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In recent years the common marmoset homolog of the human default mode
network (DMN) has been a hot topic of discussion in the marmoset research field.
Previously, the posterior cingulate cortex regions (PGM, A19M) and posterior
parietal cortex regions (LIP, MIP) were defined as the DMN, but some studies
claim that these form the frontoparietal network (FPN). We restarted from a
neuroanatomical point of view and identified two DMN candidates: Comp-A
(which has been called both the DMN and FPN) and Comp-B. We performed GLM
analysis on auditory task-fMRIl and found Comp-B to be more appropriate as the
DMN, and Comp-A as the FPN. Additionally, through fingerprint analysis, a DMN
and FPN in the tasking human was closer to the resting common marmoset. The
human DMN appears to have an advanced function that may be underdeveloped
in the common marmoset brain.

KEYWORDS
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1 Introduction

The default mode network (DMN), a network of brain regions in humans, is activated
when a person is at rest, during introspective moments like remembering the past,
envisioning the future, or when considering the thoughts and perspectives of other
people (Buckner and Carroll, 2007; Buckner et al., 2008). This prominent network has
also been observed in other animal species such as the chimpanzee (Barks et al., 2013),
macaque (Vincent et al., 2007; Mantini et al., 2011), common marmoset (Belcher et al.,
2013; Liu et al.,, 2019), rat (Lu et al, 2012), and mouse (Stafford et al., 2014). The
DMN can be extracted through several neuroimaging techniques, such as independent
component analysis (ICA) of resting-state (rs-) fMRI (functional magnetic resonance
imaging) (Beckmann and Smith, 2004), seed-based connectivity analysis (SCA) of rs-fMRI
(Cole et al,, 2010), or by task-induced deactivation of general linear model (GLM) analysis
of task-fMRI (Buckner et al., 2008; Binder, 2012). Usually, the ICA approach is favored for
the extraction of large brain network components in humans and non-human primates.
Furthermore, task-induced deactivation is another important technique to help identify
the DMN regions where it was originally observed in positron emission tomography (PET)
blood flow studies (Binder, 2012). In early studies task-induced decreases in blood flow
were largely ignored (Binder, 2012). However, Shulman et al. (1997) showed that task-
induced decreases in blood flow were a common phenomenon in PET activation studies.
Later, this phenomenon was termed the “default mode” of brain function by Raichle et al.
(2001). The areas of the DMN are widely agreed upon for the human brain [see Table 1,
and for example Buckner et al. (2008)]. However, for the common marmoset (Callithrix
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TABLE 1 Default mode network regions under investigation and their areas.

10.3389/fnimg.2023.1345643

Marmoset Comp-A Human DMN Marmoset Comp-B
mPFC N/A Parts of A9, A10, A32, All N/A
dIPFC Parts of A8b, A6M, A6DR Parts of A6, A8, A9, A46 Parts of A8b, A6M, A6DC
PPC LIP, MIP, VIP, OPt; PG As A39 A309; parts of A40, A7 PE, PF; PFG As A39
PCC A19M, A23V, PGM A23, A31 A23a, A23b, A31
Temporal N/A A21, A22 N/A

jacchus), a non-human primate, the homolog of the human DMN
has been a hot topic of discussion in recent years in the marmoset
research field. The common marmoset has recently had interest as
an experimental animal as it is closer to the human than rodents.
Therefore, the homolog of the human DMN in the marmoset has
importance for the further understanding of several pathological
studies related to the DMN, e.g., Alzheimer’s (Xu et al., 2020).

The DMN of the common marmoset was first described by
Belcher et al. (2013). Group-ICA was applied to rs-fMRI sessions,
and was defined as consisting of the retro-splenial and posterior
cingulate cortex (PCC) region (A23, A31, A29, and A30 areas), the
dorsolateral prefrontal cortex (dIPFC) region (A6DR, A6DC, and
A8C areas), the posterior parietal cortex (PPC) region surrounding
PE, PFG, PG, and the left intraparietal sulcus (LIP) and middle
intraparietal sulcus (MIP). Ghahremani et al. (2017) identified the
same network component by group-ICA, but they instead defined
it as the frontoparietal network (FPN). This was because it had
previously been reported and identified as a frontoparietal network
controlling saccades in resting-state network (RSN) studies of
anesthetized macaques (Hutchison et al., 2011). Liu et al. (2019)
refuted this and argued that this component is the DMN, because
it was found that task-induced deactivation in visual-task fMRI
occurs around the PCC (PGM and A19M areas) and PPC (LIP
and MIP areas) regions. This definition was continued with in
Tian et al. (2022). In later research, Hori et al. (2020) applied
fingerprint analysis (Passingham et al., 2002) using several sub-
cortical regions and found that this component was the closest to
the DMN component obtained from human rs-fMRI, and therefore
concluded it to be the DMN of the common marmoset. Ngo
et al. (2023) applied joint gradient analysis (Xu et al., 2020), and
gradient 2 showed similarity between the resting human DMN
and marmoset dIPFC-PCC-PPC network. Although these studies
appear to have reached some consensus, some studies continue to
use the FPN definition (Schaeffer et al., 2019; Garin et al., 2022).
Furthermore, there remains a large mismatch between functional
and structural investigations. Some functional studies (Belcher
et al.,, 2013; Liu et al., 2019; Hori et al., 2020; Ngo et al., 2023)
support the DMN definition of PCC (PGM and AI9M areas)
and PPC (LIP and MIP areas) for the common marmoset, but
neuroanatomical (cytoarchitectonic) results (Hutchison et al., 2011;
Ghahremani et al., 2017) do not support it as the homolog of the
human DMN.

In this study, we carefully restarted from a neuroanatomical
point of view and identified two ICA components (Comp-A and
Comp-B) as candidates for the DMN. Component-A (Comp-
A) is the (earlier described) network that in the literature has
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been called either the DMN, or FPN in the common marmoset.
Comp-A peaks at Paxinos’s LIP and MIP areas (of the PPC), and
PGM and A19M areas (of the PCC) (Table 1, Figure 1A). Another
one, Component-B (Comp-B), has previously been called the
somatomotor network (SMN) in the common marmoset (Belcher
et al,, 2013; Hori et al., 2020). It peaks at the PE area (of the PPC),
and A23b and A31 areas (of the PCC) (Table 1, Figure 1C). We
next reviewed Liu et al.’s visual-task fMRI experiment and noticed
that their marmosets were trained to reduce their saccades. In the
human case, the saccade task showed a significant BOLD signal
decrease in the intraparietal sulcus which includes the LIP, MIP
areas (DeSouza et al,, 2003). Thus, we performed GLM analysis
with a more appropriate auditory-task fMRI (Binder et al., 1999;
Crone et al.,, 2011) dataset to check for deactivated regions in
the marmoset cortex. We confirmed the anatomical connectivity
(from retrograde tracing) between the medial prefrontal cortex
(mPFC) region (A10 area) and PCC region (A23 and A31 area)
and evaluated their functional connectivity through multiseed-
based connectivity analysis. Finally, we performed fingerprint
analysis [following Hori et al. (2020)] by using several sub-cortical
regions. We made comparisons of marmoset fMRI not only with
human resting-state fMRI network components, but also with
human task-fMRI [working memory (wm)-task and motor-task]
network components. Through these analysis results we propose
that Comp-A is the FPN and Comp-B is the DMN of the common
marmoset. We also found that the resting marmoset’s Comp-A and
Comp-B were closer to the wm-task human components than the
resting human components. This suggests that the marmoset may
not be resting like humans do during fMRI experiments, or, based
on the combination of this result and multiseed-based connectivity
analysis between mPFC and PCC regions, the resting-state DMN
may be underdeveloped in the common marmoset brain.

