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Abstract
The common marmoset (Callithrix jacchus) is a New World primate that is becoming increasingly popular as a preclinical
model. To assess functional connectivity (FC) across the marmoset brain, resting-state functional MRI (RS-fMRI) is often
performed under isoflurane anesthesia to avoid the effects of motion, physiological stress, and training requirements. In
marmosets, however, it remains unclear how isoflurane anesthesia affects patterns of FC. Here, we investigated the effects
of isoflurane on FC when delivered with either medical air or 100% pure oxygen, two canonical methods of inhalant
isoflurane anesthesia delivery. The results demonstrated that when delivered with either medical air or 100% oxygen,
isoflurane globally decreased FC across resting-state networks that were identified in awake marmosets. Generally,
although isoflurane globally decreased FC in resting-state networks, the spatial structure of the networks was preserved.
Outside of the context of RS networks, we indexed pair-wise functional connectivity between regions across the brain and
found that isoflurane substantially altered interhemispheric and thalamic FC. Taken together, these findings indicate that
RS-fMRI under isoflurane anesthesia is useful to evaluate the global structure of functional networks, but may obfuscate
important nodes of some network components when compared to data acquired in fully awake marmosets.

Key words: default mode network, isoflurane, marmoset, resting-state functional MRI, thalamus

Highlights
• We show differences of functional networks in mar-

mosets between anesthetized and awake conditions.
• Isoflurane globally decreases cortical FC across resting-

state networks.
• Isoflurane substantially alters thalamic and interhemi-

spheric FC.

Introduction
The common marmoset (Callithrix jacchus) is becoming increas-
ingly popular as a preclinical animal model. Despite having
a similar body size to a rat, marmosets as primates have a
cortical organization more similar to humans (Okano and Mitra
2015). Additionally, marmosets are more amenable to transgenic
techniques than macaque monkeys given their reproductive
efficiency and early sexual maturity (12–18 months) (Sasaki
et al. 2009; Park et al. 2016; Tomioka, Ishibashi, et al. 2017a;
Tomioka, Nogami, et al. 2017b). In addition, the lissencephalic
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(smooth) marmoset cortex offers the opportunity for laminar
electrophysiological recordings (Johnston et al. 2019) and cal-
cium imaging in many cortical areas (Yamada et al. 2016; Ebina
et al. 2018; Kondo et al. 2018). Thus, the common marmoset
holds tremendous promise as a nonhuman primate model for
translational neuroscience (T’Hart et al. 2013; Hashikawa et al.
2015; Miller et al. 2016; Mitchell and Leopold 2015).

A rapidly growing body of research uses resting-state func-
tional magnetic resonance imaging (RS-fMRI) in nonhuman pri-
mates to examine brain organization and function for cross-
species comparisons. While humans are usually awake for RS-
fMRI experiments, a majority of RS-fMRI studies in non-human
primates use anesthetic agents to avoid the effects of motion,
physiological stress, and training requirements (Milham et al.
2020). Several studies have revealed the effects of anesthesia on
functional networks in humans (Peltier et al. 2005; Greicius et al.
2008; Boveroux et al. 2010; Deshpande et al. 2010; Martuzzi et al.
2010), macaques (Vincent et al. 2007; Hutchison et al. 2014; Bart-
tfeld et al. 2015; Uhrig et al. 2018), and rodents (Liu et al. 2011; Liu,
Pillay, et al. 2013b; Grandjean et al. 2014; Paasonen et al. 2018).
These studies have shown anesthesia-induced changes of the
strength of the network/connectivity by anesthesia, but there
has been less focus on the overall structure of these networks.
Additionally, in marmosets, there is only one report detailing
the difference between fMRI under anesthetized and awake
conditions (Liu, Hirano, et al. 2013a); however, this report focused
on the effects of propofol anesthesia on the blood-oxygen-level
dependent (BOLD) signal and functional connectivity related to
somatosensory stimulation. Here, we investigated the effects
of isoflurane, an inhalant anesthesia that is commonly used
for non-human primate RS-fMRI because of its suitability for
survival studies, rapid induction and recovery, low cost, and the
nonobligatory requirement for mechanical ventilation (Vincent
et al. 2007; Shmuel and Leopold 2008; Hutchison et al. 2011, 2014;
Mars et al. 2011; Sadagopan et al. 2015; Ghahremani et al. 2016;
LaClair et al. 2019; Schaeffer, Gilbert, Gati, et al. 2019a; Schaeffer,
Gilbert, Ghahremani, et al. 2019b; Hori et al. 2020).

Non-human primate RS-fMRI studies that use isoflurane
anesthesia often do so in combination with 100% oxygen
(Ghahremani et al. 2016; Schaeffer, Gilbert, Gati, et al. 2019a;
Schaeffer, Gilbert, Ghahremani, et al. 2019b; Hori et al. 2020).
It has been shown, however, that altering the concentration of
oxygen in the breathing gas (i.e., compared to 21% oxygen in
room air) may also affect FC by way of altering cerebrovascular
reactivity (Buxton 2010; Gagnon et al. 2015). This is potentially
problematic with the fMRI signal being sensitized to detect
differences in blood oxygenation (Ogawa et al. 1990). As such, the
effect of isoflurane on RS-fMRI network connectivity could by
further confounded by the makeup of the breathing gas through
which it is delivered. One way to circumvent this potentially
interactive effect is to deliver isoflurane using medical air,
which has the same oxygen concentration as room air (but
is filtered of impurities). Here, we disentangle the effects of
isoflurane and oxygen concentration on resting-state networks
canonically identified in marmoset monkeys (Belcher et al. 2013,
2016; Schaeffer, Gilbert, Hori et al. 2019c). Although there is
evidence that isoflurane anesthesia seems to affect network
connectivity at a broad and global level in other primate species
(Hutchison et al. 2014), it is likely that this effect is downstream
from the known regional effects of anesthetic agents. For
example, sevoflurane can substantially reduce thalamic activity
at doses that cause sedation (for a review see Alkire et al. 2008),
while isoflurane has been shown to attenuate the output of

