for each experimental
group included in analysis, dual regression will generate a
set of associated t-statistic images that each correspond to a
given group-level ICA component. Gaussian mixture modeling
(Step 13a) identifies thresholds of statistical significance in t-
statistic maps for each component, with thresholds typically
ranging from 1 to 4. Identified thresholds are subsequently
used to perform cluster analysis (Step 13b), which produces
text files that display cluster location (brain coordinates),
volume (number of constitutive voxels) and peak statistical
significance (measure of connectivity strength). These are
subsequently organized into tables that describe brain clusters

REFERENCES

Austin, V. C,, Blamire, A. M., Allers, K. A., Sharp, T., Styles, P., Matthews, P.
M, et al. (2005). Confounding effects of anesthesia on functional activation in
rodent brain: a study of halothane and alpha-chloralose anesthesia. Neuroimage
24, 92-100. doi: 10.1016/j.neuroimage.2004.08.011

Bai, J., Trinh, T. L., Chuang, K. H., and Qiu, A. (2012). Atlas-based automatic
mouse brain image segmentation revisited: model complexity vs. image
registration. Magn. Reson. Imaging 30, 789-798. doi: 10.1016/j.mri.2012.
02.010

Bajic, D., Craig, M. M., Borsook, D., and Becerra, L. (2016). Probing intrinsic
resting-state networks in the infant rat brain. Front. Behav. Neurosci. 10:192.
doi: 10.3389/fnbeh.2016.00192

Baliki, M. N., Chang, P. C,, Baria, A. T., Centeno, M. V., and Apkarian,
A. V. (2014). Resting-sate functional reorganization of the rat limbic
system following neuropathic injury. Sci. Rep. 4:6186. doi: 10.1038/srep
06186

Becerra, L., Chang, P. C., Bishop, J., and Borsook, D. (2011a). CNS activation
maps in awake rats exposed to thermal stimuli to the dorsum of the hindpaw.
Neuroimage 54, 1355-1366. doi: 10.1016/j.neuroimage.2010.08.056

Becerra, L., Pendse, G., Chang, P. C., Bishop, J., and Borsook, D. (2011b). Robust
reproducible resting state networks in the awake rodent brain. PLoS ONE
6:¢25701. doi: 10.1371/journal.pone.0025701

Beckmann, C. F., Deluca, M., Devlin, J. T., and Smith, S. M. (2005). Investigations
into resting-state connectivity using independent component analysis. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 360, 1001-1013. doi: 10.1098/rstb.
2005.1634

Beckmann, C. F., and Smith, S. M. (2004). Probabilistic independent component
analysis for functional magnetic resonance imaging. IEEE Trans. Med. Imaging
23, 137-152. doi: 10.1109/TMI.2003.822821

showing significant connectivity (Step 14). All of the above
files can be viewed using FSLview (https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/FslView) or MRIcron (http://www.mccauslandcenter.
sc.edu/mricro/mricron/). Refer to Figure 10 for an example
illustration of a final rodent brain networks.

AUTHOR CONTRIBUTIONS

All authors contributed extensively to the work presented in this
paper. DBa outlined the method manuscript, performed, and
analyzed data, as well as wrote the manuscript. MC performed
experiments, analyzed data, and wrote the manuscript. CM
analyzed data and wrote the manuscript. DBo wrote the
manuscript. LB set up the computing devices, designed analysis
methodology, and wrote the manuscript. All authors agree to be
accountable for presented content of the work.

ACKNOWLEDGMENTS

Authors would like to thank Duncan Hodkinson, Ph.D. for help
with proof reading the article. The study is supported in part
by the NIDA K08 DA035972-01 and 2013 Trailblazer Award
from the Department of Anesthesiology, Perioperative and Pain
Medicine, Boston Children’s Hospital (DBa), as well as NINDS
K24 NS064050 (DBo). The funders had no role in study design,
data collection, analysis, decision to publish, and/or preparation
of the manuscript.

Ben-Shimol, E., Gass, N., Vollmayr, B., Sartorius, A., and Goelman, G. (2015).
Reduced connectivity and inter-hemispheric symmetry of the sensory system
in a rat model of vulnerability to developing depression. Neuroscience 310,
742-750. doi: 10.1016/j.neuroscience.2015.09.057

Biswal, B., Yetkin, F. Z., Haughton, V. M., and Hyde, J. S. (1995). Functional
connectivity in the motor cortex of resting human brain using echo-
planar MRI. Magn. Reson. Med. 34, 537-541. doi: 10.1002/mrm.19103
40409

Borsook, D., and Becerra, L. (2011). CNS animal fMRI in pain and analgesia.
Neurosci. Biobehav. Rev. 35, 1125-1143. doi: 10.1016/j.neubiorev.2010.11.005

Boubela, R. N., Kalcher, K., Huf, W., Kronnerwetter, C., Filzmoser, P., and
Moser, E. (2013). Beyond noise: using temporal ICA to extract meaningful
information from high-frequency fMRI signal fluctuations during rest. Front.
Hum. Neurosci. 7:168. doi: 10.3389/fnhum.2013.00168

Bruyns-Haylett, M., Harris, S., Boorman, L., Zheng, Y., Berwick, J., and Jones, M.
(2013). The resting-state neurovascular coupling relationship: rapid changes in
spontaneous neural activity in the somatosensory cortex are associated with
haemodynamic fluctuations that resemble stimulus-evoked haemodynamics.
Eur. J. Neurosci. 38,2902-2916. doi: 10.1111/ejn.12295

Bryda, E. C. (2013). The Mighty Mouse: the impact of rodents on advances in
biomedical research. Mo. Med. 110, 207-211.

