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Abstract
The use of the common marmoset monkey (Callithrix jacchus) for neuroscientific research has grown markedly in the last
decade. Magnetic resonance imaging (MRI) has played a significant role in establishing the extent of comparability of
marmoset brain architecture with the human brain and brains of other preclinical species (eg, macaques and rodents). As a
non-invasive technique, MRI allows for the flexible acquisition of the same sequences across different species in vivo,
including imaging of whole-brain functional topologies not possible with more invasive techniques. Being one of the
smallest New World primates, the marmoset may be an ideal nonhuman primate species to study with MRI. As primates,
marmosets have an elaborated frontal cortex with features analogous to the human brain, while also having a small enough
body size to fit into powerful small-bore MRI systems typically employed for rodent imaging; these systems offer superior
signal strength and resolution. Further, marmosets have a rich behavioral repertoire uniquely paired with a lissencephalic
cortex (like rodents). This smooth cortical surface lends itself well to MRI and also other invasive methodologies. With the
advent of transgenic modification techniques, marmosets have gained significant traction as a powerful complement to
canonical mammalian modelling species. Marmosets are poised to make major contributions to preclinical investigations of
the pathophysiology of human brain disorders as well as more basic mechanistic explorations of the brain. The goal of this
article is to provide an overview of the practical aspects of implementing MRI and fMRI in marmosets (both under
anesthesia and fully awake) and discuss the development of resources recently made available for marmoset imaging.

Key words: marmoset, magnetic resonance imaging, awake fMRI, anesthesia

INTRODUCTION
Magnetic resonance imaging (MRI) of laboratory animals has
increased precipitously over the past 2 decades (Figure 1).
Owing in part to the flexibility to acquire the same sequences
across different species in vivo, MRI has been fundamentally
important for providing translationally relevant insights in
the neurosciences. Initially, laboratory animals were important
for developing the MRI technique itself1,2 but have since been
informative for preclinical and neuroscientific investigations.3

Given their phylogenetic proximity to humans,4 nonhuman
primates (NHP) have been central to this effort, allowing for com-
parisons of whole-brain structural and functional connectomics,
often corroborated by more invasive gold-standard anatomical
tracing techniques.3,5–10 Further, studies of task-based behavior,
invasive electrophysiological recording and neuromodulation,
and pharmacological challenge have allowed for significant
connections to be made across the translational gap.11–18 While
parallel insights have been made in rodents,19–21 these smaller
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Figure 1: Number of annual publications for marmosets, macaques, rats, and mice related to MRI since the year 2000. Data obtained by searching the respective species

name and “magnetic resonance imaging” via PubMed (https://pubmed.ncbi.nlm.nih.gov/).

species have also benefited from the development of specialized
ultra-high field strength small-animal MRI systems that offer
exquisite spatial resolution and signal strength in vivo.

As one of the smallest New World primates, the common
marmoset (Callithrix jacchus) may be an ideal NHP species to
study with MRI. As primates, marmosets have an elaborated
frontal cortex with features analogous to the human brain
while also having a small enough body size to fit into powerful
small-bore MRI systems.22,23 Practically, the small size of the
marmoset also aides in the ease of handling for MRI studies, a
major advantage for imaging marmosets over larger NHP species
(eg, Macaca mulatta, Macaca fascicularis), which often require
complex handling and extensive preparations (eg, intubation
for anesthetized MRI). Like rodents, marmosets have reduced
biosafety concerns (Biosafety Level 1; they do not carry the
herpes B virus) compared with macaques (Biosafety Level 2); this
designation simplifies housing, husbandry, and transportation
to the MRI suite.24

Likely concomitant with their elaborated frontal cortex,25

marmosets have a rich behavioral repertoire as well as special-
ized circuitry for face processing and vocalization that parallels
Old World primates, including humans.26,27 These features are
uniquely paired with a lissencephalic (ie, smooth) cortex, as in
rodents. This flat cortical surface lends itself well to invasive
methodologies that would otherwise either cause damage by
crossing through a gyrus (eg, electrode implantation, injections)
or benefit from a less complex surface morphology (eg, calcium
imaging). Such techniques are well suited for combination with
MRI, opening up many possibilities for multimodal imaging in
marmosets. With the advent of transgenic modification tech-
niques,28–30 marmosets have gained significant traction as a
powerful complement to Old World macaques and are poised
to make major contributions to preclinical investigations of the
pathophysiology of human brain disorders as well as more basic
mechanistic explorations of the brain.