somatosensory signals in the thalamic nucleus in rats (Detsch
et al. 1999), and ketamine increases the global metabolism
in humans especially in the thalamus (Peltier et al. 2005;
Greicius et al. 2008; Boveroux et al. 2010; Deshpande et al. 2010;
Martuzzi et al. 2010). As such, in addition to comparing networks
at a network level (i.e., those identified using independent
component analyses), we also compared FC at a regional level
via pair-wise comparisons of BOLD time courses—this allowed
for assessment of regional effects, particularly FC of thalamus
with the rest of the brain.

We had three primary objectives: 1) To isolate resting-state
networks using fully-awake data, allowing for corroboration
of previously identified networks in marmosets using RS-fMRI
(Belcher et al. 2013), but with our fMRI hardware and acquisition
protocols. 2) Determine how the strength and structure of these
networks differed between marmosets who were fully awake or
anesthetized with 1.5% isoflurane delivered in either medical air
or 100% oxygen. 3) Identify regionally specific effects of isoflu-
rane, with a specific focus thalamic connectivity. It is worth not-
ing that dose-dependent effects of isoflurane have been shown
in macaques (Hutchison et al. 2014), but given that such high
doses of isoflurane are unlikely to be used in functional imaging
studies in marmosets, we chose to focus on the canonically used
isoflurane concentration of 1.5%. We expect that our findings
will be informative to those interested in using marmosets
to model alterations in resting state functional networks as a
means to study human brain pathologies.

Materials and Methods
Animal Preparation

All surgical and experimental procedures were in accordance
with the Canadian Council of Animal Care policy and a pro-
tocol approved by the Animal Care Committee of the Univer-
sity of Western Ontario Council on Animal Care. Five com-
mon marmosets (one female; 323 ± 61 g; 1.6 ± 0.3 years old at
the beginning of awake experiments) were used in this study.
MRI experiments were performed under three conditions: fully
awake, isoflurane anesthesia with medical air (Iso + Med), and
isoflurane anesthesia with 100% oxygen (Iso + O2). Among the
five monkeys, two were scanned under all three conditions. Of
the remaining three monkeys, two were scanned under awake
and Iso + Med conditions. The remaining monkey was scanned
under awake and Iso + O2 conditions. Thus, the number of sub-
jects were five for awake, four for Iso + Med, and three for
Iso + O2. Before the MRI experiments, all marmosets underwent
an aseptic surgery to implant a head chamber to fix the head
during MRI acquisition as described in previous reports (John-
ston et al. 2018; Schaeffer, Gilbert, Hori et al. 2019c). Briefly,
the marmoset was placed in a stereotactic frame (Narishige
Model SR-6C-HT), and a chamber was attached to the skull
using several coats of adhesive resin (All-bond Universal Bisco,
Schaumburg, Illinois, USA), and a dental cement (C & B Cement,
Bisco, Schaumburg, Illinois, USA) using a stereotactic manipula-
tor to ensure correct location and orientation. The chamber was
3D printed at 0.25-mm resolution using stereolithography and
a clear photopolymer resin (Clear-Resin V4; Form 2, Formlabs,
Somerville, Massachusetts, USA).

Imaging Hardware and Acquisition Parameters

The hardware and the acquisition parameters were identical for
all marmosets in both awake and anesthetized conditions. Data



Alterations of RS-fMRI in Marmosets Between Awake and Isoflurane Anesthesia Hori et al. 5945

were acquired using a 9.4-T 31-cm horizontal bore magnet (Var-
ian/Agilent, Yarnton, UK) and Bruker BioSpec Avance III console
with the software package Paravision-6 (Bruker BioSpin Corp,
Billerica, MA), a custom-built high-performance 15-cm-diameter
gradient coil with 400-mT/m maximum gradient strength (Peter-
son et al. 2018), and a 5-channel receive coil (Schaeffer, Gilbert,
Hori et al. 2019c). Radiofrequency transmission was accom-
plished with a quadrature birdcage coil (12-cm inner diameter)
built in-house. All imaging was performed at the Centre for
Functional and Metabolic Mapping at the University of Western
Ontario.

For all conditions, functional images were acquired with
6 functional runs (at 600 volumes each) for each animal in
separate sessions, using a gradient-echo based single-shot
echo-planar imaging sequence with the following parameters:
TR = 1500 ms, TE = 15 ms, flip angle = 40◦, field of view
(FOV) = 64 × 64 mm, matrix size = 128 × 128, voxel size = 0.5 mm
isotropic, slices = 42, bandwidth = 500 kHz, generalized auto-
calibrating parallel acquisition (GRAPPA) acceleration factor
(anterior-posterior) = 2. A T2-wighted image (T2w) was acquired
for each animal using rapid imaging with refocused echoes
(RARE) sequences with the following parameters: TR = 5500 ms,
TE = 53 ms, FOV = 51.2 × 51.2 mm, matrix size = 384 × 384, voxel
size = 0.133 × 0.133 × 0.5 mm, slices = 42, bandwidth = 50 kHz,
GRAPPA acceleration factor (anterior–posterior) = 2.