2 Methods and materials

2.1 Preprocessing of marmoset
resting-state fMRI data

Awake resting-state fMRI data of the common marmoset
(Callithrix jacchus) were acquired as part of the Brain/MINDS
project (Okano et al., 2015; Muta et al., 2023). A Bruker BioSpec
9.4T MRI machine (Biospin GmbH, Ettlingen, Germany) was used.
The experimental settings of the gradient recalled echo planar
imaging (EPI) sequence were as follows: flip angle = 65, repetition
time (TR) = 2,000 ms, echo time (TE) = 16 ms, pixel size = 0.7 x
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FIGURE 1

Human default mode network component and awake marmoset ICA components. (A) Right cortical surface of the marmoset, (top) lateral side,
(bottom) medial side. Awake resting-state marmoset ICA component-A, selected from 30 components, mapped onto the brain surface. Z-score
range is 2 to 15 for positive, —2 to —15 for negative. (B) Right cortical surface of the human brain. Human resting-state default mode network is
mapped onto the surface. Z-score range is 2 to 10 for positive, —2 to —10 for negative. (C) Right cortical surface of the marmoset brain. Awake
resting-state marmoset ICA component-B, mapped onto the brain surface. (D) Horizontal views (top left, right and bottom left) and a sagittal view
(bottom right) of awake marmoset ICA component-A. Scale bar shows 0.5cm. Z-score range is from 2 to 15. (E) Horizontal views (top left, right and
bottom left) and a sagittal view (bottom right) of human resting-state default mode network component. Z-score range is from 2 to 10. Scale bar
shows 1cm. (F) Horizontal views (top left, right and bottom left) and a sagittal view (bottom right) of awake marmoset ICA component-B. Cau,
Caudate; Put, putamen; Hip, hippocampus; Amy, amygdala; SC, superior colliculus; Anc, thalamus anterior nuclear complex; LD, laterodorsal; MD,
mediodorsal; VA, ventral anterior; VL, ventral lateral; VP, ventral posterior; Pul, pulvinar; DLG, lateral geniculate

0.7 mm, slice thickness = 0.7 mm, matrix size = 60 x 42 x 52, and
frame length = 150.

For our experiments, TIWI, T2WI, and rs-fMRI NIfTT files of
awake marmosets (3 to 6 years, 3 males and 1 female, 12 sessions per
subject) (N = 48) were used. Preprocessing and image registration
were performed using Statistical Parametric Mapping (SPM12)
(Penny et al., 2011). Realignment was applied for NIfTT images
to compensate for head movement by a least squares approach
and a 6 parameter (rigid body) spatial transform. Slice timing
correction was performed to correct for signal acquisition timing
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discrepancies in each section, and images were co-registered to
the Marmoset MRI Standard Brain (Iriki, 2017). We removed the
first 10 frames of the rs-fMRI data, and the remaining data were
smoothed using a full width at half maximum (FWHM) of 1.4 mm
(2 voxels) for group ICA [for compatibility with Liu et al. (2019)].
A FWHM of 2.4mm (3.4 voxels) was used for multiseed-based
connectivity and fingerprint analysis. Global mean (the average
signal across all voxels) and aCompCor (Behzadi et al., 2007) were
applied for nuisance factor removal and a high-pass filter (1/128Hz)
was applied for subsequent analyses.
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2.2 Independent component analysis of
marmoset resting-state fMRI| data

After preprocessing, independent component analysis (ICA)
was applied to the marmoset rs-fMRI data to acquire 30
components. The number of components was chosen for
compatibility with (Liu et al., 2019). MELODIC (Beckmann and
Smith, 2004) was used to obtain group ICA from 48 sessions
(140 frames). Here, multi-session temporal concatenation was
performed and a spatial map was obtained. Finally, the two
components that were used in our study, Comp-A and Comp-B,
were manually selected from the 30 components.

For surface mappings of marmoset data, we first converted
NIfTT images from the Marmoset MRI Standard Brain space (Iriki,
2017) to the Marmoset Brain Mapping V3 space (Liu et al., 2021).
Then, “wb_command -volume-to-surface-mapping,” included in
the Connectome Workbench visualization software (Marcus et al.,
2011), was used to map NIfIT image data onto the marmoset
cortical surface. Finally, the cortical surface (in gray), the functional
data mapped to the surface, and the Paxinos label map (Paxinos
et al., 2012) were overlaid to produce our figures.

2.3 Multiseed-based connectivity analysis
of marmoset resting-state fMRI| data

Multiseed-based connectivity analysis was done by calculating
the correlation coefficients between seed voxels and all other
voxels. MATLAB scripts for this analysis were developed in-
house and worked together with the VARDNN toolbox (Okuno
and Woodward, 2021). To investigate the functional connectivity
between the frontal pole and PCC regions, the seed voxels of the
marmoset mPFC and PCC regions were manually edited in ITK-
SNAP (Yushkevich et al., 2006). After calculating the correlation
coefficients in each voxel from individual sessions, a mixed-effects
model was applied to acquire final group results. To elaborate,
an averaging of single-subject correlation is a fixed-effects model
and its fixed value will be specific to the sampling group data
used. Going further, a mixed-effects model estimates a whole group
value by a statistical test. A one-sample t-test in each voxel was
performed for 2nd-level (group) analysis (Holmes and Friston,
1998). Bonferroni correction was then applied to correct for the
familywise error (FWE) rate and t-value threshold (f > 6.48 in
Figure 3) were applied to acquire significantly correlated voxels.

2.4 Fingerprint analysis of marmoset
resting-state fMRI data

Fingerprint analysis (Passingham et al, 2002) was used to
analyze the correspondence between marmoset and human ICA
components. To apply fingerprint analysis, we used 14 sub-
cortical regions as fingerprints (Supplementary Figure 1) from
the Brain/MINDS 3D Marmoset Reference Brain Atlas 2019
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(Woodward, 2019). The correlation between component time-
series (resting marmoset FPN/DMN) and voxel time-series in sub-
cortical regions was calculated for all marmoset sessions. A mixed-
effects model was applied for group analysis and the ¢-value of each
voxel was calculated by one-sample ¢-test. Mean t-values were used
to quantify the fingerprints of the 14 sub-cortical ROIs. Finally,
the Manhattan distance between resting marmoset FPN/DMN and
resting/task human FPN/DMN components was calculated using
all 14 fingerprints.

2.5 Preprocessing of marmoset auditory
task-fMRI data

Gilbert et al. (2023) performed an auditory task-fMRI
experiment with the common marmoset. We used their auditory
task-fMRI data to investigate task-induced deactivation. Three
functional time courses were acquired from two awake marmosets
(named M3 and M4). Details of the data are orientation: axial,
resolution: 500-pm isotropic, FOV: 48 x 48 mm, number of slices:
42, number of volumes: 205, TE: 15ms, BW: 400 kHz, flip angle:
40°, acceleration rate: 2 (left-right).

T2WI and task-fMRI NIfTI files (N = 6) were used for
registration. Preprocessing and registration were performed using
Statistical Parametric Mapping (SPM12) (Penny et al., 2011).
SPMI12 registered NIfIT images to the Marmoset MRI Standard
Brain (Iriki, 2017), and task-fMRI data was smoothed using a
FWHM of 1.7 mm (3.4 voxels). The preprocessed task-fMRI data
was then used for GLM analysis.

2.6 GLM analysis of marmoset auditory
task-fMRI data

GLM analysis was used to investigate the details of the
task-induced deactivation. The canonical haemodynamic response
function (HRF) used for GLM analysis was characterized by two
gamma functions with peak time around 3.1s (for the marmoset)
(Yen et al., 2018). A simple GLM design matrix was used with
one variable, four nuisance variables and an intercept. Data for the
first variable were created by convolution of the canonical HRF
from block car designs corresponding to sound stimuli. Data for
the four nuisance variables were calculated from the average values
for each time point of the white matter, CSF, all brain voxels, and
the average signal over all voxels. A high-pass filter (1/128Hz) was
applied to the target variable and first variable, then a Tukey taper
(taper size = 8) was used for GLM pre-whitening (Woolrich et al.,
2001). The mixed-effects model was used for group analysis and
the t-value of each voxel was calculated by 2nd-level analysis of
OLS regression with a Tukey taper. Then, we applied a voxel-
wise primary threshold (uncorrected p < 0.001 and ¢ > 4.14) to
obtain significantly activated or deactivated voxels (Woo et al.,
2014), and a cluster-extent threshold (k > 69 voxels and FWE
corrected p < 0.049) was applied to acquire significant clusters
under multiple comparisons.
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2.7 Preprocessing of HCP resting-state
fMRI data

Resting-state fMRI data from the WU-Minn HCP consortium
[the S500 release (Van Essen et al., 2013)] were used for
our experiments. Scanning used a customized SC72 gradient
insert and a body transmitter coil with 56 cm bore size, and
data was saved in NIfTT format. Experimental settings of
the gradient-echo echo-planar imaging (EPI) sequence were
as follows: flip angle = 52, repetition time (TR) = 720ms,
echo time (TE) = 33.1ms, pixel size = 2 x 2mm, slice
thickness = 2 mm, matrix size = 104 x 104 x 90, multiband
factor = 8, and frame length = 1,200. More information
on the resting-state parameters can be found at the HCP
website: (https://www.humanconnectome.org/storage/app/media/
documentation/s500/HCP_S500_Release_Reference_Manual.pdf).

