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First published June 14, 2017; doi:10.1152/jn.00259.2017.—The
common marmoset (Callithrix jacchus) is a small New World primate
that is becoming increasingly popular in the neurosciences as an
animal model of preclinical human disease. With several major
disorders characterized by alterations in neural white matter (e.g.,
multiple sclerosis, Alzheimer’s disease, schizophrenia), proposed to
be transgenically modeled using marmosets, the ability to isolate and
characterize reliably major white matter fiber tracts with MRI will be
of use for evaluating structural brain changes related to disease
processes and symptomatology. Here, we propose protocols for iso-
lating major white matter fiber tracts in the common marmoset using
in vivo ultrahigh-field MRI (9.4T) diffusion-weighted imaging (DWI)
data. With the use of a high angular-resolution DWI (256 diffusion-
encoding directions) sequence, collected on four anesthetized marmo-
sets, we provide guidelines for manually drawing fiber-tracking re-
gions of interest, based on easily identified anatomical landmarks in
DWI native space. These fiber-tract isolation protocols are expected to
be experimentally useful for visualization and quantification of indi-
vidual white matter fiber tracts in both control and experimental
groups of marmosets (e.g., transgenic models). As disease models in
the marmoset advance, the determination of how macroscopic white
matter anatomy is altered as a function of disease state will be relevant
in bridging the existing translational gap between preclinical rodent
models and human patients.

NEW & NOTEWORTHY Although significant progress has been
made in mapping white matter connections in the marmoset brain
using ex vivo tracing techniques, the application of in vivo virtual
dissection of major white matter fiber tracts has been established by
few studies in the marmoset literature. Here, we demonstrate the
feasibility of whole-brain diffusion-weighted tractography in anesthe-
tized marmosets at ultrahigh-field MRI (9.4T) and propose protocols
for isolating nine major white matter fiber tracts in the marmoset
brain.

marmoset; fiber tractography; diffusion-weighted imaging

THE COMMON MARMOSET (Callithrix jacchus) is a small New
World primate that is becoming increasingly popular as an
animal model of preclinical human disease. As a primate, the
marmoset brain is structurally and functionally more similar to
the human brain than the rodent brain, with a well-developed
frontal cortex (Belcher et al. 2016; Homman-Ludiye and

Bourne 2017; Mitchell and Leopold 2015; ’t Hart et al. 2016;
Uylings and van Eden 1990; Walker et al. 2017). With the
recent advent of transgenic marmosets (Sasaki et al. 2009), the
marmoset model is well positioned to inform the translational
gap between neurological disease models in rodents and human
patients (Oikonomidis et al. 2017). As in vivo models of
neurological, neurodegenerative, and psychiatric conditions
are developed, the use of MRI to track brain changes nonin-
vasively will be crucial in the execution of these studies.

With several major disorders characterized by alterations in
neural white matter (e.g., multiple sclerosis, Alzheimer’s dis-
ease, schizophrenia), proposed to be modeled transgenically
using marmosets (Okano and Mitra 2015), the ability to isolate
and characterize reliably major white matter fiber tracts with
MRI will be of use for evaluating structural brain changes
related to disease processes and symptomatology. Diffusion-
weighted imaging (DWI) is an MRI sequence that is widely
applied in human, macaque, and rodent samples that allows for
noninvasive characterization of major white matter fibers. This
is accomplished by sensitizing the magnetic resonance signal
to molecular water diffusivity surrounding white matter struc-
tures (Basser et al. 1994). Although significant progress has
been made in mapping white matter anatomical connections in
the marmoset brain using ex vivo tracing techniques (Burman
et al. 2015; Majka et al. 2016; Reser et al. 2013; Roberts et al.
2007; Warner et al. 2015), the application of in vivo DWI has
yet to be established in the marmoset literature.

Diffusion tractography (DT) is a type of DWI data analysis
that allows for three-dimensional modeling of major white
matter structures and quantification of the structural integrity of
those tracts. DT provides a means for characterizing structural
integrity by modeling water diffusion in brain tissue (Jones and
Leemans 2011). With the modeling of translational motion of
water molecules, neuroanatomical structure can be inferred. As
water is diffusing in the brain, the microstructural environment
(e.g., cell membranes, cytoskeletons, and protein structures)
(Stejskal and Tanner 1965) influences its path in a predictable
way: collisions with microstructure result in changes in the
direction of diffusion. In regions where water can move freely,
such as in the ventricles or gray matter, diffusion is largely
isotopic: the magnitude of diffusion is equal in all direc-
tions. In white matter, however, water diffusion is restricted
by neuronal structure and thus tends to diffuse anisotropi-
cally, with the magnitude of diffusion greatest in the direc-
tion that is parallel to axons. DT relies on similarities in the
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magnitude and direction of water diffusivity across voxels,
generating virtual fiber representations across voxels with
similar diffusion profiles that ostensibly correspond to white
matter structure.