Animal Training

Before MRI acquisition, the marmosets were first acclimatized to
the animal holder, head fixation system, and a mock MRI envi-
ronment prior to the first imaging session (Silva et al. 2011). Each
marmoset was trained over the course of 3 weeks. During the
first week, marmosets entered the tube and were constrained
using only the neck and tail plates for increasingly long periods
of time (up to 30 min). During the second week, the restraint tube
was inserted into a mock MRI bore (a 12-cm inner diameter tube)
to simulate the scanner environment; MRI sounds were played
at increasingly loud volumes (up to 80 dB) for increasingly long
durations, up to 60-min sessions. In week 3, marmosets were
head fixed via the fixation pins, inserted into the mock MRI
tube and exposed to the MRI sounds. Within each session, the
animals are presented with reward items (pudding or marsh-
mallow fluff) for remaining still (calmly facing forward, with
minimal movement of limbs). Throughout the training sessions,
the behavioral rating scale described by Silva et al. (2011) was
used to assess the animals’ tolerance to the acclimatization
procedure. By the end of week 3, all five marmosets scored 1 or
2 on this assessment scale (Silva et al. 2011), showing calm and
quiet behavior, with little signs of agitation.

Imaging Acquisition Under Awake Condition

For awake experiments, all five marmosets were restrained in
the animal holder using a neck plate and a tail plate. The
animal was then head fixed using fixation pins in the MRI room
to minimize the time in which the awake animal was head
fixed (Schaeffer, Gilbert, Hori et al. 2019c). This head-fixation
system allows for the collection of RS-fMRI with little to no
head movement (Schaeffer, Gilbert, Hori et al. 2019c). Indeed,
maximum head translation in each scan (15 min) ranged from 30
to 81 μm for awake, and 18 to 77 μm for anesthetized monkeys,
respectively. Once fixed, a lubricating gel (MUKO SM321N, Cana-
dian Custom Packaging Company, Toronto, Ontario, Canada)

was squeezed into the chamber and applied to the brow ridge
to reduce the magnetic susceptibility artifacts (see Schaeffer,
Gilbert, Hori et al. 2019c for differences without gel).

Imaging Acquisition Under Anesthetized Condition

Anesthetized data were acquired at least 1 week after complet-
ing awake experiments to avoid the alteration of cerebrovascular
reactivity and cerebral blood flow by anesthesia (Wegener and
Wong 2008). Animals were initially sedated with an intramus-
cular injection of ketamine (20 mg/kg). After the animal was
positioned in the animal holder in the same manner as the
awake procedure, anesthesia was maintained using inhalation
of 1.5% isoflurane with medical air or 100% oxygen through a
custom anesthesia mask (computer aided design file in Schaef-
fer, Gilbert, Hori et al. 2019c). During scans, a veterinary tech-
nician monitored respiration rate, saturation of percutaneous
oxygen (SpO2), and heart rate via pulse oximeter and observed
these values to be within a normal range throughout scans. Body
temperature was also measured and maintained using warm-
water circulating blankets, thermal insulation, and warmed air.

Image Preprocessing

Data were preprocessed using FSL software (Smith et al. 2004).
Raw MRI images were first converted to Neuro Informatics Tech-
nology Initiative (NIfTI) format (Li et al. 2016) and reoriented
from sphinx position. Brain masks were created using FSL tools
and the National Institutes of Health (NIH) T2w brain template
(Liu et al. 2018), which has only the brain (as it is ex vivo, without
a skull). For each animal, the brain-skull boundary was first
roughly identified from individual T2w images using the brain
extraction tool (BET) with the following options: radius of 25–
40 mm and fractional intensity threshold of 0.3 (Smith 2002).
Then, the NIH T2w brain template was linearly and non-linearly
registered to the individual brain image using FMRIB’s linear
registration tool (FLIRT) and FMRIB’s nonlinear registration tool
(FNIRT) to more accurately create the brain mask. After that, the
brain was extracted using the brain mask. RS-fMRI images in
both conditions were corrected for motion using FLIRT. Principal
component analysis (PCA) was applied to remove the unstruc-
tured noise from the RS-fMRI time course, followed by indepen-
dent component analysis (ICA) with the decomposition number
of 200 using Multivariate Exploratory Linear Optimized Decom-
position into the Independent Components (MELODIC) module
of the FSL software package. Obtained components were clas-
sified as signal or noise (such as eye movement, cerebrospinal
fluid (CSF) pulsation, heart rate, and respiratory artifacts) based
on the criteria as shown in a previous report (Griffanti et al.
2017), and noise components were regressed out from the RS-
fMRI time course using FSL tool (fsl_regfilt). All RS-fMRI images
were finally normalized to the NIH template using RS-fMRI-to-
T2w and T2w-to-template transformation matrices obtained by
FLIRT and FNIRT, followed by spatial smoothing by Gaussian
kernel with the full-width of half-maximum value of 1.0 mm.