TIWI, T2WI, and rs-fMRI NIfTI files from the S500
release were downloaded and a total of 200 sessions (50
male subjects x 2 sessions, 50 female subjects x 2 sessions)
were used in our experiments. The CONN toolbox (Whitfield-
Gabrieli and Nieto-Castanon, 2012) was used for preprocessing.
CONN performed the realignment and co-registration of NIfTT
images to the standard Montreal Neurological Institute (MNI)
brain space. The first 10 frames of the rs-fMRI data were
removed and the remaining data were smoothed using a
FWHM of 4mm (2 voxels) for group ICA [for compatibility
with Liu et al. (2019)], and a FWHM of 6.8mm (3.4 voxels
for compatibility with the marmoset data) for multiseed-
based connectivity and fingerprint analysis. Global mean and
aCompCor (Behzadi et al., 2007) were applied for nuisance factor
removal and a high-pass filter (1/128Hz) was then applied for
subsequent analyses.

2.8 Preprocessing of HCP task-fMRI data

Three types of task-fMRI data (working memory, motor,
social) were obtained from the WU-Minn HCP consortium [the
S500 release (Van Essen et al., 2013)]. We chose these data
because the motor task is a very basic task for fMRI studies,
the social task was used in previous studies for the marmoset
(Liu et al,, 2019; Gilbert et al., 2021), and we assumed the
wm-task deactivates the DMN. The experimental settings of the
EPI sequence were the same as for the resting-state fMRI data.
TIWI, T2WI, and rs-fMRI NIfTT files from the S500 release
were downloaded and a total of 200 sessions (100 male subjects,
100 female subjects) were used in our experiments. The CONN
toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012) was used
for task-fMRI data preprocessing. CONN registered NIfTT images
to the standard Montreal Neurological Institute (MNI) brain space.
Data were smoothed using a FWHM of 4mm (2 voxels) for
group ICA, and a FWHM of 6.8 mm (3.4 voxels for compatibility
with the marmoset data) for multiseed-based connectivity and
fingerprint analysis. A high-pass filter (1/128Hz) was applied for
subsequent analyses.
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2.9 Independent component analysis of
HCP resting/task fMRI data

After preprocessing, group ICA was applied to acquire 15
components from the human rs-fMRI data. We systematically
checked several different numbers of components - 5/10/15/20/30
- and decided that 15 components were appropriate. For example,
the default mode network became separated into two components
if 30 components were chosen. MELODIC (Beckmann and Smith,
2004) was used to obtain group ICA from 200 sessions. Here, multi-
session temporal concatenation was performed and a spatial map
was obtained. Finally, the DMN, FPN and SMN components used
in our study were manually selected from the 15 resting/task fMRI
data components.

For surface mappings of human data, the command
“wb_command -volume-to-surface-mapping” of the Connectome
Workbench visualization software (Marcus et al., 2011) was used
to map NIfTT image data onto the human cortical surface. Finally,
the cortical surface (in gray), the mapped functional data, and the
Brodmann label mapping (included in the HCP data) were overlaid
to produce our visualizations.

2.10 Multiseed-based connectivity analysis
of HCP resting/task fMRI data

The procedure of multiseed-based connectivity analysis of HCP
resting/task fMRI data was the same as for the marmoset. A -
value threshold (¢ > 5.96 in Figures 3, 5) was applied to acquire
significantly correlated voxels.

2.11 Fingerprint analysis of HCP
resting/task fMRI data

Fingerprint analysis (Passingham et al., 2002) was used to
analyze the correspondence between marmoset and human ICA
components. To apply fingerprint analysis, we used 14 sub-cortical
fingerprints (Supplementary Figure 1) from the ALLEN HUMAN
REFERENCE ATLAS - 3D, 2020 (Ding, 2020) for the human data.
The correlation between component time-series (resting or task
human FPN/DMN) and voxel time-series in sub-cortical regions
was calculated for all data. The procedure to acquire t-values
of 14 sub-cortical ROIs was the same as for the marmoset. In
each ROI, non-parametric Steel-test and Bonferroni correction
was performed to test the difference of the mean value of the
voxel t-value distributions for the resting marmoset vs. resting/wm-
task human (FPN/DMN). Finally, the Manhattan distance (Hori
et al,, 2020) between resting marmoset FPN/DMN and resting/task
human FPN/DMN/SMN components was calculated using the
fingerprints of the 14 sub-cortical ROIs. The permutation test
was applied to test the significance of the Manhattan distance. ¢-
values of 14 sub-cortical ROIs were permutated in each species,
and 240,000 distances were calculated. A two-sided rank test was
performed and Bonferroni correction was applied to the results.
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2.12 GLM analysis of HCP task-fMRI data

The design matrix for GLM analysis was composed of several
contrast variables, four nuisance variables and an intercept. Data for
the contrast variables were created by convolution of the canonical
HRF with block car designs corresponding to task stimuli. Data
for the four nuisance variables were calculated from the average
values at each time point of the white matter, CSF, all brain voxels,
and all voxels of the volume. A high-pass filter (1/128Hz) was
applied to the target and contrast variables, then a Tukey taper
(taper size = 8) was used for GLM pre-whitening (Woolrich et al.,
2001). The mixed-effects model was applied for group analysis and
the t-value of each voxel was calculated by a 2nd-level analysis
of OLS regression with a Tukey taper. We applied a voxel-wise
primary threshold (uncorrected p < 0.001 and t > 3.10) to
obtain significantly activated or deactivated voxels (Woo et al,
2014), and a cluster-extent threshold (k > 55 voxels and FWE
corrected p < 0.049) was applied to acquire significant clusters
under multiple comparisons.

2.13 Statistical information

For multiseed-based connectivity analysis, a mixed-effects
model was used for group analysis. A one-sample ¢-test for each
voxel was performed as a 2nd-level (group) analysis. Statistical
significance was set at p < 0.05. Bonferroni correction was then
applied to correct for the familywise error (FWE) rate and a ¢-value
threshold was applied to acquire significantly correlated voxels.

For GLM analysis, a mixed-effects model was used for group
analysis and the t-value of each voxel was calculated by 2nd-level
analysis of OLS regression with a Tukey taper. We applied a voxel-
wise primary threshold (uncorrected p < 0.001 and ¢ > 4.14) to
obtain significantly activated or deactivated voxels, and a cluster-
extent threshold (k > 69 voxels and FWE corrected p < 0.049) was
applied to acquire significant clusters for the HCP task-fMRI data.
For the marmoset task-fMRI data, a voxel-wise primary threshold
(uncorrected p < 0.001 and ¢ > 3.10) and a cluster-extent threshold
(k > 55 voxels and FWE corrected p < 0.049) were applied.

3 Results

3.1 Anatomy-based comparison of
DMN regions

Figure 1 shows the results of our anatomy-based comparison.
The human DMN component (Figures 1B, E) is visualized in
between two awake marmoset ICA components (Comp-A and
Comp-B) (Figures 1A, D, C, F). To acquire the human DMN
component, 200 sessions of HCP rs-fMRI data (Van Essen et al.,
2013) were pre-processed by the CONN toolbox (Whitfield-
Gabrieli and Nieto-Castanon, 2012), and group ICA (MELODIC
Beckmann and Smith, 2004) was applied to acquire 15 components
from the human rs-fMRI data. The DMN component was then
manually selected. For the awake marmoset ICA components, rs-
fMRI data were acquired as part of the Brain/MINDS project
(Okano et al, 2015; Muta et al, 2023) and pre-processed by
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Statistical Parametric Mapping (SPM12) (Penny et al., 2011). Then,
30 components were acquired by group ICA in the same manner as
for the human components. The PCC region of the human DMN
component peaks around Brodmann’s (Van Essen et al., 2013)
A23 and A3l areas (Figure 1B), however, Comp-A, which was
previously called the marmoset DMN or FPN, peaks at Paxinos’s
(Paxinos et al., 2012; Liu et al., 2021) PGM and A19M areas on the
marmoset cortex (Figure 1A). In neuroanatomical terms, these are
inconsistent results. The PPC is also inconsistent: Comp-A peaks at
Paxinos’s LIP and MIP areas, but a previous study in the macaque
monkey showed that the LIP receives input from many visual areas
(Lewis and Van Essen, 2000) and has direct neural connections to
the frontal eye field (FEF) and the superior colliculus (SC), which
are the center of the saccade oculomotor system (Schall et al., 1995;
Stanton et al., 1995). Figure 1D showed strong positive Z-score in
SC area (top right), but the human case did not (Figure 1E top
right). The MIP of the macaque monkey also seems to closely
resemble the function of the human medial intraparietal cortex
(Grefkes and Fink, 2005). This is why Comp-A has been repeatedly
called the FPN. The PPC of the human DMN component peaks
around Brodmann’s A39 area (Figure 1B), which corresponds to the
vicinity of the PG and PFG areas (De Schotten et al., 2012; Garcia
et al., 2014) of the marmoset cortex. We systematically examined
the different components generated by ICA and found what we
call Comp-B to have neuroanatomically (cytoarchitectonic) better
fitting regions with the human DMN. Comp-B has a peak around
the A23b, A31 areas for PCC, and includes the PG, PFG areas
rather than MIP, LIP for PPC (Figure 1C). Comp-B peaks at the
PE area, which would correspond to Brodmann’s A7 area of the
human cortex, which is dorsal to the human A39 area, and also
includes parts of the A1, A2, and A3b areas, which are related to
somatosensory function. Although Comp-B did not have positive
Z-score areas in the temporal lobe and mPFC regions, which are
positive in the human DMN component, Comp-A also did not have
peaks around them. Comp-B also shows overlapped areas in the
PCC and PPC of the DMN regions based on architectonic analysis,
therefore it could be a fascinating DMN candidate. In a previous
study, this component was called the (dorsal medial) somatomotor
network (SMN) (Belcher et al., 2013; Ghahremani et al., 2017).
However, it peaks around the PE and A23b, A31 areas, but not A4ab
[primary motor and somatosensory areas (Cléry et al., 2020)]; we
therefore think this component does not match with the SMN.