Albeit at a nascent stage compared with macaques and
rodents, the number of MRI publications in marmosets has
grown markedly in recent years (Figure 1), with several groups
already having contributed openly available resources, such as
MRI-based atlases and 3-dimensional (3D) printable hardware

designs31–39 as an impetus to accelerate progress in the field
of marmoset MRI. Indeed, these strategic advances have
been leveraged to inform neuroanatomical and functional
topologies in marmosets, including the mapping of white
matter pathways,39,40 functional connectivity,10,41–44 as well
as task-based assessments of visual,45–47 auditory,48 and
tactile processing.49 Longitudinal designs are a key advantage
associated with the non-invasive nature of MRI, allowing for
assessment of developmental trajectories50 and trajectories
of disease progression.51–53 Despite this significant progress,
there are still many open questions that are well suited to
study with MRI in marmosets (eg, implementation of behavioral
tasks, tracking transgenic models). This rings especially true
for functional MRI (fMRI) in marmosets, with only a few groups
worldwide currently outfitted to perform fMRI in marmosets
and fewer than 2 dozen marmoset fMRI publications over the
past decade. Here, we discuss practical aspects of implementing
MRI and fMRI in marmosets (both under anesthesia and fully
awake) and provide an outlook for the growth of marmoset MRI
in the future.

Marmoset Imaging Across MRI Platforms
While about the size of a rat (at approximately 350–550 g), the
marmoset brain can be imaged using specialized small-animal
MRI scanners typically employed for rodent imaging: those with
approximately 15- to 30-cm bores used to images animals <500 g.
Outfitted at high–magnetic-field strengths (eg, 7–11.7 Tesla) and
often with custom gradient and radiofrequency (RF) receive coils,
these systems allow for superior signal-to-noise ratio and res-
olution over clinical-type MRI platforms designed to image the
human brain. Although possible, implementation of small-bore
marmoset MRI is not trivial due to the technical challenges asso-
ciated with developing specialized imaging hardware.34,37,54–56

Commercially available RF coils designed for rodents are often
not optimized for the significantly larger marmoset head and
brain, especially for accelerated echo-planar imaging sequences
requiring multi-channel receive arrays (eg, fMRI, diffusion tensor
imaging, arterial spin labeling). To that end, the recent design
of geometrically optimized, phased-array receive coils by several

https://pubmed.ncbi.nlm.nih.gov/
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Figure 2: Radiofrequency coils used to image marmosets. (A) A surface coil, which allows for the flexibility of imaging across the marmoset body. (B) A commercially

available volume coil, which also offers the flexibility of imaging across the marmoset body. Both (A) and (B) are less well suited for accelerated sequences (eg, fMRI). For

this, custom-fitted phased array coils, such as the one shown in (C), which allows for imaging marmosets in stereotactic position under anesthesia, and (D-F), which

are designed for imaging marmosets fully awake, are better suited. Panels (E) and (F) show the diagrams of an 8-element phased array coil embedded (E) or external (F)

to the restraining helmet.

research groups55,57 has allowed for major inroads into imaging
marmoset cohorts across different sequence types. Such designs
for horizontal-bore scanners (Figure 2) are particularly useful for
functional imaging studies as they allow for the presentation of
visual stimuli to the marmoset in the sphinx position.

Many anatomically focused pulse sequences (eg, T1, T2, pro-
ton density-weighted sequences), however, can be more read-
ily achieved with small animal magnets using commercially
available coils. For example, surface receive-only RF coils—those
with 1 or more elements that are placed close to the surface
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(Figure 2A)—or volumetric coils surrounding the subject (often
in cylindrical housings; Figure 2B) allow for broad applicability,
including body imaging. Indeed, such coils have been used to
track changes in brain morphology as a function of motor skill
acquisition,58 localizing function related to vocalization,59 and
acquiring high-quality ex vivo data.31 As such, many experi-
ments are still possible without the use of geometrically opti-
mized or contoured coils, with standard surface/volume coils
often an excellent option for presurgical mapping, diagnostics,
and ex vivo sequences. Across all MRI systems, systemic admin-
istration (or even local injections) of contrast agents such as
manganese can be used to boost the contrast of specific proton
relaxivities,60,61 thus improving the acquired MR signal.