Dual Regression Analysis

To quantitatively compare the resting-state functional networks
between awake and anesthetized conditions, we used a dual
regression technique that allows for voxel-wise comparisons of
resting-state functional maps (Filippini et al. 2009). First, the
concatenated awake RS-fMRI data sets were decomposed using
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MELODIC to identify large-scale patterns of FC to be applied as
spatial templates for the dual regression approach. Because we
focus on evaluating isoflurane-induced changes from baseline,
the anesthetized RS-fMRI data was not included in the calcula-
tion of the spatial templates. The ICA analysis was implemented
10 times with different dimension numbers (from 16 to 25)
to identify optimal dimensionality—the 20-component solution
was selected to be an appropriate representative of meaningful
components with reference to previous reports of marmoset
functional networks (Belcher et al. 2013; Ghahremani et al. 2016).
Second, the dual-regression approach was used to identify the
scan-specific temporal dynamics and associated spatial maps
within each scan’s fMRI data sets. This process involves 1) using
the full set of group-ICA spatial templates in a linear model
fit against the separate fMRI data sets, resulting in matrices
describing temporal dynamics for each component and scan
(spatial regression), and 2) using these time-course matrices in
a linear model fit against the associated fMRI data set to esti-
mate scan-specific spatial maps (temporal regression). Finally,
the different component maps across scans were tested for
significant differences of amplitude between conditions using
nonparametric permutation testing (5000 permutations; FSL’s
Randomize). This resulted in spatial maps characterizing the
inter-condition differences. P < 0.05 was considered as signifi-
cantly differences between awake and anesthetized conditions.

Calculation of Functional Connectivity

All RS-fMRI images for each condition were concatenated and
parcellated based on the Paxinos Atlas (Liu et al. 2018). The mean
time signals for each region were obtained by averaging the fMRI
time series across all voxels contained within the volume-of-
interest (VOI), then correlation coefficients between all regions
were calculated. To identify the strength of FC from the left and
right thalamus at the voxel level, we also calculated seed-by-
voxel FC maps using the FEAT tool of the FSL software package
(Smith et al. 2004). Given that the we did not have sufficient sig-
nal to noise ratio (SNR) to evaluate the FC between each thalamic
nucleus and the rest of the brain, we used a larger VOI in the
thalamus (70.75 mm3 per hemisphere) included multiple areas,
anterior, laterodorsal, mediodorsal, ventral anterior, ventral lat-
eral, ventral posterior thalamic nuclei and pulvinar. The time
courses from the left and right thalamus were extracted for each
scan after normalization to a T2-weighted template, and correla-
tion maps (z-score maps) with left and right thalamus were cal-
culated using FEAT. Here, the strength of FC was defined as the z-
value. The average FC maps across scans were presented on the
surface map using the Connectome Workbench (Marcus et al.
2011). The mean FC values for each VOI were obtained by aver-
aging the FC values across all voxels contained within the VOI;
thalamic connections where there was a significant difference
between awake and anesthetized conditions were identified
using paired-sample t-tests. Bonferroni correction was used to
counteract the problem of multiple comparisons, with P < 0.01.

Results
Identification of Resting-state Networks

After implementation of group ICA using only the awake RS-
fMRI data, eight components were identified as unstructured
and/or physiological noise based on the following criteria: 1)
there was no activation higher than z-values of 3.1; 2) there was

main activation in the vein or cerebrospinal fluid (CSF); 3) there
were only unilateral activation patterns except for visual compo-
nents. The remaining 12 components demonstrated meaningful
neural functional networks. These networks were thresholded
at z = 3.1 for visual purposes. Cytoarchitectonic borders based
on the Paxinos atlas (Liu et al. 2018) and abbreviations used
in this study are summarized in Figure 1A–D. The following
resting-state networks (RSNs) were consistent with known RSNs
in previous reports (Belcher et al. 2013; Ghahremani et al. 2016;
Schaeffer, Gilbert, Hori et al. 2019c); default mode, attention,
ventral somatomotor, dorsal somatomotor, medial somatomo-
tor, salience, primary visual (left and right), anterior high-order
visual, dorsal high-order visual, ventral high-order visual, and
basal ganglia networks (Fig. 1E).

Comparison of Functional Networks

These 12 functional networks were used as templates to
evaluate the differences between awake and anesthetized
resting-state networks by dual regression. Figures 2 and 3 show
the differences of functional coactivation areas between awake
and Iso + Med conditions. The bottom rows in each component
indicate P-value images, showing areas with significantly
reduced functional connectivity in the anesthetized compared
with the awake condition. Isoflurane decreased the strength
of coactivation in the cortical networks, but the structures of
these networks were preserved by 1.5% isoflurane anesthesia.
These findings were consistent with the results of a previous
macaque study (Hutchison et al. 2014). A notable difference was
the default mode network, which lacked activation in lateral
frontal cortex (area 8aD) in the anesthetized condition (Fig. 2A).

Figures 4 and 5 show the differences of functional coactiva-
tion areas between awake and Iso + O2 conditions. The results
were similar as for the comparison between the awake and
Iso + Med conditions. Isoflurane in combination with 100% oxy-
gen also decreased the strength of coactivation in the corti-
cal networks, but the overall structure of most networks was
preserved. The only exception was again default mode net-
work, which lacked the frontal component in the anesthetized
condition (Fig. 4A).