Buckner, R. L., Krienen, F. M., and Yeo, B. T. (2013). Opportunities and
limitations of intrinsic functional connectivity MRI. Nat. Neurosci. 16, 832-837.
doi: 10.1038/nn.3423

Cole, D. M., Smith, S. M., and Beckmann, C. F. (2010). Advances and pitfalls in the
analysis and interpretation of resting-state FMRI data. Front. Syst. Neurosci. 4:8.
doi: 10.3389/fnsys.2010.00008

Cusack, R., Brett, M., and Osswald, K. (2003). An evaluation of the use of
magnetic field maps to undistort echo-planar images. Neuroimage 18, 127-142.
doi: 10.1006/nimg.2002.1281

Frontiers in Neuroscience | www.frontiersin.org

December 2017 | Volume 11 | Article 685


https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FslView
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FslView
http://www.mccauslandcenter.sc.edu/mricro/mricron/
http://www.mccauslandcenter.sc.edu/mricro/mricron/
https://doi.org/10.1016/j.neuroimage.2004.08.011
https://doi.org/10.1016/j.mri.2012.02.010
https://doi.org/10.3389/fnbeh.2016.00192
https://doi.org/10.1038/srep06186
https://doi.org/10.1016/j.neuroimage.2010.08.056
https://doi.org/10.1371/journal.pone.0025701
https://doi.org/10.1098/rstb.2005.1634
https://doi.org/10.1109/TMI.2003.822821
https://doi.org/10.1016/j.neuroscience.2015.09.057
https://doi.org/10.1002/mrm.1910340409
https://doi.org/10.1016/j.neubiorev.2010.11.005
https://doi.org/10.3389/fnhum.2013.00168
https://doi.org/10.1111/ejn.12295
https://doi.org/10.1038/nn.3423
https://doi.org/10.3389/fnsys.2010.00008
https://doi.org/10.1006/nimg.2002.1281
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Baijic et al.

Resting-State Networks in Rodents

Damoiseaux, J. S., Rombouts, S. A., Barkhof, F., Scheltens, P., Stam, C. J., Smith,
S. M., et al. (2006). Consistent resting-state networks across healthy subjects.
Proc. Natl. Acad. Sci. US.A. 103, 13848-13853. doi: 10.1073/pnas.06014
17103

Erhardt, E. B., Rachakonda, S., Bedrick, E. J., Allen, E. A., Adali, T., and Calhoun,
V. D. (2011). Comparison of multi-subject ICA methods for analysis of fMRI
data. Hum. Brain Mapp. 32, 2075-2095. doi: 10.1002/hbm.21170

Errico, F., D’argenio, V., Sforazzini, F., Iasevoli, F., Squillace, M., Guerri, G., et al.
(2015). A role for D-aspartate oxidase in schizophrenia and in schizophrenia-
related symptoms induced by phencyclidine in mice. Transl. Psychiatry 5:e512.
doi: 10.1038/tp.2015.2

Feinberg, D. A., Moeller, S., Smith, S. M., Auerbach, E. Ramanna, S,
Gunther, M., et al. (2010). Multiplexed echo planar imaging for sub-
second whole brain FMRI and fast diffusion imaging. PLoS ONE 5:e15710.
doi: 10.1371/journal.pone.0015710

Feis, R. A., Smith, S. M., Filippini, N., Douaud, G., Dopper, E. G., Heise, V., et al.
(2015). ICA-based artifact removal diminishes scan site differences in multi-
center resting-state fMRI. Front. Neurosci. 9:395. doi: 10.3389/fnins.2015.00395

Filippini, N., Macintosh, B. J., Hough, M. G., Goodwin, G. M., Frisoni, G. B.,
Smith, S. M., et al. (2009). Distinct patterns of brain activity in young carriers
of the APOE-epsilon4 allele. Proc. Natl. Acad. Sci. U.S.A. 106, 7209-7214.
doi: 10.1073/pnas.0811879106

Fox, M. D., and Greicius, M. (2010). Clinical applications of resting state functional
connectivity. Front. Syst. Neurosci. 4:19. doi: 10.3389/fnsys.2010.00019

Fransson, P., Skiold, B., Horsch, S., Nordell, A., Blennow, M., Lagercrantz, H., et al.
(2007). Resting-state networks in the infant brain. Proc. Natl. Acad. Sci. U.S.A.
104, 15531-15536. doi: 10.1073/pnas.0704380104

Gao, W., Alcauter, S., Elton, A., Hernandez-Castillo, C. R., Smith, J. K., Ramirez,
J., et al. (2015a). Functional network development during the first year:
relative sequence and socioeconomic correlations. Cereb. Cortex 25,2919-2928.
doi: 10.1093/cercor/bhu088

Gao, W., Alcauter, S., Smith, J. K, Gilmore, J. H., and Lin, W. (2015b).
Development of human brain cortical network architecture during infancy.
Brain Struct. Funct. 220, 1173-1186. doi: 10.1007/s00429-014-0710-3

Gao, W., Elton, A., Zhu, H. Alcauter, S., Smith, J. K, Gilmore, J. H.,
et al. (2014). Intersubject variability of and genetic effects on the brain’s
functional connectivity during infancy. J. Neurosci. 34, 11288-11296.
doi: 10.1523/JNEUROSCI.5072-13.2014

Gass, N., Cleppien, D., Zheng, L., Schwarz, A. J., Meyer-Lindenberg, A,
Vollmayr, B., et al. (2014). Functionally altered neurocircuits in a rat model
of treatment-resistant depression show prominent role of the habenula. Eur.
Neuropsychopharmacol. 24, 381-390. doi: 10.1016/j.euroneuro.2013.12.004

Gass, N., Schwarz, A. J., Sartorius, A., Cleppien, D., Zheng, L., Schenker,
E., et al. (2013). Haloperidol modulates midbrain-prefrontal functional
connectivity in the rat brain. Eur. Neuropsychopharmacol. 23, 1310-1319.
doi: 10.1016/j.euroneuro.2012.10.013

Gholipour, A., Kehtarnavaz, N., Gopinath, K., Briggs, R., and Panahi, 1. (2008).
Average field map image template for Echo-Planar image analysis. Conf. Proc.
IEEE Eng. Med. Biol. Soc. 2008, 94-97. doi: 10.1109/TEMBS.2008.4649099

Gozzi, A., and Schwarz, A. J. (2016). Large-scale functional
connectivity networks in the rodent brain. Neuroimage 127, 496-509.
doi: 10.1016/j.neuroimage.2015.12.017

Graham, A. M., Pfeifer, J. H., Fisher, P. A, Lin, W., Gao, W., and Fair,
D. A. (2015). The potential of infant fMRI research and the study of
early life stress as a promising exemplar. Dev. Cogn. Neurosci. 12, 12-39.
doi: 10.1016/j.dcn.2014.09.005