Marmoset imaging is also feasible in large-bore, clinical-type
MRI systems, such as those typically employed for human imag-
ing (eg, 3 Tesla). Such systems can be a sensible option for clinical
and research facilities not equipped with specialized small-
animal MRI hardware, which requires significant investment.
Although the lower field strength, gradient power, and sensitiv-
ity of receive coils can hamper the signal quality and resolution
for some sequences, most clinical MRI systems are fully capable
of acquiring high-quality structural images in marmosets. In
fact, smaller receive-only RF coils, such as those designed for
imaging a human wrist or knee, can be useful for structural or
diagnostic imaging in the marmoset in a clinical MRI system.62

Indeed, such systems have allowed for informative assessments
of stroke.63 In addition to more widespread availability in clini-
cal and research environments, translational studies comparing
human and marmoset MR images may benefit from the similar-
ity of relaxivities and contrast parameters by implementing the
same main magnetic field strength (B0) in both species. Many
canonical MRI sequences used in humans have been adapted
to accommodate the smaller marmoset brain, allowing for com-
parably short scan times.62 Another advantage of these larger-
bore systems is that marmosets can be imaged in the upright
position that is often employed for electrophysiology studies,64

opening up many possibilities for behavioral or social designs
(eg, multiple marmosets interacting) while also allowing for
better coil positioning around the back of the head compared
with the sphinx position.38 MRI-compatible, upright-chair sys-
tems equipped with custom phased array coils can be purchased
commercially (Rogue Research Inc./Takashima Seisakusho Co.,
LTD) currently for 3 and 7 Tesla Siemens MRI systems.

Apart from adapting MRI hardware and sequences for mar-
mosets, a major challenge for acquiring high-quality MRI in
marmosets is minimizing head motion; with spatial encoding
central to most MRI sequences, head motion has a deleteri-
ous effect on image quality (eg, mid-TR movement, dynamic
changes in the local B0 field). As such, it is imperative to keep
the subject as motionless as possible. As animals that use head
movements as a primary means for visual orienting, marmosets
are intrinsically not compliant in this regard, and thus it is
necessary to intervene with anesthetic regimes that allow for
minimization of head movement and also limit stress to the
animal. Another option is via mechanical head fixation, which
also circumvents the deleterious effects of anesthesia on neural
activity and neurovascular coupling49 but requires training and
acclimation procedures. These topics have been the area of
intense examination in research in recent years—we discuss the
progress of these options in the following sections.

MRI Under Anesthesia
MRI of marmosets often requires the use of anesthetic agents
to avoid the effects of motion, physiological stress, and training

requirements. Anesthetic regimes, along with analgesics and
close physiological monitoring, allow for MRI of marmosets in
stereotactic devices, which aid in reproducible surgical guid-
ance and also limit motion during MRI.37,65 Multiple effective
anesthetic regimes have been vetted in marmoset cohorts;65–69

choosing the appropriate protocol depends not only on the
length of the experiment but also on the question of interest.
Terminal experiments, for example, may follow a different pro-
tocol (eg, urethane) than longitudinal experiments (eg, propofol,
isoflurane) that necessitate a full recovery and thus must limit
toxicity or excessive suppression of autonomic function. The
depth of anesthesia may also vary depending on the sequence
of interest, with structural sequences (eg, diffusion imaging)
allowing for higher doses of anesthesia than studies focused on
brain function (eg, resting-state fMRI). It is worth noting that
although anesthesia does decrease animal motion, autonomic
processes such as breathing have been shown to produce a
non-trivial amount of head motion that can have deleterious
effects on the resultant images if not rigidly head fixed (eg, via a
stereotaxic device).37