The Effects of Isoflurane on Correlation Coefficients
Among Seed Regions

The matrices of correlation coefficients (CCs) for awake and
anesthetized marmoset VOIs are shown in Figure 6A–C. In
the awake condition, both left and right hemispheres had
strikingly similar intracortical patterns and there were patterns
of strong connectivity with the contralateral hemisphere
for multiple areas (Fig. 6A). In contrast, interhemispheric
correlations were decreased by anesthesia (both Iso + Med and
Iso + O2 conditions), while intrahemispheric correlations were
relatively preserved (Fig. 6B and C). This tendency was consistent
with a previous macaque study that showed dose-dependent
reduction of interhemispheric correlations (Hutchison et al.
2014). The regression lines between awake and Iso + Med were
expressed as CC(Iso + Med) = 0.49 × CC(Awake) + 0.085 for intra-
hemispheric correlations, and CC(Iso + Med) = 0.37 × CC(Awake)
+ 0.054 for interhemispheric correlations, respectively (Fig. 6D).
There was a significant difference between slopes of these
regression lines (analysis of covariance (ANCOVA): P < 0.001).
The regression lines between awake and Iso + O2 were expressed
as CC(Iso + O2) = 0.43 × CC(Awake) + 0.066 for intra-hemispheric
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Figure 1. Cytoarchitectonic borders based on the Paxinos atlas (Liu et al. 2018) in lateral (A), medial (B), dorsal (C), and ventral (D) views. E shows the resting-state
functional networks obtained by independent component analysis (ICA) in the awake condition. Twelve networks are shown as thresholded z-score maps on the NIH
surface (only left hemisphere) or volume atlases. White lines show cytoarchitectonic borders, for reference (Liu et al. 2018).

correlations, and CC(Iso + O2) = 0.20 × CC(Awake)—0.011 for
interhemispheric correlations, respectively (Fig. 6E). There
was also a significant difference between slopes of these
regression lines (ANCOVA: P < 0.001). These results indicate that
isoflurane anesthesia decreases interhemispheric correlations
more than intra-hemispheric correlations. The distributions

of the correlation coefficients during awake and anesthetized
conditions were shown in Figure 6F–I. The interhemispheric
connections with correlation coefficients of over 0.5 were
dramatically decreased in both anesthetized conditions (Fig. 6G
and I), while intra-hemispheric connections were preserved
(Fig. 6F and H).
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Figure 2. Coactivation areas in marmosets under awake (first row) and isoflurane with medical air (Iso + Med) conditions (second row) for (A) default mode, (B) attention,
(C) somatomotor (ventral), (D) somatomotor (dorsal), (E) somatomotor (medial), and (F) salience networks (other four in Figure 3). The bottom rows in each component
indicate P-value images, showing statistically lower activation areas in the anesthetized condition than in the awake condition. Yellow arrows indicate the differences

of lateral frontal cortex activations in default mode network.

The Effects of Isoflurane on Thalamic Connectivity

The FC maps from left thalamus are shown in lateral-medial
(Fig. 7A and B) and dorsal-ventral views (Fig. 7C and D) for
cortex, and in volume view for subcortical areas (Fig. 7E and
F). The thalamic VOI are presented in Figure 7I. The thalamus in

awake marmosets was highly connected to frontal areas (A8aV,
A8b, A9, A11, A13M, A32, A45, A47L), temporal areas (AuA1,
AuCL, AuML, AuR, FST, MST, PGa-IPa, V4T, V5), occipital areas
(V1), cerebellum, and contralateral thalamus. In addition, the
thalamus was negatively connected to parietal areas (PE, PF, PFG)
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Figure 3. Coactivation areas in marmosets under awake (first row) and isoflurane with medical air (Iso + Med) conditions (second row) for (A) left primary visual,
(B) right primary visual, (C) high-order visual (anterior), (D) high-order visual (dorsal), (E) high-order visual (ventral), and (F) basal ganglia networks (other four in
Fig. 2). The bottom rows in each component indicate P-value images, showing statistically lower activation areas in the anesthetized condition than in the awake

condition.

and posterior cingulate cortex (A23a, A23b, A31). However, the
FC of these regions was drastically reduced by anesthesia. This
finding was similar for the right thalamus. The regression line
between thalamic connections under awake and Iso + Med was
expressed as CC(Iso + Med) = 0.30 × CC(Awake) + 0.083, while

the regression line for whole brain regions was expressed as
CC(Iso + Med) = 0.44 × CC(Awake) + 0.070 (Fig. 7G). Overall, these
results suggest that thalamic FC is more affected by isoflurane
than other connections. Most of thalamic connections under
anesthesia were within −0.5 to 0.5, while there were some
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Figure 4. Coactivation areas in marmosets under awake (first row) and isoflurane with 100% oxygen (Iso + O2) conditions (second row) for (A) default mode, (B) attention,
(C) somatomotor (ventral), (D) somatomotor (dorsal), (E) somatomotor (medial), and (F) salience networks (other four in Fig. 5). The bottom rows in each component
indicate P-value images, showing statistically lower activation areas in the anesthetized condition than in the awake condition. Yellow arrows indicate the differences

of lateral frontal cortex activations in default mode network.

thalamic connections with correlation coefficients of over 0.5
under awake conditions (Fig. 7H). Paired-sample t-tests showed
differences between awake and anesthetized FC from thalamus
in orbitofrontal cortex (A11, A13M), MT, V1, contralateral
thalamus, and cerebellum (Fig. 8).