Grandjean, J., Schroeter, A., He, P., Tanadini, M., Keist, R., Krstic, D., et al. (2014).
Early alterations in functional connectivity and white matter structure in a
transgenic mouse model of cerebral amyloidosis. J. Neurosci. 34, 13780-13789.
doi: 10.1523/JNEUROSCI.4762-13.2014

Griffanti, L., Dipasquale, O., Lagana, M. M., Nemni, R., Clerici, M., Smith, S. M.,
et al. (2015). Effective artifact removal in resting state fMRI data improves
detection of DMN functional connectivity alteration in Alzheimer’s disease.
Front. Hum. Neurosci. 9:449. doi: 10.3389/fnhum.2015.00449

Griffanti, L., Douaud, G., Bijsterbosch, J., Evangelisti, S., Alfaro-Almagro, F.,
Glasser, M. F., et al. (2017). Hand classification of fMRI ICA noise components.
Neuroimage 154, 188-205. doi: 10.1016/j.neuroimage.2016.12.036

Griffanti, L., Salimi-Khorshidi, G., Beckmann, C. F., Auerbach, E. J., Douaud,
G., Sexton, C. E., et al. (2014). ICA-based artefact removal and accelerated
fMRI acquisition for improved resting state network imaging. Neuroimage 95,
232-247. doi: 10.1016/j.neuroimage.2014.03.034

Guilfoyle, D. N., Gerum, S. V., Sanchez, J. L, Balla, A, Sershen, H.,
Javitt, D. C., et al. (2013). Functional connectivity fMRI in mouse
brain at 7T wusing isoflurane. J. Neurosci. Methods 214, 144-148.
doi: 10.1016/j.jneumeth.2013.01.019

Hampson, M., Peterson, B. S., Skudlarski, P., Gatenby, J. C., and Gore, J. C. (2002).
Detection of functional connectivity using temporal correlations in MR images.
Hum. Brain Mapp. 15, 247-262. doi: 10.1002/hbm.10022

Henckens, M. J., Van Der Marel, K., Van Der Toorn, A., Pillai, A. G., Fernandez,
G., Dijkhuizen, R. M., et al. (2015). Stress-induced alterations in large-
scale functional networks of the rodent brain. Neuroimage 105, 312-322.
doi: 10.1016/j.neuroimage.2014.10.037

Holland, D., Kuperman, J. M., and Dale, A. M. (2010). Efficient correction
of inhomogeneous static magnetic field-induced distortion in Echo
Planar Imaging. Neuroimage 50, 175-183. doi: 10.1016/j.neuroimage.2009.
11.044

Hutchison, R. M., Mirsattari, S. M., Jones, C. K., Gati, J. S., and Leung, L. S. (2010).
Functional networks in the anesthetized rat brain revealed by independent
component analysis of resting-state FMRIL. J. Neurophysiol. 103, 3398-3406.
doi: 10.1152/jn.00141.2010

Hyvarinen, A. (2013). Independent component analysis: recent advances. Philos.
Trans. A Math. Phys. Eng. Sci. 371:20110534. doi: 10.1098/rsta.2011.0534

Jacob, H. J. (1999). Functional genomics and rat models. Genome Res. 9,
1013-1016. doi: 10.1101/gr.9.11.1013

Jenkinson, M., Bannister, P., Brady, M., and Smith, S. (2002). Improved
optimization for the robust and accurate linear registration and motion
correction of brain images. Neuroimage 17, 825-841. doi: 10.1006/nimg.
2002.1132

Jenkinson, M., and Smith, S. (2001). A global optimisation method for
robust affine registration of brain images. Med. Image Anal. 5, 143-156.
doi: 10.1016/S1361-8415(01)00036-6

Jesper, L. R., Andersson, M. J., and Stephen, S. (2007). Non-linear Registration Aka
Spatial Normalisation. Oxford, UK: FMRIB Centre of the University of Oxford.

Jezzard, P., and Balaban, R. S. (1995). Correction for geometric distortion in
echo planar images from BO field variations. Magn. Reson. Med. 34, 65-73.
doi: 10.1002/mrm.1910340111

Jonckers, E., Shah, D., Hamaide, J., Verhoye, M., and Van Der Linden,
A. (2015). The power of using functional fMRI on small rodents
to study brain pharmacology and disease. Front. Pharmacol. 6:231.
doi: 10.3389/fphar.2015.00231

Jonckers, E., Van Audekerke, J., De Visscher, G., Van Der Linden, A., and Verhoye,
M. (2011). Functional connectivity fMRI of the rodent brain: comparison
of functional connectivity networks in rat and mouse. PLoS ONE 6:¢18876.
doi: 10.1371/journal.pone.0018876

Kalcher, K., Boubela, R. N., Huf, W., Bartova, L., Kronnerwetter, C., Derntl, B., et al.
(2014). The spectral diversity of resting-state fluctuations in the human brain.
PLoS ONE 9:¢93375. doi: 10.1371/journal.pone.0093375

Kelly, R. E. Jr., Alexopoulos, G. S., Wang, Z., Gunning, F. M., Murphy, C. F,,
Morimoto, S. S., et al. (2010). Visual inspection of independent components:
defining a procedure for artifact removal from fMRI data. J. Neurosci. Methods
189, 233-245. doi: 10.1016/j.jneumeth.2010.03.028

Klein, A., Andersson, J., Ardekani, B. A., Ashburner, J., Avants, B., Chiang,
M. C,, et al. (2009). Evaluation of 14 nonlinear deformation algorithms
applied to human brain MRI registration. Neuroimage 46, 786-802.
doi: 10.1016/j.neuroimage.2008.12.037

Kundu, P., Brenowitz, N. D., Voon, V., Worbe, Y., Vertes, P. E., Inati, S.
J., et al. (2013). Integrated strategy for improving functional connectivity
mapping using multiecho fMRI. Proc. Natl. Acad. Sci. U.S.A. 110, 16187-16192.
doi: 10.1073/pnas.1301725110

Lazar, J., Moreno, C., Jacob, H. J., and Kwitek, A. E. (2005). Impact of genomics on
research in the rat. Genome Res. 15, 1717-1728. doi: 10.1101/gr.3744005

Leslie, R. A., and James, M. F. (2000). Pharmacological magnetic resonance
imaging: a new application for functional MRI. Trends Pharmacol. Sci. 21,
314-318. doi: 10.1016/S0165-6147(00)01507-8