Anesthetics, Induction, and Preparation

Among the available anesthetic regimes for maintained
insentience (eg, sevoflurane, halothane, propofol; see Silva
et al66 for detailed review), isoflurane has been the most widely
used for marmoset MRI, particularly for fMRI studies. As an
inhalant anesthetic, isoflurane can be delivered via a mask
(Johnston et al64 for 3D printable design), thus avoiding the
need for endotracheal intubation or intravenous catheterization;
intubation procedures in marmosets can be difficult and risk-
prone compared with macaques. Intravenous catheterization,
however, may be otherwise necessary for physiological monitor-
ing (eg, arterial blood gasses) or emergency recovery (eg, delivery
of epinephrine). Isoflurane is also relatively easy to control in
response to changes in physiological stability, supports a rela-
tively quick recovery (usually within approximately 30 minutes),
and is safe for repeated use. That being said, the use of isoflurane
is not without caveats—we have recently demonstrated that
isoflurane can result in systematic reductions in blood oxygen
level-dependent signal and thus obfuscate the full extent of
functional connectivity profiles in marmosets.70 Similar effects
have been observed when using propofol in marmosets,49 with
the effects of either agent being dose dependent. With isoflurane
having only limited analgesic effects, additional analgesic
medications (eg, nonsteroidal anti-inflammatory drugs such as
meloxicam or opioids such as buprenorphine)68 may be needed,
especially if stereotactic devices with ear bars are used. Coating
the tips of the ear bars with topical analgesics such as xylocaine
jelly is also recommended.

Initial sedation and induction can be achieved via intramus-
cular injection (eg, 20 mg/kg ketamine hydrochloride) or by way
of a high initial bolus of halogenated anesthesia (eg, isoflurane,
sevoflurane) administered through an induction chamber. Both
methods serve to immobilize the marmoset during transition
and preparation for maintained anesthesia, whether it involves
intubation, fitting of a mask for inhalation, or catheterization
for intravenous perfusion. For functional imaging studies using
inhalant anesthetics, it may be of use to induce anesthesia with
the same agent used for maintenance, thus reducing combina-
tory effects associated with using a separate drug for induction
(eg, ketamine + isoflurane). When using an anesthesia mask, it is
particularly important to assure that the airway is clear of salva-
tion, secretions, or other obstructions prior to moving the animal
into the MRI. A single dose of atropine sulfate (0.5 mg/kg) 15 to
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Table 1 Typical anesthetized marmoset physiological monitoring
parameters under anesthesia.

Measure Range Unit

Rectal temperature 38–39.5 ◦C
Mean arterial blood
pressure

100–110 mmHg

Pulse oximetry 90–100 %
Heart rate 120–300 BPM
End-tidal CO2 35–45 mmHg
Respiratory pressure 8–12 cm H2O
Respiration rate 18–40 BPM

30 minutes prior to induction can help ameliorate fluid blockage
of the airway. Prior to imaging, blood glucose can be measured
to assess the risk of hypoglycemia, with normal resting rates
ranging from 6.9 to 14.3 mmol/L and fasted rates ranging from 5.3
to 5.8 mmol/L; the level can be increased by applying a glucose
source to the oral mucosa (eg, granulated sugar and water or
honey).

As part of the preparation procedure, physiological monitor-
ing equipment should be affixed to the animal and monitoring
started as quickly as it is feasible to assure physiological sta-
bility in response to anesthesia. These parameters should be
continuously monitored throughout the scanning period, and
compensatory mechanisms should be in place if the values
exceed the expected range (see Table 1 for normal values; see
also71). With anesthetic agents such as propofol associated with
respiratory depression,72 it is critical that the animal can be
quickly removed from the magnet. This, however, is often not
practically achievable with the MRI hardware (eg, coil plugs) and
physiological monitoring equipment in place—as such, it may
be necessary to intubate the animal to control breathing when
using propofol. Monitoring for adequate respiratory function
can be achieved via capnography or pulse oximetry, with the
former being more readily achieved with the animal intubated;
with anesthesia masks, even a small amount of saliva build-up
may make mask-based readings impractical. If the end-tidal CO2

signal is detected outside of the magnet room, the sampling line
length to reach the animal inside of the magnet bore should be
considered. Pulse oximetry can be more readily implemented
with MR-compatible sensors, such as those designed for neona-
tal applications. Hair removal and placement on the hind paw
(with more measurable skin surface than the forepaw) both
aid in the reliability of the pulse oximetry signal. Marmosets
with darker paw pigment may prove more difficult for reliable
readings.

Note that during fMRI sequences, altering the amount of
anesthesia may modulate the robustness of the blood oxygen
level–dependent signal;49,70 as such, these changes should be
carefully weighed against the effect of the sequence of interest.
Apart from movement, compensatory modulation of the anes-
thetic level does not generally impact non-functional sequences.
Because anesthesia affects the regulation of body temperature,
countermeasures should be in place to keep the animal warm in
MRI environments that requisitely operate at a low temperature
(with MRI electronic components adversely affected by heat).
Heated water circulation blankets work well for this in com-
bination with insulation (eg, blankets). Simple solutions, such
as fabric sacs filled with household rice, can be heated in a
microwave oven and placed next to the animal to maintain body

temperature. It is worth noting that the sparsely haired belly of
the marmoset is more susceptible to burns than other areas of
the body if such implements are overheated. Note that all of the
monitoring devices, especially those that are electrically pow-
ered, should be tested prior to use to assure that these devices
do not induce noise or otherwise impact the quality of the MRI
signal. Waveguides or other RF shielding can be employed to
reduce unwanted effects.