Discussion
In this study, we investigated the effects of isoflurane, a
commonly used inhalant anesthesia for nonhuman primate
MRI, on the organization of functional resting-state networks in
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Figure 5. Coactivation areas in marmosets under awake (first row) and isoflurane with 100% oxygen (Iso + O2) conditions (second row) for (A) left primary visual,
(B) right primary visual, (C) high-order visual (anterior), (D) high-order visual (dorsal), (E) high-order visual (ventral), and (F) basal ganglia networks (other four in
Fig. 4). The bottom rows in each component indicate P-value images, showing statistically lower activation areas in the anesthetized condition than in the awake

condition.

marmosets. First, we derived functional networks from RS-
fMRI data acquired in fully awake marmosets breathing
room air, then compared the strength and structure of these
networks to data in the same animals acquired under isoflurane
anesthesia. To disentangle the potentially interactive effects

of breathing gas delivery during the anesthetized scans, we
collected data with either with medical air (21% oxygen) or 100%
oxygen. Generally, although isoflurane globally decreased FC in
resting-state networks, the spatial structure of the networks
was preserved—this was the case for both medical air and
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Figure 6. Correlation matrices among volume-of-interests (VOIs) for awake (A), Iso + Med (B), and Iso + O2 (C) conditions. The relationship of correlation coefficients

between awake and Iso + Med conditions (D), between awake and Iso + O2 conditions (E). Blue and red circles indicate the plots for intra- and inter-hemispheric
correlations, respectively. Each regression lines are also shown in the same color as each plot. The distributions of the correlation coefficients between awake and
Iso + Med (F: intra-hemispheric; G: inter-hemispheric), and during awake and Iso + O2 (H: intra-hemispheric; I: inter-hemispheric). Blue and orange bins indicate awake
and anesthetized correlation coefficients, respectively.
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Figure 7. Seed-based functional connectivities (FCs) from left thalamus for awake (A, C, E) and anesthetized marmosets (B, D, F). Cortical maps are displayed on the
surfaces in lateral-medial (A, B), and dorsal-ventral (C, D) views. Subcortical maps are shown in volume views (E, F). (G) The relationship of thalamic connections
between awake and Iso + Med conditions. Blue and red circles indicate the connections among whole brain regions (same plots in Fig. 6D) and those with thalamus,

respectively. (H) The distributions of the thalamic connections (correlation coefficients) of awake (blue) and anesthesia (orange). (I) Red lines indicate regression line
for thalamic connections. The seed region (left thalamus) was indicated by blue line.

100% oxygen. Outside of the context of RS networks, we
indexed pair-wise functional connectivity between regions
across the brain and found that isoflurane substantially altered
interhemispheric and thalamic FC.

Awake Resting-state Functional Networks

To isolate resting state networks across the brain, we applied
an independent component analysis (Smith et al. 2004) to
the RS-fMRI data acquired while the marmosets were fully
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Figure 8. Strength of functional connectivity (FC) from thalamus in awake and anesthetized (Iso + Med) marmosets. The FCs in A11 (A), A13M (B), MT (C), V1 (D),
contra-lateral thalamus (E), and cerebellum (F) show statistically significant differences between awake and anesthetized monkeys. The error bars indicate standard
deviations among scans.

awake—these networks were then used as spatial templates
to compare to the anesthetized data using a dual regression
technique (Filippini et al. 2009). With this analysis, we obtained
12 RSNs, including a default mode network, an attention
network, three somatomotor networks, a salience network,
five visual-related networks, and a basal ganglia network. All
12 of these networks demonstrated clear bilateral correlation
patterns, with the exception of the primary visual network,
which were identified in separate left and right components
(see Fig. 1). These networks were generally convergent with
patterns identified by a previous report in awake marmosets
(Belcher et al. 2013; Liu et al. 2019), albeit we could not detect the
cerebellar, the orbitofrontal, and frontal pole RSNs—we suspect
that these differences may be the result of suboptimal signal to
noise ratios (SNR) in these areas due to the design of our coil
(Fig. 9). Indeed, the spatial correlations in the orbitofrontal and
the frontal pole networks across the sessions were relatively
low in the aforementioned report (Belcher et al. 2013). The SNR
profile of our coil may also account for the additional attention
and dorsal somatomotor RSNs we observed with our data—
unlike cerebellum, these networks resided in areas in which our
SNR was highest, which may have given us more power to detect
these networks at 9.4 Tesla (previous reports at 7 Tesla; Belcher
et al. 2013). Overall, however, our data corroborates the majority
of the RS networks previously identified in marmosets (Belcher
et al. 2013; Liu et al. 2019).

Effects of Isoflurane on Functional Networks

Using dual regression, we compared the 12 ICA-derived net-
works between the awake and anesthesia conditions, with the
awake networks serving as the baseline comparator. Generally,
we found that isoflurane decreased coactivations in all cortical
networks, and this was the case with both medical air and 100%
oxygen. This is consistent with data from macaques, wherein
isoflurane reduced the cortical coactivations in fronto-parietal,
frontal, posterior-parietal, superior-temporal, and precentral-
temporal networks (Hutchison et al. 2014). Although FC was
reduced by isoflurane, the general structure of the networks was
preserved at an isoflurane level of 1.5%. The default mode net-
work seemed to be disproportionally affected by the reduction
in FC, to the extent that the frontal component of this network
was not present (i.e., subthreshold) when the animals were
anesthetized. As shown in a previous DMN study in marmosets,
for example, connections between frontal cortex and posterior
parietal cortex (PPC) are relatively low (0.42–0.47) compared to
PPC with PCC (e.g., PPC-PCC 0.65–0.70) (Liu et al. 2019). Our work
also showed that frontal activation was lower than in other
DMN regions (PPC, PCC). Thus, the frontal component of this
network was not presented (i.e., was below statistical). There-
fore, isoflurane anesthesia may obfuscate the full extent of this
network in marmosets. This tendency was similar to a previous
human study that showed that local connectivity of frontal
cortex in the default mode network was dramatically reduced by
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Figure 9. Representative temporal signal-to-noise (tSNR) maps of awake (A) and anesthetized marmosets (B). The tSNR were lower in frontal pole and cerebellum than

in other regions, but the tSNR were similarly distributed across two conditions.