Frontiers in Neuroscience | www.frontiersin.org

21

December 2017 | Volume 11 | Article 685


https://doi.org/10.1073/pnas.0601417103
https://doi.org/10.1002/hbm.21170
https://doi.org/10.1038/tp.2015.2
https://doi.org/10.1371/journal.pone.0015710
https://doi.org/10.3389/fnins.2015.00395
https://doi.org/10.1073/pnas.0811879106
https://doi.org/10.3389/fnsys.2010.00019
https://doi.org/10.1073/pnas.0704380104
https://doi.org/10.1093/cercor/bhu088
https://doi.org/10.1007/s00429-014-0710-3
https://doi.org/10.1523/JNEUROSCI.5072-13.2014
https://doi.org/10.1016/j.euroneuro.2013.12.004
https://doi.org/10.1016/j.euroneuro.2012.10.013
https://doi.org/10.1109/IEMBS.2008.4649099
https://doi.org/10.1016/j.neuroimage.2015.12.017
https://doi.org/10.1016/j.dcn.2014.09.005
https://doi.org/10.1523/JNEUROSCI.4762-13.2014
https://doi.org/10.3389/fnhum.2015.00449
https://doi.org/10.1016/j.neuroimage.2016.12.036
https://doi.org/10.1016/j.neuroimage.2014.03.034
https://doi.org/10.1016/j.jneumeth.2013.01.019
https://doi.org/10.1002/hbm.10022
https://doi.org/10.1016/j.neuroimage.2014.10.037
https://doi.org/10.1016/j.neuroimage.2009.11.044
https://doi.org/10.1152/jn.00141.2010
https://doi.org/10.1098/rsta.2011.0534
https://doi.org/10.1101/gr.9.11.1013
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1016/S1361-8415(01)00036-6
https://doi.org/10.1002/mrm.1910340111
https://doi.org/10.3389/fphar.2015.00231
https://doi.org/10.1371/journal.pone.0018876
https://doi.org/10.1371/journal.pone.0093375
https://doi.org/10.1016/j.jneumeth.2010.03.028
https://doi.org/10.1016/j.neuroimage.2008.12.037
https://doi.org/10.1073/pnas.1301725110
https://doi.org/10.1101/gr.3744005
https://doi.org/10.1016/S0165-6147(00)01507-8
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Baijic et al.

Resting-State Networks in Rodents

Liang, Z., King, J., and Zhang, N. (2011). Uncovering intrinsic connectional
architecture of functional networks in awake rat brain. J. Neurosci. 31,
3776-3783. doi: 10.1523/J]NEUROSCI.4557-10.2011

Liang, Z., Liu, X., and Zhang, N. (2015). Dynamic resting state functional
connectivity in awake and anesthetized rodents. Neuroimage 104, 89-99.
doi: 10.1016/j.neuroimage.2014.10.013

Lin, L., Wy, S, Bin, G., and Yang, C. (2013). Intensity inhomogeneity correction
using N3 on mouse brain magnetic resonance microscopy. J. Neuroimaging 23,
502-507. doi: 10.1111/jon.12041

Little, D. M., Foxely, S., and Lazarov, O. (2012). A preliminary study targeting
neuronal pathways activated following environmental enrichment by resting
state functional magnetic resonance imaging. J. Alzheimers. Dis. 32, 101-107.
doi: 10.3233/JAD-2012-111508

Liu, X, Pillay, S., Li, R., Vizuete, J. A.,, Pechman, K. R., Schmainda, K. M.,
et al. (2013). Multiphasic modification of intrinsic functional connectivity of
the rat brain during increasing levels of propofol. Neuroimage 83, 581-592.
doi: 10.1016/j.neuroimage.2013.07.003

Logothetis, N. K. (2003). The underpinnings of the BOLD functional magnetic
resonance imaging signal. J. Neurosci. 23, 3963-3971.

Lu, H.,, Scholl, C. A., Zuo, Y., Demny, S., Rea, W., Stein, E. A,, et al. (2010).
Registering and analyzing rat fMRI data in the stereotaxic framework by
exploiting intrinsic anatomical features. Magn. Reson. Imaging 28, 146-152.
doi: 10.1016/§.mri.2009.05.019

Lu, H.,, Zou, Q., Chefer, S., Ross, T. J., Vaupel, D. B., Guillem, K., et al.
(2014). Abstinence from cocaine and sucrose self-administration reveals altered
mesocorticolimbic circuit connectivity by resting state MRI. Brain Connect. 4,
499-510. doi: 10.1089/brain.2014.0264

Lythgoe, M. F., Sibson, N. R,, and Harris, N. G. (2003). Neuroimaging of
animal models of brain disease. Br. Med. Bull. 65, 235-257. doi: 10.1093/bmb/
65.1.235

Ma, Y., Smith, D., Hof, P. R., Foerster, B., Hamilton, S., Blackband, S. J.,
et al. (2008). in vivo 3D digital atlas database of the adult C57BL/6]
mouse brain by magnetic resonance microscopy. Front. Neuroanat. 2:1.
doi: 10.3389/neuro.05.001.2008

Mackenzie-Graham, A.J., Lee, E. F., Dinov, I. D., Yuan, H., Jacobs, R. E., and Toga,
A. W. (2007). Multimodal, multidimensional models of mouse brain. Epilepsia
48(Suppl. 4), 75-81. doi: 10.1111/j.1528-1167.2007.01244.x

Mackenzie-Graham, A., Lee, E. F., Dinov, I. D., Bota, M., Shattuck, D. W., Ruffins,
S., et al. (2004). A multimodal, multidimensional atlas of the C57BL/6] mouse
brain. J. Anat. 204, 93-102. doi: 10.1111/j.1469-7580.2004.00264.x

Magnuson, M., Majeed, W., and Keilholz, S. D. (2010). Functional connectivity
in blood oxygenation level-dependent and cerebral blood volume-weighted
resting state functional magnetic resonance imaging in the rat brain. J. Magn.
Reson. Imaging 32, 584-592. doi: 10.1002/jmri.22295

McKeown, M. J., Makeig, S., Brown, G. G., Jung, T. P, Kindermann, S. S., Bell,
A. T, etal. (1998). Analysis of fMRI data by blind separation into independent
spatial components. Hum. Brain Mapp. 6, 160-188.