Fully Awake MRI
Given the aforementioned confounds of anesthesia on brain
activation, particularly with isoflurane70 and propofol,49 fMRI in
marmosets is ideally collected with the animal unencumbered
by anesthetic agents. The other obvious benefit of collecting
fMRI data in awake marmosets is that task-based designs can be
employed. With MRI being the only technique that can rapidly
image whole-brain functional topologies in vivo, task-based fMRI
in marmosets holds tremendous potential for gaining insight
into the neural correlates of behavior in this species. Acquiring
MRI with a fully awake marmoset is not a trivial task, however,
and requires training and acclimation to the MRI environment
as well as the animal being head fixed to mitigate motion. A
great deal of progress has been made in recent years to allow
for head fixation via non-invasive helmets and also via invasive
chamber implantation. An overview of these developments is
discussed in turn.

Training and Preparation

Detailed training procedures for preparing a marmoset for awake
MRI are described in.71 Generally, these procedures follow the
same timeline but may require more time to acclimate the mar-
mosets to a non-invasive restraint system or, alternatively, need
to be planned in accordance with the recovery from surgical
implantation of a head fixation device. Generally, a marmoset
can be trained for awake MRI in as little as a few weeks, but
advancements to the subsequent training step should be based
on the animal’s behavior (see behavioral rating scale in 71).
During the first phase, the marmoset can be acclimatized to the
body restraint only (ie, not head restrained) for increasingly long
periods of time, starting at 15 minutes and progressing up to an
hour in the course of a week. The marmoset should be rewarded
(eg, banana pudding, mini-marshmallows) at the start and end
of the training session. During the second phase, the marmoset
is inserted into a mock MRI tube (ie, the same diameter as the
scanner bore being used) while being restrained as described in
phase 1. With MRI being an extremely loud technique (eg, 125+
dB for an fMRI sequence at 9.4 Tesla), it is necessary to also
acclimate the animal to the periodic sounds of the MRI; this is
done by playing recorded versions of the sounds at increasingly
loud volumes, and for increasingly long durations. Again, the
marmosets should be rewarded at the start and end of the
training session. If performance is satisfactory for phase 2, then
phase 3 begins. Phase 3 involves the processes of phase 1 (body
restraint) and 2 (sounds in the mock MRI), but with the addition
of head fixation. This procedure will differ for the hardware
system used (described below) but generally should follow the
same Behavioral Response Scale described in Silva et al71 until
the marmoset is sufficiently acclimatized to the restraint system
and thus is ready for the MRI environment with minimal stress.
It is worth noting that at very high field strength (9.4 Tesla),
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Figure 3: Methods of head fixation for awake marmoset fMRI. (A) A completely non-invasive design that makes use of 3D-printed helmets contoured specifically to

each marmoset’s head morphology. (B) A chamber-based fixation system in which a 3D-printed head chamber is surgically implanted, then affixed within a clamping

system. (C) and (D) head motion (translation) for each respective design.

we have also observed strong visual nystagmus (sometimes
resulting in nausea) on the first few MRI sessions. Although
this generally seems to adapt within approximately 30 min-
utes of being within the magnet, we have found that providing
some visual stimuli on which the marmoset can fixate helps
ameliorate this effect more quickly.

Hardware Developments for Awake MRI

Several options have been shown to be effective for head
fixation during awake marmoset fMRI.38,49,55,73 Here, we discuss
the methods developed by our respective laboratories: (1)
non-invasive, custom 3D-printed helmets (Figure 3A), and
(2) surgically implanted chambers (Figure 3B). Both methods
have proven to be highly stable solutions. The first option is
customized to the morphology to each marmoset head, and
the second option is based on a one-size-fits-all chamber
system for adult marmosets (publicly available for download;
https://gin.g-node.org/everling_lab_marmosets/awake_marmo
set_fMRI_hardware). Both of these systems leverage 3D printing;
many commercially available printers are designed to print
plastics that are MRI compatible and very low cost when
considered against the cost of machining parts.74 Aside from
the cost, the other main benefit of in-house 3D printing is

that customizations to the animal bed, coil, or extensions (eg,
tactile stimulator, camera attachment) can be quickly built and
iteratively developed to fit the needs of the experiment.