DT has been successfully applied in marmosets to isolate
specific fiber pathways in stroke (Bihel et al. 2011) and spinal
cord injury (Fujiyoshi et al. 2007, 2013). Additionally, DT has
been used to isolate neuronal fiber trajectories of visual tracts
in marmosets (Warner et al. 2015; Yamada et al. 2007);
importantly, the validity of these DT-based fiber-tract isolation
tracts was confirmed with ex vivo fiber tracing (Warner et al.
2015). To date, however, DT studies in marmosets have been
driven by tract-specific hypotheses and therefore focused on a
constricted area of interest, rather than isolating fiber tracts
across the brain. Because the marmoset model is used to study
a wide range of disorders—each with its own diverse set of
affected brain loci—systematic protocols for isolating and
constructing major fiber tracts across the marmoset brain are
needed.

Reliable protocols for isolating fiber tracts have been de-
vised for human samples through cleverly placed regions of
interest that have a low sensitivity to small variations in
user-region placement (Catani et al. 2002; Wakana et al. 2007).
These guidelines for reproducing DT-based fiber tracts have
been applied in hundreds of studies with both healthy and
diseased samples [e.g., Ellison-Wright et al. (2014); Santillo et
al. (2016); Surova et al. (2016); Tak et al. (2016)]. Within
diseased samples, these protocols are broadly applied to a range of
illnesses, from neurodegenerative diseases (Santillo et al. 2016;
Surova et al. 2016) to psychiatric disorders, such as schizophrenia
(Ellison-Wright et al. 2014). A similar protocol in marmosets
would then likely be useful for a broad audience of researchers
interested in in vivo virtual dissection of fiber tracts.

The aim of the present study was to demonstrate feasibility
of whole-brain tractography in the common marmoset using
ultrahigh-field MRI (9.4T) DWI data and to develop a protocol
for isolating major white matter fiber tracts based on easily
identified anatomical features. We used a high angular-resolu-
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Fig. 2. Anterior commissure. Fiber traces of anterior commissure (AC) are displayed in light purple (A) and overlaid on fractional anisotropy maps, color coded
[red (R), green (G), blue (B)] for the principle direction of diffusion [R � left–right (L–R), G � anterior–posterior (A–P), B � inferior–superior (I–S)]. The
region of interest for anterior commissure was drawn in the midsagittal plane. The location for region 1 (“seed”) was identified in the midsagittal slice and drawn
around the anterior commissure (A), indicated by red voxels. The resultant fiber traces from this protocol are shown for each monkey and color coded for
fractional anisotropy (C). For this figure and Figs. 3–10, left: locations of the regions are shown for monkey 3 (randomly chosen); right: tracts resulting from
these region-of-interest protocols are shown for each monkey, color coded for fractional anisotropy.

A B Fig. 1. A demonstration of fiber-tract isolation
using Boolean operator regions of interest. To
isolate the blue tracts from the cyan tracts,
“seed,” “and,” and “not” region of interests
are used (A). First, a seed region is placed
around an obligatory passage of the blue tract;
i.e., all of the fibers of the blue tract must pass
through the seed region. Second, 2 not regions
of interest were drawn to exclude fibers of the
cyan tract that also pass through the seed
region. Finally, an and region is used to iso-
late further only anteriorly facing fibers of the
blue tract. B: resultant fiber traces after apply-
ing the region-of-interest operators.
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tion DWI sequence (256 diffusion-encoding directions) in four
adult marmoset monkeys and manually isolated nine major
white matter fiber tracts using DT. These fiber-tract isolation
protocols are expected to be experimentally useful for visual-
ization and quantification of individual white matter fiber tracts
in both control and experimental groups of marmosets (e.g.,
transgenic models). As disease models in the marmoset ad-
vance, the determination of how macroscopic white matter
anatomy is altered as a function of disease state will be of
critical importance for translational research.

METHODS

Image acquisition. DWI data were acquired on four male common
marmoset monkeys (C. jacchus), aged 2.5–4.5 yr and weighing
300–450 g. Before each imaging session, anesthesia was induced in
marmosets, with 4% isoflurane in 2 l/min oxygen in a plastic chamber.
Isoflurane level was set to 1.5–3% during MRI acquisition and
maintained throughout the scan by means of inhalation [see Mundi-
nano et al. (2016) for an overview of anesthetic protocols]. Oxygen
flow rate was kept between 1 and 2.5 l/min throughout the scan.
Respiration, blood oxygen saturation level, and heart rate were mon-
itored continuously via a pulse oximeter and were observed to be
within the normal range throughout the scans. Body temperature was
also measured and recorded throughout and maintained using warm
water circulating blankets, thermal insulation, and warmed air. The
positioning of the animal in the custom-built MRI bed was imple-
mented, similar to the setup presented by Belcher et al. (2013).
Experimental procedures were in accordance with the Canadian
Council of Animal Care policy, and protocols were approved by the
Animal Use Subcommittee of the University of Western Ontario
Council on Animal Care.