Moritz, C. H., Rogers, B. P., and Meyerand, M. E. (2003). Power spectrum ranked
independent component analysis of a periodic fMRI complex motor paradigm.
Hum. Brain Mapp. 18, 111-122. doi: 10.1002/hbm.10081

Nasrallah, F. A, Tay, H. C., and Chuang, K. H. (2014). Detection of
functional connectivity in the resting mouse brain. Neuroimage 86, 417-424.
doi: 10.1016/j.neuroimage.2013.10.025

Nie, B., Chen, K., Zhao, S., Liu, J., Gu, X,, Yao, Q., et al. (2013). A rat brain MRI
template with digital stereotaxic atlas of fine anatomical delineations in paxinos
space and its automated application in voxel-wise analysis. Hum. Brain Mapp.
34, 1306-1318. doi: 10.1002/hbm.21511

Oguz, 1., Zhang, H., Rumple, A., and Sonka, M. (2014). RATS: Rapid Automatic
Tissue Segmentation in rodent brain MRI. J. Neurosci. Methods 221, 175-182.
doi: 10.1016/j.jneumeth.2013.09.021

Pan, W. ], Billings, J. C., Grooms, J. K., Shakil, S., and Keilholz, S. D.
(2015). Considerations for resting state functional MRI and functional
connectivity studies in rodents. Front. Neurosci. 9:269. doi: 10.3389/fnins.2015.
00269

Pan, W. J., Thompson, G. J., Magnuson, M. E., Jaeger, D., and Keilholz, S. (2013).
Infraslow LFP correlates to resting-state fMRI BOLD signals. Neuroimage 74,
288-297. doi: 10.1016/j.neuroimage.2013.02.035

Pan, W. J.,, Thompson, G., Magnuson, M., Majeed, W., Jaeger, D., and
Keilholz, S. (2011). Broadband local field potentials correlate with spontaneous
fluctuations in functional magnetic resonance imaging signals in the rat
somatosensory cortex under isoflurane anesthesia. Brain Connect. 1, 119-131.
doi: 10.1089/brain.2011.0014

Papp, E. A, Leergaard, T. B., Calabrese, E., Johnson, G. A., and Bjaalie, ]. G. (2014).
Waxholm space atlas of the Sprague Dawley rat brain. Neuroimage 97, 374-386.
doi: 10.1016/j.neuroimage.2014.04.001

Pawela, C. P., Biswal, B. B., Cho, Y. R,, Kao, D. S., Li, R,, Jones, S. R., et al. (2008).
Resting-state functional connectivity of the rat brain. Magn. Reson. Med. 59,
1021-1029. doi: 10.1002/mrm.21524

Paxinos, G., and Watson, C. (1998). The Rat Brain in Stereotaxic Coordinates.
Orlando, FL: Academic Press.

Pendse, G., Borsook, D., and Becerra, L. (2009). Enhanced false discovery rate using
Gaussian mixture models for thresholding fMRI statistical maps. Neuroimage
47,231-261. doi: 10.1016/j.neuroimage.2009.02.035

Peper, J. S., Van Den Heuvel, M. P., Mandl, R. C., Hulshoff Pol, H. E., and
Van Honk, J. (2011). Sex steroids and connectivity in the human brain:
a review of neuroimaging studies. Psychoneuroendocrinology 36, 1101-1113.
doi: 10.1016/j.psyneuen.2011.05.004

Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L., and Petersen, S.
E. (2012). Spurious but systematic correlations in functional connectivity
MRI networks arise from subject motion. Neuroimage 59, 2142-2154.
doi: 10.1016/j.neuroimage.2011.10.018

Power, J. D., Mitra, A, Laumann, T. O., Snyder, A. Z., Schlaggar, B.
L., and Petersen, S. E. (2014). Methods to detect, characterize, and
remove motion artifact in resting state fMRI. Neuroimage 84, 320-341.
doi: 10.1016/j.neuroimage.2013.08.048

Power, J. D., Schlaggar, B. L., and Petersen, S. E. (2015). Recent progress and
outstanding issues in motion correction in resting state fMRI. Neuroimage 105,
536-551. doi: 10.1016/j.neuroimage.2014.10.044

Raichle, M. E. (2011). The restless brain.
doi: 10.1089/brain.2011.0019

Raichle, M. E., and Mintun, M. A. (2006). Brain work and brain imaging. Annu.
Rev. Neurosci. 29, 449-476. doi: 10.1146/annurev.neuro.29.051605.112819

Robinson, S., Basso, G., Soldati, N., Sailer, U., Jovicich, J., Bruzzone, L., et al. (2009).
A resting state network in the motor control circuit of the basal ganglia. BMC
Neurosci. 10:137. doi: 10.1186/1471-2202-10-137

Rombouts, S. A. R. B,, Barkhof, F., and Scheltens, P. (2007). Clinical Applications
of Functional Brain MRI. Oxford: Oxford University Press.

Salimi-Khorshidi, G., Douaud, G., Beckmann, C. F., Glasser, M. F., Griffanti,
L., and Smith, S. M. (2014). Automatic denoising of functional MRI
data: combining independent component analysis and hierarchical fusion
of classifiers. Neuroimage 90, 449-468. doi: 10.1016/j.neuroimage.2013.
11.046

Satterthwaite, T. D., Elliott, M. A., Gerraty, R. T., Ruparel, K., Loughead,
], Calkins, M. E., et al. (2013). An improved framework for confound
regression and filtering for control of motion artifact in the preprocessing
of resting-state functional connectivity data. Neuroimage 64, 240-256.
doi: 10.1016/j.neuroimage.2012.08.052

Satterthwaite, T. D., Wolf, D. H., Loughead, J., Ruparel, K., Elliott, M. A,,
Hakonarson, H., et al. (2012). Impact of in-scanner head motion on multiple
measures of functional connectivity: relevance for studies of neurodevelopment
in youth. Neuroimage 60, 623-632. doi: 10.1016/j.neuroimage.2011.12.063

Scheer, N., Kapelyukh, Y., Rode, A., Oswald, S., Busch, D., McLaughlin, L. A,,
et al. (2015). Defining human pathways of drug metabolism in vivo through
the development of a multiple humanized mouse model. Drug Metab. Dispos.
43, 1679-1690. doi: 10.1124/dmd.115.065656

Schwarz, A. J., Danckaert, A., Reese, T., Gozzi, A., Paxinos, G., Watson, C.,
et al. (2006). A stereotaxic MRI template set for the rat brain with tissue
class distribution maps and co-registered anatomical atlas: application to
pharmacological MRI. Neuroimage 32, 538-550. doi: 10.1016/j.neuroimage.
2006.04.214

Schwarz, A. J., Gass, N., Sartorius, A., Zheng, L., Spedding, M., Schenker, E.,
etal. (2013). The low-frequency blood oxygenation level-dependent functional
connectivity signature of the hippocampal-prefrontal network in the rat brain.
Neuroscience 228, 243-258. doi: 10.1016/j.neuroscience.2012.10.032

Brain Connect. 1, 3-12.