Non-invasive Head Restraint. The basic concept of the non-
invasive head restraint design is depicted in Figure 3A. For
each marmoset, a 3D gradient-echo image is acquired of the
entire head and neck.71 Then, this 3D contour is transferred
via computer-aided-design software to a 3D-printed split
helmet system; the marmoset is head fixed by tightening
the 2 halves together (which are also lined with foam for
comfort). As shown in Figure 3C, this design, along with
acclimatization, allows for limitation of head movement during
fMRI acquisition; because the movements are relatively small
(typically <1 voxel), movement-related artifacts can also be
removed via nuisance regression of the estimated translation
and rotation. This is a well-vetted system, having already been
employed to map functional responses to visual,27,45 auditory,48

and somatosensory stimuli,49,75 and also functional network
topologies at rest.10,76,77 A major benefit of this design is that
it can be used to non-invasively image marmosets across
development by adapting the design as the head grows; this
feature is ideal for tracking transgenic models without incurring
the additional risk of implantation surgery.

https://gin.g-node.org/everling_lab_marmosets/awake_marmoset_fMRI_hardware
https://gin.g-node.org/everling_lab_marmosets/awake_marmoset_fMRI_hardware
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Chamber-based Head Fixation. The original idea for this design
(Figure 3B) was to adapt the chamber-based head fixation
system used for electrophysiology38,64 to the MRI environment.
Of course, with electrophysiology, the head must be extremely
stable (Figure 3D), and we have successfully implemented a
surgically implanted chamber in multiple cohorts of marmosets
for this purpose.78–81 The major challenge of implementing this
design for the MRI environment was to use an MR compatible
cement, as most types of bone cement are specifically designed
to be radio-opaque. Through the course of testing different
types of cement, we have found that several coats of adhesive
resin (All-bond Universal, Bisco, Schaumburg, IL) cured with
an ultraviolet dental curing light along with a 2-component
dental cement (C & B Cement, Bisco, Schaumburg, IL) produces
minimal artifact in MR images. Through the course of numerous
surgeries, we have found that the initial coating of the adhesive
resin greatly improves holding power, likely due to improved
biocompatibility (ie, adhesion of the cement to the resin rather
than to the skull directly).

Importantly, given that skull-attached chambers are gen-
erally accompanied by magnetic-susceptibility image artifacts
(via differences in the magnetic susceptibility between the
chamber, adhesive, air, and tissue, as well as the surgical
displacement of the skin, fat, and muscle), we recommend
mitigating this distortion by filling the chamber with a water-
based lubricant gel (MUKO SM321N, Canadian Custom Packaging
Company, Toronto, Canada) just before the MRI session begins.
This method works by moving large susceptibility mismatches
away from the brain, thereby improving B0 homogeneity in the
brain and thus decreasing geometric distortion. Although other
easily removable liquids could be used to fill the chamber, the
viscous gel allows for application to the brow ridge without
dripping into the eyes. Generally, we found that a thin film (of
approximately 2–3 mm) of the lubricant gel on the brow ridge
was sufficient to ameliorate the associated geometric distortion.

The animal holder was designed to first allow the animals
to become acclimatized to the tube design while they were
restrained with neck and tail plates (Figure 2D), then for quick
and efficient head-fixation through the use of hinged fixation
pin assemblies and a retractable clamp (via 2 elastic O-rings).
At the front of the assembly is a modular attachment that can
be switched between a camera (eg, Model 12 M-i, MRC Systems
GmbH, Heidelberg, Germany) and reward tube assembly (for
awake behavior) or a separate assembly with a mask for anes-
thetic delivery (ie, for anesthetized comparisons, or excessively
long anatomical imaging). Beyond the customizability of this
system, an advantage of this chamber-based system is that it
is completely open above the skull, allowing for either within-
scanner multimodal imaging (eg, electrophysiology) or the use
of complementary techniques outside the scanner in the same
animal.