3.2 Task-induced deactivation of DMN
regions

Liu et al. (2019) collected visual task-fMRI of the common
marmoset and found that task-induced deactivation occurs around
the PCC (PGM and A19M) and PPC (LIP and MIP) regions.
However, we found that marmosets were trained to reduce their
saccades and as a result the eye-tracking signal was reduced (see
Figure 1 of their article). This may cause deactivation around the
LIP area and may give confounding results. For the human case,
the pro-saccade task showed a significant BOLD signal decrease
in the intraparietal sulcus (IPS) compared to the anti-saccade
task (DeSouza et al, 2003). Additionally, Gilbert et al. (2021)
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performed a social task-fMRI experiment with two marmosets
in a whole-body human-spec 3T MRI and their marmosets
were not trained to reduce saccades. Results showed activations
around the PCC (PGM and A19M) and PPC (LIP and MIP)
regions for both the face-to-face and movie watching paradigms.
This is inconsistent with Liu et al’s (2021) result. Therefore,
we propose that an auditory-based investigation of task-induced
deactivation, rather than visual-based, may be more appropriate.
For the human case, a passive sentence listening task showed
significant deactivation in the PCC and mPFC regions (Crone
et al., 2011), and a tone discrimination task showed significant
deactivation in the PCC, PPC and mPFC regions (Binder et al.,
1999). Recently, Gilbert et al. performed an auditory task-fMRI
experiment (a passive marmoset vocalization stimuli) with the
common marmoset (Gilbert et al., 2023), but they did not visualize
a surface mapping of the task-induced deactivation across the brain.
We acquired their auditory task-fMRI data and performed GLM
analysis to investigate the details of the task-induced deactivation
(Figure 2). The human and common marmoset have different peak
times in their hemodynamic response functions (HRF); 5-6s for
the human (Bonakdarpour et al., 2007) and around 3.1s for the
marmoset (Yen et al.,, 2018). The canonical HRF used for GLM
analysis was characterized by two gamma functions. Figure 2A
shows example canonical HRFs for the marmoset and the human.
The design matrix for GLM analysis is simple, with one variable,
four nuisance variables and an intercept (Figure 2B). Auditory
stimuli minus resting contrast (auditory stimuli > rest) were used
for the analysis. We could successfully reproduce the activated
auditory related regions of Gilbert et al’s (2023) result, such as
the inferior colliculus, medial geniculate nucleus, and auditory
cortex (Figure 2C). Figure 2D shows a surface mapping of the GLM
analysis for the auditory task-fMRI, and the auditory cortex showed
task-induced activation (white arrow). From this confirmation
we further investigated the task-induced deactivation. The VIP,
LIP, and A19M areas did not show peak deactivation during the
auditory-based task (Supplementary Table 1 gives detailed voxel
rates). Instead of these areas, PEC and PE (red arrow), A23b and
A31 (yellow arrow), PG, PFG (cyan arrow) and part of MIP, V2
were deactivated by the task. This result is roughly consistent with
task-induced deactivation in macaque monkeys (Mantini et al.,
2011) in A23, A31, PEa and PGm except A24/32, A23v, A9/46d
and A8b. Comp-A has a positive group ICA result in A23V, A19M,
PGM, MIP, VIP, LIP, OPt, PG and part of A8b, while Comp-
B is positive in A23, A31, PE, PE, PFG, A1/2, A3b and part of
A8b. Although both components showed several overlapping areas
between component and task-induced deactivation, A23, A31 and
PE appear as consistent areas between common marmoset and
macaque monkeys, therefore we prefer Comp-B as a more suitable
DMN component.

3.3 A10 (mPFC) and A23a (PPC) have weak
anatomical connectivity

The functional connectivity of the mPFC region of the

common marmoset has been investigated in works such as Liu
et al. (2019) and Garin et al. (2022). These showed that the
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marmoset does not have functional and anatomical connections
between the PCC and PPC regions. Since we propose a new
DMN candidate, Comp-B, we also investigated the functional and
anatomical connectivity between DMN regions through multiseed-
based connectivity analysis. Figure 3A shows analysis results for
human and awake marmoset resting-state fMRI. The human mPFC
(parts of A9, A10, and A32) seeds showed significant functional
connectivity with other DMN regions (Figure 3A top), whereas
the marmoset mPFC (parts of A9, A10, and A32) did not show
significant functional connectivity at all. This result is consistent
with Liu et al.’s (2019). We also checked the functional connectivity
of the marmoset PCC (parts of A23a, A23b, and A31) and it did not
show significant functional connectivity to the mPFC. However,
based on the marmoset cortex retrograde tracing results from the
Marmoset Brain Connectivity Atlas (Majka et al., 2020), anatomical
connections were observed between A10 and A23a (Figure 3B),
but not observed between A10 and PGM/A19M. This result also
supports Comp-B as a DMN candidate.

3.4 Fingerprint analysis of resting and task
state FPN and DMN

Hori et al. (2020) applied fingerprint analysis (Passingham
et al,, 2002) to analyze the correspondence between marmoset and
human ICA components. To apply fingerprint analysis, they used
14 sub-cortical fingerprints (right hemisphere regions): Caudate
(CAU); putamen (PUT); hippocampus (HIPPO); amygdala
(AMY); superior colliculus (SC); inferior colliculus (IC); and a set
of thalamic ROIs (regions of interest), namely, the lateral geniculate
nucleus (LGN), anterior (ANT), laterodorsal (LD), mediodorsal
(MD), ventral anterior (VA), ventral lateral (VL), ventral posterior
(VP), and pulvinar (PUL) (Supplementary Figure 1). Topological
features of sub-cortical regions are well preserved between the
marmoset and human (Supplementary Figure 1), and regional
functions are also assumed to be homologous among primate
species. We used these same fingerprints where the sub-cortical
ROIs were taken from the Brain/MINDS 3D Marmoset Reference
Brain Atlas 2019 (Woodward, 2019) for the marmoset, and the
ALLEN HUMAN REFERENCE ATLAS - 3D, 2020 (Ding, 2020)
for the human. The correlation between component time-series
(resting marmoset FPN/DMN and resting/task human FPN/DMN)
and voxel time-series in sub-cortical regions was calculated for all
marmoset and human sessions. A mixed-effects model was applied
for group analysis and the t-value of each voxel was calculated
by one-sample ¢-test (Holmes and Friston, 1998). Figure 4 shows
the fingerprint analysis result between awake resting marmoset
and resting/task human ICA components. The 3D maximum
projection of t-values in sub-cortical voxels are shown in
Figures 4A, B, with the top row showing the component-to-voxel
correlation results of resting marmoset FPN/DMN components.
The middle row shows the resting human FPN/DMN components,
where we can see a component-to-voxel correlation difference
between resting marmoset and resting human. When we used the
mean t-values to quantify the fingerprints of the 14 sub-cortical
ROIs (Figures 4C, D), the resting human vs. resting marmoset
Comp-A showed significant differences in 13 ROIs, more than
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FIGURE 2

GLM analysis results of awake marmoset passive auditory task-fMRI. (A) Canonical hemodynamic response function (HRF) for the marmoset and
human. (B) Example design matrix for GLM analysis (TR = 3 seconds). (C) GLM analysis result (auditory stimuli > rest) of sub-cortical regions. (i)
Horizontal plane (z = 61) of marmoset brain shows several activated regions. (ii) Sagittal plane (x = 85) shows activated region of inferior colliculus
(iii) Sagittal plane (x = 98) shows activated region of medial geniculate nucleus. (D) GLM analysis result (auditory stimuli > rest) mapped to the
marmoset cortical surface. White arrow shows activated region of auditory cortex. Red arrow shows deactivated region of PEC, PE. Yellow arrow
shows deactivated regions of A23b, A31. Cyan arrow shows the deactivated region of PFG

/8BE AGDR

the 9 ROIs for the wm-task human vs. resting marmoset Comp-A
(Figure 4C). This result suggests that the marmoset resting state
may be closer to the human wm-task state, and the marmoset may
not be “resting” like a human does during fMRI experiments.