Frontiers in Neuroscience | www.frontiersin.org

December 2017 | Volume 11 | Article 685


https://doi.org/10.1523/JNEUROSCI.4557-10.2011
https://doi.org/10.1016/j.neuroimage.2014.10.013
https://doi.org/10.1111/jon.12041
https://doi.org/10.3233/JAD-2012-111508
https://doi.org/10.1016/j.neuroimage.2013.07.003
https://doi.org/10.1016/j.mri.2009.05.019
https://doi.org/10.1089/brain.2014.0264
https://doi.org/10.1093/bmb/65.1.235
https://doi.org/10.3389/neuro.05.001.2008
https://doi.org/10.1111/j.1528-1167.2007.01244.x
https://doi.org/10.1111/j.1469-7580.2004.00264.x
https://doi.org/10.1002/jmri.22295
https://doi.org/10.1002/hbm.10081
https://doi.org/10.1016/j.neuroimage.2013.10.025
https://doi.org/10.1002/hbm.21511
https://doi.org/10.1016/j.jneumeth.2013.09.021
https://doi.org/10.3389/fnins.2015.00269
https://doi.org/10.1016/j.neuroimage.2013.02.035
https://doi.org/10.1089/brain.2011.0014
https://doi.org/10.1016/j.neuroimage.2014.04.001
https://doi.org/10.1002/mrm.21524
https://doi.org/10.1016/j.neuroimage.2009.02.035
https://doi.org/10.1016/j.psyneuen.2011.05.004
https://doi.org/10.1016/j.neuroimage.2011.10.018
https://doi.org/10.1016/j.neuroimage.2013.08.048
https://doi.org/10.1016/j.neuroimage.2014.10.044
https://doi.org/10.1089/brain.2011.0019
https://doi.org/10.1146/annurev.neuro.29.051605.112819
https://doi.org/10.1186/1471-2202-10-137
https://doi.org/10.1016/j.neuroimage.2013.11.046
https://doi.org/10.1016/j.neuroimage.2012.08.052
https://doi.org/10.1016/j.neuroimage.2011.12.063
https://doi.org/10.1124/dmd.115.065656
https://doi.org/10.1016/j.neuroimage.2006.04.214
https://doi.org/10.1016/j.neuroscience.2012.10.032
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Baijic et al.

Resting-State Networks in Rodents

Schwarz, A. J., Gozzi, A., Reese, T., and Bifone, A. (2007). Functional
connectivity in the pharmacologically activated brain: resolving networks of
correlated responses to d-amphetamine. Magn. Reson. Med. 57, 704-713.
doi: 10.1002/mrm.21179

Schweinhardt, P., Fransson, P., Olson, L., Spenger, C., and Andersson, J.L.
(2003). A template for spatial normalisation of MR images of the rat
brain. J. Neurosci. Methods 129, 105-113. doi: 10.1016/S0165-0270(03)
00192-4

Sforazzini, F., Bertero, A., Dodero, L., David, G., Galbusera, A., Scattoni,
M. L., et al. (2016). Altered functional connectivity networks in acallosal
and socially impaired BTBR mice. Brain Struct. Funct. 221, 941-954.
doi: 10.1007/500429-014-0948-9

Shah, D., Blockx, I., Guns, P. J., De Deyn, P. P., Van Dam, D., Jonckers, E., et al.
(2015). Acute modulation of the cholinergic system in the mouse brain detected
by pharmacological resting-state functional MRI. Neuroimage 109, 151-159.
doi: 10.1016/j.neuroimage.2015.01.009

Shah, D., Jonckers, E., Praet, J., Vanhoutte, G., Delgado, Y. P. R, Bigot,
C., et al. (2013). Resting state FMRI reveals diminished functional
connectivity in a mouse model of amyloidosis. PLoS ONE 8:e84241.
doi: 10.1371/journal.pone.0084241

Sierakowiak, A., Monnot, C., Aski, S. N., Uppman, M., Li, T. Q., Damberg,
P., et al. (2015). Default mode network, motor network, dorsal and ventral
basal ganglia networks in the rat brain: comparison to human networks
using resting state-fMRI. PLoS ONE 10:e0120345. doi: 10.1371/journal.pone.01
20345

Sled, J. G., Zijdenbos, A. P., and Evans, A. C. (1998). A nonparametric method for
automatic correction of intensity nonuniformity in MRI data. IEEE Trans. Med.
Imaging 17, 87-97. doi: 10.1109/42.668698

Smith, S. M., Beckmann, C. F., Andersson, J., Auerbach, E. J., Bijsterbosch, J.,
Douaud, G., etal. (2013). Resting-state fMRI in the human connectome project.
Neuroimage 80, 144-168. doi: 10.1016/j.neuroimage.2013.05.039

Smith, S. M., Fox, P. T., Miller, K. L., Glahn, D. C, Fox, P. M., Mackay,
C. E., et al. (2009). Correspondence of the brain’s functional architecture
during activation and rest. Proc. Natl. Acad. Sci. U.S.A. 106, 13040-13045.
doi: 10.1073/pnas.0905267106

Smith, S. M., Johansen-Berg, H., Jenkinson, M., Rueckert, D., Nichols, T. E.,
Miller, K. L., et al. (2007). Acquisition and voxelwise analysis of multi-
subject diffusion data with tract-based spatial statistics. Nat. Protoc. 2, 499-503.
doi: 10.1038/nprot.2007.45