1% sevoflurane anesthesia even though other patterns (anterior
and posterior cingulate cortex, inferior parietal cortex) were
detected (Deshpande et al. 2010). Accordingly, if collection of
awake RS-fMRI is not possible, then a lower isoflurane con-
centration, perhaps in combination with other anesthetics (e.g.,
medetomidine), may be better suited for studying the marmoset
default mode network or specific functional connectivity under
anesthesia (Grandjean et al. 2014).

Comparison of Functional Networks Between Awake
State and Iso + O2 Conditions

In marmosets, RS-fMRI is often performed under isoflurane
anesthesia in combination with high-concentration oxygen
(Sadagopan et al. 2015; Ghahremani et al. 2016; Schaeffer,
Gilbert, Gati, et al. 2019a; Schaeffer, Gilbert, Ghahremani, et al.
2019b; Hori et al. 2020). As such, these studies are altering
both the amount of anesthesia and the amount of oxygen
that the marmoset is receiving—here, we sought to test the
effect of using 100% oxygen versus medical air, which has
the same oxygen level as room air (21%). Simply put, we did
not find differences between these two conditions, suggesting
that the effects of the inhalant anesthesia were due to the
isoflurane, rather than the oxygen concentration. Although
previous studies showed that BOLD signal was temporally
corrected with changes in oxygen partial pressure (Karczmar
et al. 1994; Baudelet and Gallez 2002), the effects of 1.5%
isoflurane on functional connectivity might be larger than those
of oxygen concentration. These findings suggest the validity
of the conventional protocol (Iso + O2) to measure the overall
structure of the functional networks. Using this protocol, for
example, our group has revealed the functional boundaries
in anterior cingulate cortex and lateral prefrontal cortex in
marmosets (Schaeffer, Gilbert, Gati, et al. 2019a; Schaeffer,
Gilbert, Ghahremani, et al. 2019b) and functional connectivity
patterns of the saccadic eye movement network (Ghahremani
et al. 2016).

Effects of Isoflurane on Thalamic Connectivity

There is clear evidence that anesthetics affect brain activation
in the thalamus (Miller and Ferrendelli 1990; Detsch et al. 1999;
Alkire et al. 2007, 2008). To examine the effects of isoflurane
on thalamic connectivity, we performed seed-based analyses.
In awake marmosets, a large seed in the thalamus, including
anterior part, laterodorsal, mediodorsal, ventral anterior, ventral
lateral, ventral posterior thalamic nuclei, and pulvinar was func-
tionally connected to frontal (A8aV, A8b, A9, A11, A13M, A32, A45,
A47L), temporal (AuA1, AuCL, AuML, AuR, FST, MST, PGa-IPa, V4T,
V5), and visual areas (V1, V2, V3), cerebellum, and contralateral
thalamus. We also found negative thalamic correlations with
parietal areas and posterior cingulate cortex. This tendency was
similar to the previous human studies that showed negative
thalamo-cortical correlations (Zhang et al. 2008; Zou et al. 2009;
Chen et al. 2019). Although the FC obtained by RS-fMRI simply
refers to the correlation of BOLD signals across time between
two regions, the invasive nonhuman primate studies demon-
strate the fluctuation of BOLD signal has a neurophysiological
origin (Logothetis et al. 2001; Schölvinck et al. 2010). Indeed,
RS-fMRI allows for the evaluation of functional network/con-
nectivity changes as a function of various neuropathologies
(for a review see Greicius 2008). However, it is still unclear
what negative correlations mean. Note that, given that thalamic
connectivity was disproportionally and drastically reduced by
isoflurane, studies interested in thalamic connectivity should
avoid the use of isoflurane.

We also observed significant differences between awake and
anesthetized monkeys in orbitofrontal regions (A11, A13M),
V1, MT, cerebellum, and contralateral thalamic connections.
It is known that anesthetic effects on the thalamus may be
indirect (Schiff and Plum 2000; Vahle-Hinz et al. 2007; Franks
2008), as spontaneous thalamic firing during anesthesia is
largely caused by feedback from cortical neurons (Vahle-Hinz
et al. 2007), especially anesthetic-sensitive layer V cells (Angel
1993; Laureys 2006). Other findings show that thalamocortical
neurons reduce their activity for isoflurane concentration
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higher than 1.0% (Detsch et al. 1999). Cortico-thalamo-cortical
functional disconnections are observed in vegetative patients,
and miracle recovery from this state may be caused by the
restoration of FC between thalamus and cortex (Laureys, 2006).
Recently, it has been shown that microstimulation of the central
thalamus in anesthetized macaques restores arousal and wake-
like neural activity in cortex (Redinbaugh et al. 2020). In addition,
two-photon calcium imaging in mice and micro-electrode
array recordings in humans have provided evidence to suggest
that functional connectivity of the cortex breaks down at the
microlevel depending on the level of medically induced loss
of consciousness (mLOC) (Wenzel et al. 2019). Therefore, the
attenuated FC between cortex and thalamus might reflect a
neural mechanism for isoflurane-induced anesthesia.