The Manhattan distance (Hori et al., 2020) between resting
marmoset FPN/DMN and resting/task human FPN/DMN/SMN
components was calculated using the fingerprints of the 14 sub-
cortical ROIs (Figure 4E, and the extra marmoset ICA component
version is available in Supplementary Figure 3). Hori et al. (2020)
showed that marmoset Comp-A was closer to the human DMN
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component than to the FPN or SMN components in the resting-
state and our results have been consistent with theirs (Figure 4E,
resting human). It is known that the hippocampus is involved in
the human DMN (Figure 1E; Buckner et al., 2008), and Comp-
A showed a slightly stronger correlation in the hippocampus
(Figure 4A, yellow arrow). This was also shown in the resting
human DMN component (Figure 4B, yellow arrow). However, if we
consider the task human components, only the resting marmoset
Comp-B and wm-task human DMN was found to be significantly
close by permutation test and Bonferroni correction (Figure 4E).
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FIGURE 3

Multiseed-based connectivity analysis results of human and awake marmoset resting-state fMRI. (A) Three-dimensional maximum projection of
t-values from multiple seeds are shown. (Top) Result for seeds in human mPFC (part of A9, A10 and A32 areas). (Middle) Result for seeds in marmoset
mPFC (parts of A9, A10, and A32). (Bottom) Result for seeds in marmoset PCC (parts of A23a, A23b, and A31). (B) Retrograde tracing results of
marmoset cortex from the Marmoset Brain Connectivity Atlas (Majka et al., 2020). (Top) Injection point in area A10. (Bottom) Injection point in area
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Comp-A was closer to the human FPN components than to the
human DMN or SMN components in all three task states (working
memory, motor, and social tasks). Furthermore, Comp-B was
consistently closer to the human DMN components than to the
human FPN or SMN components in the three task states. Our
fingerprint analysis also indicated that the marmosets Comp-B
[named dorsal medial SMN in a previous study (Belcher et al., 2013;
Ghahremani et al., 2017)], is not close to the resting/task human
SMN components.

3.5 Analysis results of human working
memory-task fMRI data

Finally, we investigated the human working memory task-
fMRI data when compared with marmoset resting-state fMRI data
(Figure 5). Within each run of the wm-task, 4 different stimulus
types were presented in separate blocks. Also, within each run
half of the blocks used a 2-back wm-task and half used a 0-
back wm-task (as a working memory comparison) (Van Essen
et al., 2013). The GLM result of 2-back vs. 0-back contrast was
then mapped onto a 3D digital brain surface (Figure 5A). This
task deactivated DMN regions, such as PCC (A23, red arrow),
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PPC (A39, white arrow) and mPFC (A9 and A10, yellow arrow).
Even under this condition, we were able to observe the FPN and
DMN ICA components (Figures 5B, C). However, compared with
the human resting-state DMN component (Figure 1B), the activity
in PCC (A23) and the inferior part of PPC (A39) became less
apparent, probably due to task-induced deactivation. Based on
our fingerprint analysis, the resting marmoset component Comp-
B was the closest to this human DMN component (Figure 5C)
over other resting/task human components. Thus, the sub-cortical
activity of the resting marmoset Comp-B may be closer to that of
the deactivated human DMN, or that a human-like activated DMN
may not really be the default mode for the marmoset.

4 Discussion

The DMN has a characteristic shape (Supplementary Figure 2),
such as well separated PCC, PPC and dIPFC regions, but defining
it in the marmoset remains a challenge. Based on anatomy,
Brodmann’s areas vary widely across primate species. In particular,
the ratio of the size of the visual cortex to the total cortex varies
greatly (Rosa and Tweedale, 2005; Fukushima et al., 2019), and
the remaining sensory, motor, and functional cortex are generally
more to the anterior side in the common marmoset. For this
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FIGURE 4
Fingerprint analysis result between awake resting marmoset and resting/tasking human ICA components. (A) Example fingerprint result of
three-dimensional maximum projection of t-values. Correlation between Comp-A time-series and voxel time-series in sub-cortical regions was
calculated. The closest two ICA components are shown at the top row (awake resting marmoset) and bottom row (wm-task human). The middle row
shows resting human for reference. t-value color bar is the same for all. (B) Example fingerprint result of three-dimensional maximum projection of
t-values (Comp-B). The bottom row shows wm-task human. (C) Radar chart of fingerprint result of 14 sub-cortex regions (resting marmoset
Comp-A, resting and wm-task human FPN). Blue and orange asterisks show the significantly different t-values between resting marmoset vs. resting
human FPN, and resting marmoset vs. wm-task human FPN (p < 0.05) in each ROI by the non-parametric Steel-test and Bonferroni correction. (D)
Radar chart of DMN fingerprint result of 14 sub-cortex regions (resting marmoset Comp-B, resting and wm-task human DMN). Blue and orange
asterisks show the significantly different t-values between resting marmoset vs. resting human DMN, and resting marmoset vs. wm-task human DMN
(p < 0.05) in each ROI by non-parametric Steel-test and Bonferroni correction. (E) Fingerprint distance results between awake resting marmoset
components and resting/task human components. White asterisks show the significantly close distance (p < 0.05) by permutation test and
Bonferroni correction.
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FIGURE 5

Human WM-task
FPN component

Analysis results of human working memory-task fMRI data. (A) Left cortical surface of the human brain. GLM result of 2-back vs. 0-back contrast
mapped onto the surface. The t-value range is 5 to 9.1 for positive, —5 to —10.6 for negative. (B) Left cortical surface of the human brain. Wm-task
human FPN component is mapped onto the surface. Z-value range is 3 to 15 for positive, —3 to —15 for negative. (C) Left cortical surface of the
human brain. Wm-task human DMN component is mapped onto the surface. (D) Multiseed-based connectivity analysis result of human wm-task
fMRI using mPFC seeds (part of A9, A10 and A32 areas). Three-dimensional maximum projection of t-values from multiple seeds are shown.
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reason, the A23 and A31 cortical areas (except A23V) are much
more anterior than in the human. Although the PCC and PPC
regions are located posterior in the human, these regions of the
marmoset are not always in a posterior location (see Figure 1, which
shows the human and marmoset A23 and A31 locations). As a
result of neuroanatomical verification (Figure 1), auditory based
task-induced deactivation (Figure 2), and fingerprint analysis by
sub-cortical regions (Figure 4), we determined that Comp-A is the
FPN and Comp-B is the DMN in the common marmoset brain.
Comp-A has been mentioned in various papers with a debate over
it being the DMN or the FPN (Belcher et al.,, 2013; Ghahremani
et al., 2017; Liu et al., 2019; Schaeffer et al., 2019; Hori et al., 2020;
Garin et al., 2022; Ngo et al., 2023) and we see several pieces of
evidence that suggest it might be the DMN, such as part of MIP
showing task-induced deactivation (Figure 2D), A23V showing
task-induced deactivation in macaque monkeys (Mantini et al.,
2011), and fingerprint analysis between the resting human DMN
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and resting marmoset Comp-A being closer than with Comp-B.
Although we propose that Comp-B is more suitable for the DMN
component through several lines of evidence, further investigation
will be required to definitively determine the DMN in the common
marmoset brain.