Marmoset MRI Data Processing
Atlases and Template Spaces

To compare results across individual marmosets, it is helpful,
and arguably necessary, to register to a common 3D template
space. This is a standard practice in human, macaque, and
rodent MRI studies.82–84 For marmosets, a tremendous amount
of progress has been made in generating atlases despite the
marmoset model only recently gaining popularity for use in MRI
(Figure 1). In combination with the paper-based 2-dimensional

cytoarchitecture atlas in stereotactic space,85 a 3D version is
now available, carefully registered to an ultra-high resolution
structural image.35 Further, connectivity-based atlases are
also registered to the same volumes and surfaces for ease of
multimodal comparisons. This atlas is available at https://www.
sciencedirect.com/science/article/pii/S1053811917310182?via%3
Dihub, along with a more recently published ultra-high-
resolution white matter atlas (Figure 5).39 This work has
been developed in tandem with other large consortiums of
marmoset researchers aimed at accelerating the progress of
marmoset research through the contribution of atlas resources.
Impressive efforts from the Brain/MINDS consortium36,86

and marmosetbrain.org87,88 have allowed for unprecedented
interchangeability between MRI and other methodologies,
namely histochemical tracing. These resources are invaluable
for validating the comparability of findings across the marmoset
scientific literature. For example, they allow comparisons
between fMRI-based functional connectivity and cellular-level
structural connectivity.43

Data Analysis

One of the advantages of MRI is that it yields a similar data
structure across different species. As such, for the most part,
data analysis procedures can mirror those that have been
well established for use in humans, macaques, or rodents89—
the canonical software packages for image analysis90,91 have
been successfully employed for analysis of marmoset fMRI
studies,41,43,47 with some even including marmoset-specific
options and housing the templates described above.35 Note
that data quality, especially fMRI and diffusion tensor imaging
data, is contingent not only on the strength and sensitivity
of the hardware being used but also on having a well-tuned
sequence. For sequences leveraging accelerated acquisitions,
the phase-encoding direction can have a substantial impact
on the quality of the image as a function of the direction
chosen (ie, anterior–posterior, left–right, or superior–inferior)
and thus should be carefully examined prior to implementing
a study. With the number of channels often being limited
on small-animal MRI systems compared with clinical MRIs,
accelerated sequences in custom marmoset coils arrays may
require adapted strategies compared with MRI of macaques (for
technical details regarding the interaction between encoding
directions, geometry factor, and concomitant effects on signal
quality, see Papoti et al55).

In terms of analysis, there are a few special considerations
to take when analyzing marmoset MRI data. First, because the
eyes are disproportionally large with reference to the brain in
marmosets, they can cause non-trivial artifacts depending on
the sequence being used (related to the movement of these
large, fluid-filled bodies in close proximity to the brain). These
effects can often be removed via data-driven noise identification
techniques, such as independent component analysis.92 Second,
with the marmoset’s lissencephalic cortex and especially thin
skull (only 1–2 mm), parameters for brain extraction should be
closely examined and often need to be altered from normally
acceptable values for human or macaque images or even con-
ducted manually. Third, as is often the case in rodents, physi-
ological artifacts, such as respiration, may be more prominent
in marmosets than in humans—if possible, these parameters
should be recorded with reference to the timing of the sequence
and used as confound regressors in the analysis. As the recording
of these parameters can be difficult in fully awake animals,
data-driven noise identification and removal techniques may

https://www.sciencedirect.com/science/article/pii/S1053811917310182?via%3Dihub 
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Figure 4: Basic workflow for processing marmoset fMRI data. Note that anatomical images used for registration are manually skull-stripped, including the olfactory bulb.

be of use.92 We provide a basic example of a marmoset fMRI
processing pipeline, as shown in Figure 4.

Outlook and Conclusion

Marmoset MRI is still in its infancy compared with macaque
MRI, which has been adopted by many research groups.3,14

This is partly due to the fairly recent surge in marmoset
research, which was largely driven by the creation of the first
transgenic marmosets in 2009 by Sasaki and colleagues,28

whereas macaques have been the standard NHP model for
electrophysiological studies for more than 50 years.93 The goal of
this article was to provide an overview of the practical aspects of
implementing MRI and fMRI in marmosets with the hope to
further promote marmosets as a complementary NHP model
for studying brain functions and disorders. We believe that
the developments in hardware for data acquisition, analysis
pipelines, and brain atlases over the past 7 years have opened
up a plethora of possible future applications and directions for
marmoset fMRI.