Comparison of Previous Macaque Findings

The effects of anesthesia on FC in non-human primates has
already been well studied in macaque monkeys (Vincent et al.
2007; Hutchison et al. 2014; Barttfeld et al. 2015; Uhrig et al.
2018). Our group has previously shown that the effects of isoflu-
rane are larger for interhemispheric connections than for intra-
hemispheric connections (Hutchison et al. 2014). Barttfeld and
his colleagues have elucidated the reductions of negative cor-
relations by anesthesia (Barttfeld et al. 2015) and have sug-
gested that the presence of negative correlations is a charac-
teristic of wakefulness. These findings were consistent with
our results that 1) anesthesia (Iso + Med) induced substantially
reductions of strong interhemispheric connections (Fig. 6G), but
intra-hemispheric connections were preserved (Fig. 6F); 2) the
peak of the distribution of connections (correlation coefficients)
was shifted in the positive direction by isoflurane for both intra-
and interhemispheric connections (Fig. 6F and G), so that nega-
tive correlations were decreased. Although the nature of such
negative correlations has been debated (possibilities of artifacts
such as temporal filtering and subtraction of the mean brain
activity), our findings suggest that functional configuration by
anesthesia is preserved between macaques and marmosets.

Considerations

In this study, anesthesia was induced using intramuscular
injection of ketamine around 30 min before starting RS-
fMRI scans under isoflurane anesthesia. Thus, RS-fMRI may
have been affected by not only isoflurane, but also ketamine.
However, we could not find any differences between first
(30 min from ketamine injection) and last runs (80–90 min from
ketamine injection). Given the typical timeline of the behavioral
effects of intramuscular injections of ketamine (Holcomb et al.
2005; Skoblenick and Everling 2012), a strong effect of ketamine
would likely be more apparent soon after the injection, but less
so 90 min after the injection. This was not the case here, with
no differences in FC between the first and last runs.

Here, we used 1.5% isoflurane anesthesia to elucidate the
effects on functional network connectivity in marmosets,
because this concentration is commonly used for RS-fMRI
studies in non-human primates (Milham et al. 2020). While
dose-dependency is a very important question, our aim was
to quantify the changes based on canonical dosing for RS-fMRI
studies in nonhuman primates (Hutchison et al. 2011, 2014;
Sadagopan et al. 2015; Ghahremani et al. 2016; Schaeffer, Gilbert,
Gati, et al. 2019a; Schaeffer, Gilbert, Ghahremani, et al. 2019b;
Hori et al. 2020).

We showed a clear reduction in lateral frontal cortex in the
default mode network as well as in thalamic and interhemi-
spheric connections under isoflurane anesthesia. It is possible
that the use of other anesthetic agents or a combination of
different agents might be able to avoid or reduce these sup-
pressive effects on FC. For example, Grandjean et al. (2014)
compared the effects of four commonly used anesthetics (isoflu-
rane, propofol, urethane, and medetomidine) on RS-fMRI in
mice. They showed that bilateral striatal FC was detected under
medetomidine anesthesia, but not under isoflurane, propofol,
or urethane anesthesia. They also showed that a combination of
low-dose medetomidine and isoflurane offer strong correlations
both within cortical and subcortical structures without poten-
tial seizure-inducing effects. It remains to be tested whether
an anesthesia protocol involving medetomidine and isoflurane
might be better suited to also preserve the default mode network
and corticothalamic connections in marmosets.

Another caveat of using RS-fMRI to study the effect of anes-
thesia is that canonically derived FC between two brain areas
simply refers to the correlation of blood oxygen level-dependent
(BOLD) signals across time (i.e., with no information about the
underlying axons and synapses responsible for connections);
thus, it is an indirect method to measure the neural connections.
Additionally, there are some potential confounds that could
affect BOLD signals or FC, such as end-tidal CO2 (Et-CO2) fluc-
tuations, eye movements, CSF pulsation, and heart rate. In an
effort to account for these confounding variables, we did apply
an ICA-based denoising technique to remove the structured
noise, but some of these variables, such as Et-CO2, are more
difficult to remove with this method, given that the frequency
is similar to that of BOLD signals being measured (Wise et al.
2004)—some studies have shown that small fluctuations in Et-
CO2 occur naturally during normal breathing at rest and are sig-
nificantly correlated with BOLD fMRI signal fluctuations (Wise
et al. 2004). As such, measuring Et-CO2 directly would be more
ideal from a modeling perspective, but is difficult to measure in
fully awake marmosets. That being said, it is unlikely that such
variables had a profound effect on the present results—indeed,
our group quantitatively evaluated the relationship between FC
obtained by RS-fMRI under isoflurane anesthesia and tracer-
based directional connectivity, namely monosynaptic axonal
pathways (Hori et al. 2020). These results showed that overall FC
was highly correlated with tracer-based connectivity, supporting
the feasibility of FC to infer how strongly different brain areas
are connected in vivo.

Conclusion
Overall, our findings indicate that RS-fMRI under isoflurane
anesthesia is useful to evaluate the global structure of functional
networks in marmosets, but RS-fMRI under in awake animals
may be required to identify the full extent of the default mode
network as well as pairwise regional connectivity, particularly
for thalamic and interhemispheric connections. Furthermore,
we observed that the effects of anesthesia on network connec-
tivity showed very little differences when delivered with medical
air or with 100% oxygen.
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