Our results suggest that the structure of large-scale brain
network components of the human, such as the DMN, should
not always be relied upon for defining the equivalents in species
such as the common marmoset. The human brain is much larger
than that of the marmoset (190-fold difference in weight Van
Essen et al,, 2019) and is gyrified with deep sulci. Due to this
the BOLD (blood oxygenation level-dependent) signal is well
separated between regions. For example, Supplementary Figure 4
shows a human SMN component with a clear boundary around the
somatomotor (A4) and somatosensory cortex (A1/2, 3). However,
the marmoset cortex is smooth and relatively small, and Comp-
B showed ambiguity in regional boundaries around PE, A1/2, A3,
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and A4ab, even in ultrahigh field (9.4T) fMRI data. The temporal
resolution of fMRI scans of the marmoset brain is low compared
with the human. Current marmoset data has TR = 2.0 s and group
ICA was obtained from 140 frames x 48 sessions. This small dataset
may result in insufficient component decomposition. A higher
temporal resolution (or larger frame number) and larger session
data would be required to correct this ambiguity for the marmoset.

Garin et al. (2022) also showed the differences between the
human DMN and the non-human primate FPN (Comp-A) in
resting state fMRI using fingerprint analysis. They showed that the
human PCC highly correlated with the PPC and the mPFC, but
the non-human primate PCC is highly correlated with the PPC
and the dIPFC. Furthermore, the human mPFC highly correlated
with PPC, Temp, and PCC, but the non-human primate PCC does
not. However, marmoset FPN component was originally named
by Ghahremani et al. (2017) based on seed analysis of superior
colliculus, and their claim was supplanted by more direct evidence
from visual-fixation task-induced deactivation of the DMN (Liu
et al., 2019). Thus, Garin et al. (2022) could not exclude either
the front temporal network (FITN) or the FPN as homologous
candidates to the human DMN. We directory challenged this issue,
and based on auditory task-induced deactivation we found Comp-
B is more suitable as the DMN, and based on fingerprint analysis,
Comp-A is closer to the (task-induced activated) human FPN. In
our study, we could not find a clear FIN component by group
ICA, and multiseed-based connectivity analysis of the marmoset
mPFC region did not show strong connectivity with the temporal
lobe (in comparison to the human case) (Figure 3). Therefore, no
judgment can be made regarding this network and further research
is required.

The function of the DMN in the resting marmoset also resulted
in questionable results as to whether it is homologous to the resting
human DMN. Although marmosets might not be resting in the
same manner as a human during fMRI experiments, marmosets
are usually trained to become familiar with the MRI machine,
and in our experiment four marmosets went through as many
as 12 sessions. This training to be familiar allows us to say
that the marmoset can be considered to be in a state of rest.
However, we found that the resting marmoset DMN component
(Comp-B) was not close to the resting human DMN component;
based on fingerprint analysis we found that it was closer to
the wm-task human DMN component. The human DMN was
highly suppressed in this task (Figure 5A) and fingerprint analysis
showed a low correlation in activity between the DMN component
and sub-cortical voxels (Figure 4D). Conversely, activity in the
resting human DMN correlated highly with sub-cortical voxels,
and marmosets appear to have correlations somewhere in-between.
Thus, the DMN of the marmoset (Comp-B) is not as active as the
human in the resting state, and it implies that we should consider
that a marmoset does not reach a state that could be considered
the default mode for the human. The human DMN appears to have
an advanced function (Binder, 2012) that may be underdeveloped
in non-human primates (such as the common marmoset) (Garin
et al., 2022). From now on, we need to consider that the human
default mode network is not the same as the default mode for the
common marmoset, and possibly for other non-human primates
(Garin et al.,, 2022) and rodent species.

Frontiersin Neuroimaging

12

10.3389/fnimg.2023.1345643

Data availability statement

Publicly available datasets were analyzed in this study. This
data can be found at: Pre-processed auditory task fMRI data of the
common marmoset is available at https://doi.org/10.5281/zenodo.
7827225.

Ethics statement

Ethical approval not the study
involving humans in accordance with the local legislation
Written
to participate in this study was not required from the
participants the participants’ legal of
kin in accordance with the national legislation and the

was required for

and institutional requirements. informed consent

or guardians/next
institutional requirements. The animal study was approved
by the Experimental Animal Committee of RIKEN. The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

TO: Conceptualization, Data curation, Formal analysis,
draft,
review & editing. NI: Supervision, Writing—review & editing.
AW:  Funding
& editing.

Investigation, Software, Writing—original Writing—

acquisition,  Supervision, ~Writing—review

Funding

The author(s) declare financial support was received for
the research, authorship, and/or publication of this article.
This research was supported by the program for Brain
Mapping by Integrated Neurotechnologies for Disease Studies
(Brain/MINDS) from the Japan Agency for Medical Research
and Development, AMED (Grant Number: JP15dm0207001).

Acknowledgments

The authors wish to thank Dr. Cirong Liu for the valuable
discussions on the default mode network. Data were provided (in
part) by the Human Connectome Project, WU-Minn Consortium
(Principal Investigators: David Van Essen and Kamil Ugurbil;
1U54MH091657) funded by the 16 NIH Institutes and Centers
that support the NIH Blueprint for Neuroscience Research
and by the McDonnell Center for Systems Neuroscience at
Washington University.

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships

frontiersin.org


https://doi.org/10.3389/fnimg.2023.1345643
https://doi.org/10.5281/zenodo.7827225
https://doi.org/10.5281/zenodo.7827225
https://www.frontiersin.org/journals/neuroimaging
https://www.frontiersin.org

Okuno et al.

that could be construed as a conflict

of interest.

potential

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of
their those of the
the editors and the reviewers. Any product that may be

affiliated organizations, or publisher,

References

Barks, S. K., Parr, L. A, and Rilling, J. K. (2013). The default mode network in
chimpanzees (Pan troglodytes) is similar to that of humans. Cereb. Cortex 25, 538-544.
doi: 10.1093/cercor/bht253

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

Behzadi, Y., Restom, K., Liau, J., and Liu, T. T. (2007). A component based noise
correction method (CompCor) for BOLD and perfusion based fMRI. Neuroimage 37,
90-101. doi: 10.1016/j.neuroimage.2007.04.042

Belcher, A. M., Yen, C. C,, Stepp, H., Gu, H,, Lu, H,, Yang, Y., et al. (2013). Large-
scale brain networks in the awake, truly resting marmoset monkey. J. Neurosci. 33,
16796-16804. doi: 10.1523/JNEUROSCI.3146-13.2013

Binder, J. R. (2012). Task-induced deactivation and the “resting” state. Neuroimage
62, 1086-1091. doi: 10.1016/j.neuroimage.2011.09.026

Binder, J. R, Frost, J. A., Hammeke, T. A., Bellgowan, P. S. F., Rao, S. M., Cox, R.
W., etal. (1999). Conceptual processing during the conscious resting state: a functional
MRI study. J. Cognit. Neurosci. 11, 80-93. doi: 10.1162/089892999563265

Bonakdarpour, B., Parrish, T. B., and Thompson, C. K. (2007). Hemodynamic
response function in patients with stroke-induced aphasia: implications for fMRI data
analysis. Neuroimage 36, 322-331. doi: 10.1016/j.neuroimage.2007.02.035

Buckner, R. L., Andrews-Hanna, J. R., and Schacter, D. L. (2008). The brain’s default
network: anatomy, function, and relevance to disease. Annal. N. Y. Acad. Sci. 1124,
1-38. doi: 10.1196/annals.1440.011

Buckner, R. L., and Carroll, D. C. (2007). Self-projection and the brain. Trends
Cognit. Sci. 11, 49-57. doi: 10.1016/j.tics.2006.11.004

Cléry, J. C., Hori, Y., Schaeffer, D. J., Gati, J. S., Pruszynski, J. A., Everling,
S., et al. (2020). Whole brain mapping of somatosensory responses in awake
marmosets investigated with ultra-high-field fMRI. J. Neurophysiol. 124, 1900-1913.
doi: 10.1152/jn.00480.2020

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, 1459.
doi: 10.3389/fnsys.2010.00008

Crone, J. S., Ladurner, G., Héller, Y., Golaszewski, S., Trinka, E., Kronbichler, M.,
et al. (2011). Deactivation of the default mode network as a marker of impaired
consciousness: an fMRI study. PloS ONE 6, €26373. doi: 10.1371/journal.pone.0026373

De Schotten, M. T., Dell’Acqua, F., Valabregue, R., and Catani, M. (2012). Monkey
to human comparative anatomy of the frontal lobe association tracts. Cortex 48, 82-96.
doi: 10.1016/j.cortex.2011.10.001

DeSouza, J. F., Menon, R. S., and Everling, S. (2003). Preparatory set associated
with pro-saccades and anti-saccades in humans investigated with event-related FMRI.
J. Neurophysiol. 89, 1016-1023. doi: 10.1152/jn.00562.2002

Ding, S. L. (2020). Allen Human Reference Atlas - 3D, 2020. Available
online at: https://community.brain- map.org/t/allen- human- reference- atlas- 3d-2020-
new/405 (accessed February 22, 2023).