Smith, S. M., Miller, K. L., Salimi-Khorshidi, G., Webster, M., Beckmann, C. F.,
Nichols, T. E., et al. (2011). Network modelling methods for FMRI. Neuroimage
54, 875-891. doi: 10.1016/j.neuroimage.2010.08.063

Smith, S. M., and Nichols, T. E. (2009). Threshold-free
enhancement: addressing problems of smoothing, threshold dependence

Neuroimage 44, 83-98.

cluster

and localisation in  cluster inference.
doi: 10.1016/j.neuroimage.2008.03.061

Smyser, C. D., Snyder, A. Z., Shimony, J. S., Blazey, T. M., Inder, T.
E., and Neil, J. J. (2013). Effects of white matter injury on resting
state fMRI measures in prematurely born infants. PLoS ONE 8:¢68098.
doi: 10.1371/journal.pone.0068098

Stone, J. V. (2002). Independent component analysis: an introduction. Trends
Cogn. Sci. 6, 59-64. doi: 10.1016/S1364-6613(00)01813-1

Thompson, G.J., Merritt, M. D., Pan, W. J., Magnuson, M. E., Grooms, J. K., Jaeger,
D., et al. (2013). Neural correlates of time-varying functional connectivity
in the rat. Neuroimage 83, 826-836. doi: 10.1016/j.neuroimage.2013.
07.036

Thompson, G.J., Pan, W. ], Magnuson, M. E,, Jaeger, D., and Keilholz, S. D. (2014).
Quasi-periodic patterns (QPP): large-scale dynamics in resting state fMRI that
correlate with local infraslow electrical activity. Neuroimage 84, 1018-1031.
doi: 10.1016/j.neuroimage.2013.09.029

Tu, Y, Yu, T, Fu, X. Y, Xie, P, Lu, S, Huang, X. Q. et al. (2011).
Altered thalamocortical functional connectivity by propofol anesthesia in rats.
Pharmacology 88, 322-326. doi: 10.1159/000334168

Tustison, N. J., Avants, B. B., Cook, P. A., Zheng, Y., Egan, A., Yushkevich, P. A,,
et al. (2010). N4ITK: improved N3 bias correction. IEEE Trans. Med. Imaging
29, 1310-1320. doi: 10.1109/TMI.2010.2046908

Ullmann, J. F., Watson, C., Janke, A. L., Kurniawan, N. D., and Reutens,
D. C. (2013). A segmentation protocol and MRI atlas of the C57BL/6]

mouse neocortex. Neuroimage 78, 196-203. doi: 10.1016/j.neuroimage.2013.
04.008

Valdes-Hernandez, P. A., Sumiyoshi, A., Nonaka, H., Haga, R., Aubert-Vasquez,
E., Ogawa, T, et al. (2011). An in vivo MRI template set for morphometry,
tissue segmentation, and fMRI localization in rats. Front. Neuroinform. 5:26.
doi: 10.3389/fninf.2011.00026

Van Der Marel, K, Homberg, J. R, Otte, W. M. and Dijkhuizen, R.
M. (2013). Functional and structural neural network
of serotonin transporter knockout PLoS
doi: 10.1371/journal.pone.0057780

Van Der Marel, K., Klomp, A., Meerhoff, G. F., Schipper, P., Lucassen, P. J.,
Homberg, J. R, et al. (2014). Long-term oral methylphenidate treatment
in adolescent and adult rats: differential effects on brain morphology
and function. Neuropsychopharmacology 39, 263-273. doi: 10.1038/npp.
2013.169

Van Dijk, K. R., Hedden, T., Venkataraman, A., Evans, K. C., Lazar, S. W,
and Buckner, R. L. (2010). Intrinsic functional connectivity as a tool for
human connectomics: theory, properties, and optimization. J. Neurophysiol.
103, 297-321. doi: 10.1152/jn.00783.2009

Van Dijk, K. R,, Sabuncu, M. R., and Buckner, R. L. (2012). The influence of head
motion on intrinsic functional connectivity MRI. Neuroimage 59, 431-438.
doi: 10.1016/j.neuroimage.2011.07.044

Wang, K., Van Meer, M. P., Van Der Marel, K., Van Der Toorn, A., Xu, L., Liu,
Y., et al. (2011). Temporal scaling properties and spatial synchronization of

characterization

rats. ONE  8:e57780.

spontaneous blood oxygenation level-dependent (BOLD) signal fluctuations
in rat sensorimotor network at different levels of isoflurane anesthesia. NMR
Biomed. 24, 61-67. doi: 10.1002/nbm.1556

Wang, Z., Guo, Y., Myers, K. G., Heintz, R., and Holschneider, D. P. (2015a).
Recruitment of the prefrontal cortex and cerebellum in Parkinsonian
rats following skilled aerobic exercise. Neurobiol. Dis. 77, 71-87.
doi: 10.1016/j.nbd.2015.02.020

Wang, Z., Guo, Y., Myers, K. G., Heintz, R, Peng, Y. H., Maarek, J.
M., et al. (2015b). Exercise alters resting-state functional connectivity
of motor circuits in parkinsonian rats. Neurobiol. Aging 36, 536-544.
doi: 10.1016/j.neurobiolaging.2014.08.016

Wang, Z., Myers, K. G., Guo, Y., Ocampo, M. A., Pang, R. D., Jakowec, M.
W., et al. (2013). Functional reorganization of motor and limbic circuits after
exercise training in a rat model of bilateral parkinsonism. PLoS ONE 8:¢80058.
doi: 10.1371/journal.pone.0080058

Weis, S., Hausmann, M., Stoffers, B., and Sturm, W. (2011). Dynamic
changes in functional cerebral connectivity of spatial cognition during
the menstrual cycle. Hum. Brain Mapp. 32, 1544-1556. doi: 10.1002/hbm.
21126

Whitfield-Gabrieli, S., and Nieto-Castanon, A. (2012). Conn: a functional
connectivity toolbox for correlated and anticorrelated brain networks. Brain
Connect. 2, 125-141. doi: 10.1089/brain.2012.0073

Williams, K. A., Magnuson, M., Majeed, W., Laconte, S. M., Peltier, S. J., Hu, X,,
et al. (2010). Comparison of alpha-chloralose, medetomidine and isoflurane
anesthesia for functional connectivity mapping in the rat. Magn. Reson. Imaging
28,995-1003. doi: 10.1016/j.mri.2010.03.007