Perhaps the most obvious application is the characterization
of global brain network changes in marmoset disease models,
ranging from surgical94,95 and pharmacological approaches96

to those using genetic modification technologies.28,30,97 For
human brain disorders, fMRI is now the primary technique
for investigating large-scale functional connectivity and task-
based activation changes.98 With high-resolution functional
acquisitions now possible following recent hardware advances,
fMRI is poised to become equally essential for characterizing
changes in brain networks in marmoset disease models. The
power of this approach is that it affords the application of the
same imaging and analysis techniques in both species. This
will allow for global phenotyping of disease models with direct
comparisons with phenotypic classifications in human patient
populations.

In an animal model such as the marmoset, non-invasive
fMRI can also be combined with invasive techniques such as
optogenetics99 and chemogenetics100 that will allow manipula-
tion of the excitatory state of selected neurons. Some of these
techniques,13 as well as more traditional approaches such as
electrical microstimulation15–18 or temporary pharmacological
inactivations,101 have already been successfully employed in
fMRI studies in macaque monkeys. Although the combination
of these invasive approaches with fMRI is probably more chal-
lenging in the smaller marmoset brain—primarily because of
magnetic-susceptibility image artifacts by probes or surgical
alterations of the skull—they are worth pursuing because they
will likely advance our understanding of functional brain net-
works in primates. Once the technical challenges are overcome,
these interventional techniques will also be valuable in probing
network changes in disease models.

With regard to non-invasive techniques, another obvious
application for MRI and fMRI is longitudinal developmental
studies. So far, there is only 1 study, by Sawiak and colleagues,50

that employed MRI to systematically investigate the growth
trajectories of cortical and subcortical regions in marmosets.
Consistent with developmental studies in humans,102,103 the
authors found that the prefrontal cortex shows late maturational
changes during adolescence. In addition, the authors showed
that the prefrontal cortex also has the greatest intraregional
variability of growth patterns. This finding is particularly
relevant for neuropsychiatric disorders, which typically have
their onset during late adolescence and early adulthood.104

Future developmental studies using resting-state fMRI and
potentially also task-based fMRI in marmosets will allow
direct comparison of neural network developments shown in
humans. Developmental MRI and fMRI studies will also be
essential in marmoset models of neuropsychiatric diseases. The
clear advantage of the non-invasive fMRI technique for these
studies is that the animals do not have to be euthanized at
different study time points, which is particularly important for
certain transgenic disease models where only a few animals
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Figure 5: (A) The marmoset brain atlas was built from a set of ex-vivo multimodal high-resolution MRI images from the male marmoset brain sample that included

multi-shell diffusion MRI, T2w, and magnetization transfer ratio (MTR). Based on the manifold local MRI contrasts, we manually delineated 54 cortical areas and 16

subcortical regions on 1 brain hemisphere. From this original version, we also created a coarser version with 13 larger cortical regions joined together based on their

spatial locations, as well as a refined version in which 106 cortical areas were determined by performing a connectivity-based parcellation using diffusion tractography.

(B) Top row: the marmoset brain parcellation based on the regional location (left), MRI segmentation (middle), and connectivity-based analysis (right). Bottom-row: the

marmoset brain parcellation based on the Paxinos atlas (left), subcortical structures (middle), and white-matter fiber pathways (right).

are available. A challenging aspect of developmental studies
in marmosets, in particular when they will be conducted in
awake animals, is the method of head-fixation; 1 solution may
be custom printed 3D helmets, as described above.

Finally, although large strides have been made in the devel-
opment of RF coils and restrain systems for awake marmoset
fMRI at ultra-high fields, a number of brain areas are still difficult
to image with current RF coils when animals are in the sphinx
position. In particular posterior parts of the primary visual cor-
tex, the cerebellum, brain stem, and thalamus usually have a
low signal-to-noise ratio related to the position of the head and
neck and the accompanying magnetic susceptibility profile.37,38

Particularly for fMRI of the cerebellum and brain stem, it might
be necessary to develop RF coils and restrain systems for the
marmoset in the supine position. Sequence development and
tuning may also improve the ability to acquire high-quality
laminar fMRI that will allow for layer-specific assessments of
activation. As more groups adopt the marmoset as a powerful
NHP model, we anticipate that MRI techniques will become an
essential tool for studying large scale neural networks in this
species.
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