Fukushima, M., Ichinohe, N., and Okano, H. (2019). Neuroanatomy of the Marmoset
The Common Marmoset in Captivity and Biomedical Research. Cambridge, MA:
Academic Press, 43-62.

Garcia, R. R., Zamorano, F., and Aboitiz, F. (2014). From imitation to meaning:
circuit plasticity and the acquisition of a conventionalized semantics. Front. Hum.
Neurosci. 8, 605. doi: 10.3389/fnhum.2014.00605

Garin, C. M., Hori, Y., Everling, S., Whitlow, C. T., Calabro, F. J., Luna, B., et al.
(2022). An evolutionary gap in primate default mode network organization. Cell Rep.
39, 110669. doi: 10.1016/j.celrep.2022.110669

Frontiersin Neuroimaging

10.3389/fnimg.2023.1345643

evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnimg.2023.
1345643/full#supplementary-material

Ghahremani, M., Hutchison, R. M., Menon, R. S., and Everling, S. (2017).
Frontoparietal functional connectivity in the common marmoset. Cereb. Cortex 27,
3890-3905. doi: 10.1093/cercor/bhw198

Gilbert, K. M., Cléry, J. C., Gati, J. S., Hori, Y., Johnston, K. D., Mashkovtsev, A.,
et al. (2021). Simultaneous functional MRI of two awake marmosets. Nat. Commun.
12, 6608. doi: 10.1038/s41467-021-26976-4

Gilbert, K. M., Dureux, A., Jafari, A., Zanini, A., Zeman, P., Menon, R. S,, et al.
(2023). A radiofrequency coil to facilitate task-based fMRI of awake marmosets. J.
Neurosci. Methods 383, 109737. doi: 10.1016/j.jneumeth.2022.109737

Grefkes, C., and Fink, G. R. (2005). The functional organization of
the intraparietal sulcus in humans and monkeys. J. Anatomy 207, 3-17.
doi: 10.1111/j.1469-7580.2005.00426.x

Holmes, A. P., and Friston, K. J. (1998). Generalisability, random effects and
population inference. Neuroimage 7, S754. doi: 10.1016/51053-8119(18)31587-8

Hori, Y., Schaeffer, D. ], Yoshida, A, Cléry, J. C, Hayrynen, L. K,
Gati, J. S., et al. (2020). Cortico-subcortical functional connectivity profiles of
resting-state networks in marmosets and humans. J. Neurosci. 40, 9236-9249.
doi: 10.1523/JNEUROSCI.1984-20.2020

Hutchison, R. M., Leung, L. S., Mirsattari, S. M., Gati, J. S., Menon, R. S, Everling, S.,
etal. (2011). Resting-state networks in the macaque at 7 T. Neuroimage 56, 1546-1555.
doi: 10.1016/j.neuroimage.2011.02.063

Iriki, A. (2017). The Marmoset MRI Standard Brain. Available online at: https://
brainatlas.brain.riken.jp/marmoset/modules/xoonips/detail. php?id=004 (accessed
June 15, 2017).

Lewis, J. W., and Van Essen, D. C. (2000). Corticocortical connections
of visual, sensorimotor, and multimodal processing areas in the
parietal lobe of the macaque monkey. J. Comp. Neurol. 428, 112-137.
doi: 10.1002/1096-9861(20001204)428:1<112::AID-CNE8>3.0.CO;2-9

Liu, C, Yen, C. C. C., Szczupak, D., Tian, X, Glen, D. Silva, A.
C., et al. (2021). Marmoset brain mapping V3: population multi-modal
standard volumetric and surface-based templates. Neuroimage 226, 117620.
doi: 10.1016/j.neuroimage.2020.117620

Liu, C, Yen, C. C. C,, Szczupak, D., Ye, F. Q,, Leopold, D. A, Silva, A. C,,
et al. (2019). Anatomical and functional investigation of the marmoset default mode
network. Nat. Commun. 10, 1975. doi: 10.1038/541467-019-09813-7

Lu, H.,, Zou, Q., Gu, H., Raichle, M. E., Stein, E. A, Yang, Y., et al. (2012).
Rat brains also have a default mode network. Proc. Natl Acad. Sci. 109, 3979-3984.
doi: 10.1073/pnas.1200506109

Majka, P., Bai, S., Bakola, S., Bednarek, S., Chan, J. M., Jermakow, N., et al. (2020).
Open access resource for cellular-resolution analyses of corticocortical connectivity in
the marmoset monkey. Nat. Commun. 11, 1133. doi: 10.1038/s41467-020-14858-0

Mantini, D., Gerits, A., Nelissen, K., Durand, J. B., Joly, O., Simone, L., et al.
(2011). Default mode of brain function in monkeys. J. Neurosci. 31, 12954-12962.
doi: 10.1523/JNEUROSCI.2318-11.2011

Marcus, D. S., Harwell, J., Olsen, T., Hodge, M., Glasser, M. F., Prior, F., et al. (2011).
Informatics and data mining tools and strategies for the human connectome project.
Front. Neuroinf. 5, 4. doi: 10.3389/fninf.2011.00004

Muta, K., Hata, J., Kawaguchi, N., Haga, Y., Yoshimaru, D., Hagiya, K., et al. (2023).
Effect of sedatives or anesthetics on the measurement of resting brain function in
common marmosets. Cereb. Cortex 33, 5148-5162. doi: 10.1093/cercor/bhac406

Ngo, G. N., Hori, Y., Everling, S., and Menon, R. S. (2023). Joint-embeddings reveal
functional differences in default-mode network architecture between marmosets and
humans. NeuroImage 272, 120035. doi: 10.1016/j.neuroimage.2023.120035

frontiersin.org


https://doi.org/10.3389/fnimg.2023.1345643
https://www.frontiersin.org/articles/10.3389/fnimg.2023.1345643/full#supplementary-material
https://doi.org/10.1093/cercor/bht253
https://doi.org/10.1109/TMI.2003.822821
https://doi.org/10.1016/j.neuroimage.2007.04.042
https://doi.org/10.1523/JNEUROSCI.3146-13.2013
https://doi.org/10.1016/j.neuroimage.2011.09.026
https://doi.org/10.1162/089892999563265
https://doi.org/10.1016/j.neuroimage.2007.02.035
https://doi.org/10.1196/annals.1440.011
https://doi.org/10.1016/j.tics.2006.11.004
https://doi.org/10.1152/jn.00480.2020
https://doi.org/10.3389/fnsys.2010.00008
https://doi.org/10.1371/journal.pone.0026373
https://doi.org/10.1016/j.cortex.2011.10.001
https://doi.org/10.1152/jn.00562.2002
https://community.brain-map.org/t/allen-human-reference-atlas-3d-2020-new/405
https://community.brain-map.org/t/allen-human-reference-atlas-3d-2020-new/405
https://doi.org/10.3389/fnhum.2014.00605
https://doi.org/10.1016/j.celrep.2022.110669
https://doi.org/10.1093/cercor/bhw198
https://doi.org/10.1038/s41467-021-26976-4
https://doi.org/10.1016/j.jneumeth.2022.109737
https://doi.org/10.1111/j.1469-7580.2005.00426.x
https://doi.org/10.1016/S1053-8119(18)31587-8
https://doi.org/10.1523/JNEUROSCI.1984-20.2020
https://doi.org/10.1016/j.neuroimage.2011.02.063
https://brainatlas.brain.riken.jp/marmoset/modules/xoonips/detail.php?id=004
https://brainatlas.brain.riken.jp/marmoset/modules/xoonips/detail.php?id=004
https://doi.org/10.1002/1096-9861(20001204)428:1<112::AID-CNE8>3.0.CO;2-9
https://doi.org/10.1016/j.neuroimage.2020.117620
https://doi.org/10.1038/s41467-019-09813-7
https://doi.org/10.1073/pnas.1200506109
https://doi.org/10.1038/s41467-020-14858-0
https://doi.org/10.1523/JNEUROSCI.2318-11.2011
https://doi.org/10.3389/fninf.2011.00004
https://doi.org/10.1093/cercor/bhac406
https://doi.org/10.1016/j.neuroimage.2023.120035
https://www.frontiersin.org/journals/neuroimaging
https://www.frontiersin.org

Okuno et al.