Wisner, K., Odintsov, B., Brozoski, D., and Brozoski, T. J. (2016). Ratatl: a digital
rat brain stereotaxic atlas derived from high-resolution MRI images scanned
in three dimensions. Front. Syst. Neurosci. 10:64. doi: 10.3389/fnsys.2016.
00064

Woo, C. W., Krishnan, A., and Wager, T. D. (2014). Cluster-extent based
thresholding in fMRI analyses: pitfalls and recommendations. Neuroimage 91,
412-419. doi: 10.1016/j.neuroimage.2013.12.058

Yan, C. G., Wang, X. D., Zuo, X. N, and Zang, Y. F. (2016). DPABI: data processing
and analysis for (resting-state) brain imaging. Neuroinformatics 14, 339-351.
doi: 10.1007/512021-016-9299-4

Yushkevich, P. A., Piven, J., Hazlett, H. C., Smith, R. G., Ho, S., Gee, J. C., et al.
(2006). User-guided 3D active contour segmentation of anatomical structures:
significantly improved efficiency and reliability. Neuroimage 31, 1116-1128.
doi: 10.1016/j.neuroimage.2006.01.015

Zerbi, V., Grandjean, J., Rudin, M., and Wenderoth, N. (2015). Mapping the
mouse brain with rs-fMRI: an optimized pipeline for functional network
identification. Neuroimage 123, 11-21. doi: 10.1016/j.neuroimage.2015.
07.090

Frontiers in Neuroscience | www.frontiersin.org

23

December 2017 | Volume 11 | Article 685


https://doi.org/10.1002/mrm.21179
https://doi.org/10.1016/S0165-0270(03)00192-4
https://doi.org/10.1007/s00429-014-0948-9
https://doi.org/10.1016/j.neuroimage.2015.01.009
https://doi.org/10.1371/journal.pone.0084241
https://doi.org/10.1371/journal.pone.0120345
https://doi.org/10.1109/42.668698
https://doi.org/10.1016/j.neuroimage.2013.05.039
https://doi.org/10.1073/pnas.0905267106
https://doi.org/10.1038/nprot.2007.45
https://doi.org/10.1016/j.neuroimage.2010.08.063
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1371/journal.pone.0068098
https://doi.org/10.1016/S1364-6613(00)01813-1
https://doi.org/10.1016/j.neuroimage.2013.07.036
https://doi.org/10.1016/j.neuroimage.2013.09.029
https://doi.org/10.1159/000334168
https://doi.org/10.1109/TMI.2010.2046908
https://doi.org/10.1016/j.neuroimage.2013.04.008
https://doi.org/10.3389/fninf.2011.00026
https://doi.org/10.1371/journal.pone.0057780
https://doi.org/10.1038/npp.2013.169
https://doi.org/10.1152/jn.00783.2009
https://doi.org/10.1016/j.neuroimage.2011.07.044
https://doi.org/10.1002/nbm.1556
https://doi.org/10.1016/j.nbd.2015.02.020
https://doi.org/10.1016/j.neurobiolaging.2014.08.016
https://doi.org/10.1371/journal.pone.0080058
https://doi.org/10.1002/hbm.21126
https://doi.org/10.1089/brain.2012.0073
https://doi.org/10.1016/j.mri.2010.03.007
https://doi.org/10.3389/fnsys.2016.00064
https://doi.org/10.1016/j.neuroimage.2013.12.058
https://doi.org/10.1007/s12021-016-9299-4
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2015.07.090
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Baijic et al.

Resting-State Networks in Rodents

Zerbi, V., Wiesmann, M., Emmerzaal, T. L., Jansen, D., Van Beek, M.,
Mutsaers, M. P., et al. (2014). Resting-state functional connectivity
changes in aging apoE4 and apoE-KO mice. J. Neurosci. 34, 13963-13975.
doi: 10.1523/J]NEUROSCI.0684-14.2014

Zhan, Y., Paolicelli, R. C., Sforazzini, F., Weinhard, L., Bolasco, G., Pagani,
F., et al. (2014). Deficient neuron-microglia signaling results in impaired
functional brain connectivity and social behavior. Nat. Neurosci. 17, 400-406.
doi: 10.1038/nn.3641

Zhang, Y., Brady, M. and Smith, S. (2001). Segmentation of brain
MR images through a hidden Markov random field model and the
expectation-maximization algorithm. IEEE Trans. Med. Imaging 20, 45-57.
doi: 10.1109/42.906424

Zhao, F., Zhao, T., Zhou, L, Wu, Q. and Hu, X. (2008). BOLD study
of stimulation-induced neural activity and resting-state connectivity

in medetomidine-sedated rat. Neuroimage 39, 248-260. doi: 10.1016/
j.neuroimage.2007.07.063

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Bajic, Craig, Mongerson, Borsook and Becerra. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neuroscience | www.frontiersin.org

24

December 2017 | Volume 11 | Article 685


https://doi.org/10.1523/JNEUROSCI.0684-14.2014
https://doi.org/10.1038/nn.3641
https://doi.org/10.1109/42.906424
https://doi.org/10.1016/j.neuroimage.2007.07.063
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	Identifying Rodent Resting-State Brain Networks with Independent Component Analysis
	Introduction
	Definition of Method
	Resting-State Functional Connectivity in Rodents
	Importance of Rodent Models in Biomedical Research

	Box 1 | Species-specific considerations.
	Box 2 | Advantages and disadvantages of independent component analysis (ICA).
	Common Approaches to Resting-State Functional Connectivity Analysis

	Materials and Equipment
	Animals

	Box 3 | Safe and efficient positioning for scanning.
	Reagents
	Anesthetics

	Equipment and Equipment Setup
	Small Animal MRI Scanner


	Box 4 | MRI scanning parameters.
	Computing Hardware for Analysis
	Computing Software for Analysis
	Procedural Outline

	Preprocessing
	Brain Network Analysis
	Timing
	Troubleshooting
	Motion Censoring (Data Scrubbing)
	Attention to Differences in Volume Numbering
	Limitations of the Technique

	Registration

	Anticipated Results
	Author Contributions
	Acknowledgments
	References