Okano, H., Miyawaki, A. and Kasai, K. (2015). Brain/MINDS: brain-
mapping project in Japan. Philos. Trans. Royal Soc. Biol. Sci. 370, 20140310.
doi: 10.1098/rstb.2014.0310

Okuno, T., and Woodward, A. (2021). Vector auto-regressive deep neural network:
a data-driven deep learning-based directed functional connectivity estimation toolbox.
Front. Neurosci. 15, 764796. doi: 10.3389/fnins.2021.764796

Passingham, R. E, Stephan, K. E., and Kétter, R. (2002). The anatomical
basis of functional localization in the cortex. Nat. Rev. Neurosci. 3, 606-616.
doi: 10.1038/nrn893

Paxinos, G., Watson, C., Petrides, M., Rosa, M., and Tokuno, H. (2012). The
Marmoset Brain in Stereotaxic Coordinates. San Diego, CA: Elsevier Academic Press.

Penny, W. D., Friston, K. J., Ashburner, J. T., Kiebel, S. J., and Nichols, T. E. (2011).
Statistical Parametric Mapping: The Analysis of Functional Brain Images. San Diego,
CA: Elsevier Academic Press.

Raichle, M. E., MacLeod, A. M., Snyder, A. Z., Powers, W. J., Gusnard, D. A.,
Shulman, G. L., et al. (2001). A default mode of brain function. Proc. Nat. Acad. Sci.
98, 676-682. doi: 10.1073/pnas.98.2.676

Rosa, M. G., and Tweedale, R. (2005). Brain maps, great and small: lessons from
comparative studies of primate visual cortical organization. Philos. Trans. Royal Soc.
Biol. Sci. 360, 665-691. doi: 10.1098/rstb.2005.1626

Schaeffer, D. J., Gilbert, K. M., Hori, Y., Gati, J. S., Menon, R. S,, Everling, S., et al.
(2019). Integrated radiofrequency array and animal holder design for minimizing head
motion during awake marmoset functional magnetic resonance imaging. Neuroimage
193, 126-138. doi: 10.1016/j.neuroimage.2019.03.023

Schall, J. D., Morel, A., King, D. J., and Bullier, J. (1995). Topography
of visual cortex connections with frontal eye field in macaque: convergence
and  segregation of processing streams. J. Newurosci. 15, 4464-4487.
doi: 10.1523/J]NEUROSCI.15-06-04464.1995

Shulman, G. L., Fiez, ]. A., Corbetta, M., Buckner, R. L., Meizin, F. M., Raichle, M. E.,
et al. (1997). Common blood flow changes across visual tasks: II. Decreases in cerebral
cortex. J. Cog. Neurosci. 9, 648-663. doi: 10.1162/jocn.1997.9.5.648

Stafford, J. M., Jarrett, B. R., Miranda-Dominguez, O., Mills, B. D., Cain, N., Mihalas,
S., et al. (2014). Large-scale topology and the default mode network in the mouse
connectome. Proc. Nat. Acad. Sci. 111, 18745-18750. doi: 10.1073/pnas.1404346111

Stanton, G. B., Bruce, C. J., and Goldberg, M. E. (1995). Topography of projections
to posterior cortical areas from the macaque frontal eye fields. J. Comp. Neurol. 353,
291-305. doi: 10.1002/cne.903530210

Frontiersin Neuroimaging

14

10.3389/fnimg.2023.1345643

Tian, X., Chen, Y., Majka, P., Szczupak, D., Perl, Y. S., Yen, C. C. C,, et al. (2022). An
integrated resource for functional and structural connectivity of the marmoset brain.
Nat. Commun. 13, 7416. doi: 10.1038/s41467-022-35197-2

Van Essen, D. C., Donahue, C. J.,, Coalson, T. S., Kennedy, H., Hayashi, T.,
Glasser, M. F,, et al. (2019). Cerebral cortical folding, parcellation, and connectivity
in humans, nonhuman primates, and mice. Proc. Nat. Acad. Sci. 116, 26173-26180.
doi: 10.1073/pnas.1902299116

Van Essen, D. C., Smith, S. M., Barch, D. M., Behrens, T. E., Yacoub, E., Ugurbil,
K., etal. Consortium. (2013). The WU-Minn human connectome project: an overview.
Neuroimage 80, 62-79. doi: 10.1016/j.neuroimage.2013.05.041

Vincent, J. L., Patel, G. H., Fox, M. D., Snyder, A. Z., Baker, J. T., Van Essen, D.
C., et al. (2007). Intrinsic functional architecture in the anaesthetized monkey brain.
Nature 447, 83-86. doi: 10.1038/nature05758

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

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

Woodward, A. (2019). Brain/MINDS 3D Marmoset Reference Brain Atlas 2019.
Available online at: https://dataportal.brainminds.jp/atlas- package- download- main-
page/bma-2019-ex-vivo (accessed September 9, 2021).

Woolrich, M. W, Ripley, B. D., Brady, M., and Smith, S. M. (2001). Temporal
autocorrelation in univariate linear modeling of FMRI data. Neuroimage 14,
1370-1386. doi: 10.1006/nimg.2001.0931

Xu, T. Nenning, K. H., Schwartz, E, Hong, S. J, Vogelstein, J.
T., Goulas, A, et al. (2020). Cross-species functional alignment reveals
evolutionary hierarchy within the connectome. Neuroimage 223, 117346.

doi: 10.1016/j.neuroimage.2020.117346

Yen, C. C. C,, Papoti, D., and Silva, A. C. (2018). Investigating the spatiotemporal
characteristics of the deoxyhemoglobin-related and deoxyhemoglobin-unrelated
functional hemodynamic response across cortical layers in awake marmosets.
Neuroimage 164, 121-130. doi: 10.1016/j.neuroimage.2017.03.005

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

frontiersin.org


https://doi.org/10.3389/fnimg.2023.1345643
https://doi.org/10.1098/rstb.2014.0310
https://doi.org/10.3389/fnins.2021.764796
https://doi.org/10.1038/nrn893
https://doi.org/10.1073/pnas.98.2.676
https://doi.org/10.1098/rstb.2005.1626
https://doi.org/10.1016/j.neuroimage.2019.03.023
https://doi.org/10.1523/JNEUROSCI.15-06-04464.1995
https://doi.org/10.1162/jocn.1997.9.5.648
https://doi.org/10.1073/pnas.1404346111
https://doi.org/10.1002/cne.903530210
https://doi.org/10.1038/s41467-022-35197-2
https://doi.org/10.1073/pnas.1902299116
https://doi.org/10.1016/j.neuroimage.2013.05.041
https://doi.org/10.1038/nature05758
https://doi.org/10.1089/brain.2012.0073
https://doi.org/10.1016/j.neuroimage.2013.12.058
https://dataportal.brainminds.jp/atlas-package-download-main-page/bma-2019-ex-vivo
https://dataportal.brainminds.jp/atlas-package-download-main-page/bma-2019-ex-vivo
https://doi.org/10.1006/nimg.2001.0931
https://doi.org/10.1016/j.neuroimage.2020.117346
https://doi.org/10.1016/j.neuroimage.2017.03.005
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://www.frontiersin.org/journals/neuroimaging
https://www.frontiersin.org

	A reappraisal of the default mode and frontoparietal networks in the common marmoset brain
	1 Introduction
	2 Methods and materials
	2.1 Preprocessing of marmoset resting-state fMRI data
	2.2 Independent component analysis of marmoset resting-state fMRI data
	2.3 Multiseed-based connectivity analysis of marmoset resting-state fMRI data
	2.4 Fingerprint analysis of marmoset resting-state fMRI data
	2.5 Preprocessing of marmoset auditory task-fMRI data
	2.6 GLM analysis of marmoset auditory task-fMRI data
	2.7 Preprocessing of HCP resting-state fMRI data
	2.8 Preprocessing of HCP task-fMRI data
	2.9 Independent component analysis of HCP resting/task fMRI data
	2.10 Multiseed-based connectivity analysis of HCP resting/task fMRI data
	2.11 Fingerprint analysis of HCP resting/task fMRI data
	2.12 GLM analysis of HCP task-fMRI data
	2.13 Statistical information 

	3 Results
	3.1 Anatomy-based comparison of DMN regions
	3.2 Task-induced deactivation of DMN regions
	3.3 A10 (mPFC) and A23a (PPC) have weak anatomical connectivity
	3.4 Fingerprint analysis of resting and task state FPN and DMN
	3.5 Analysis results of human working memory-task fMRI data

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