DWI data were acquired using a 9.4T small animal MRI scanner,
equipped with a 12-cm gradient coil set of 400 mT/m strength

(Agilent Technologies, Santa Clara, CA). A custom in-house, two-
channel transmit coil and adjustable eight-channel receive coil were
used to accommodate a range of head sizes (from 37 to 50 mm). DWI
data for each animal were acquired with the following parameters:
number of shots � 1, repetition time � 5 s, echo time � 26 ms,
diffusion time � 12.32 ms, diffusion-encoding directions � 256 (plus
9 b � 0 s/mm2 images), b-value � 1,000 s/mm2, number of aver-
ages � 2. Each volume comprised 36 slices with an in-plane reso-
lution of 0.6 � 0.6 mm and a slice thickness of 0.6 mm. The field
of view was 48 � 48 mm, and the corresponding matrix size was
80 � 80.

Image preprocessing. Raw diffusion images were converted from
Flexible Data Format to Neuroimaging Informatics Technology Ini-
tiative format and reoriented from the sphinx position. The gradient
components in the b-vector files were also flipped and transposed to
correspond to the reorientation from the sphinx position. As an
image-quality assessment, temporal signal-to-noise ratio (TSNR) was
calculated for each scan, using procedures outline by Roalf et al.
(2016). Specifically, TSNR was calculated across diffusion-weighted
volumes (nonweighted volumes excluded) before averaging the two
diffusion runs. Across the four monkeys, TSNR was found to be
sufficiently high (mean � 7.50, SD � 1.89) compared with the qual-
ity standards set by Roalf et al. (2016). The images were then
processed using the ExploreDTI software package (Leemans et al.
2009). First, the images were converted into the.mat format and then
corrected for Eddy current-induced geometric distortions and subject
motion (with corresponding b-matrix rotation) (Leemans and Jones
2009). Whole-brain fiber tractography was conducted for each brain
using a constrained spherical deconvolution (CSD) algorithm (Jeuris-
sen et al. 2011), with the following parameters: seed-point resolut-
ion � 0.6 mm, step size � 0.3 mm, angle threshold � 30°, fiber-
length range � 1–100 mm, fiber-orientation distribution � 0.1. The
output of CSD was a fiber-orientation distribution for each voxel
across the brain from which fibers could be traced between voxels.

A
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D

Fig. 3. Cingulum. Fiber traces of cingulum are displayed in red (A) and overlaid on fractional anisotropy maps, color coded (RGB) for the principle direction
of diffusion (R � left–right, G � anterior–posterior, B � inferior–superior). Regions of interest for cingulum were drawn in the coronal plane. The location for
region 1 (“seed”) was identified in the midsagittal plane at the center of the splenium of the corpus callosum (SCC) and then drawn in a coronal slice to encompass
the anterior–posterior-oriented fibers (indicated by green voxels), just superior to fibers of the corpus callosum (indicated by red voxels; B). Similarly, region
2 (“and”) was selected at the center of the genu of the corpus callosum (GCC) and drawn in the same way as region 1, surrounding anterior–posterior-oriented
fibers (C). The resultant fiber traces from this protocol are shown for each monkey and color coded for fractional anisotropy (D).
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Fiber tractography. Fiber tractography was performed using the
ExploreDTI software package (Leemans et al. 2009). To isolate fibers
of interest, two-dimensional regions of interest were manually placed
in DWI native space on fractional anisotropy maps, color coded for
the principle direction of diffusion. The location of white matter
landmarks was based on existing anatomical knowledge in marmosets
(Hardman and Ashwell 2012; Paxinos et al. 2012) and loosely guided
by existing fiber-isolation protocols that have been shown to be
reliable in human samples (Catani and Thiebaut de Schotten 2008;
Wakana et al. 2007). To isolate fibers of interest, Boolean operator
regions of interest—“seed,” “and,” and “not”—were used (see Fig. 1,
for example). The seed regions of interest were drawn first and
encompassed obligatory passages of the tract of interest; these oblig-
atory passages are brain structures that all fibers of a tract must pass
through to reach their end points (Catani and Thiebaut de Schotten
2008). For example, an obligatory passage of the corticospinal tract is
the cerebral peduncle, and thus a seed can be drawn to encompass all
of that structure in an axial slice. Next, the and operator was used as
a second obligatory passage to isolate further the tract. To continue
with the corticospinal tract example, an and region of interest can be
drawn in the posterior limb of the internal capsule—a second oblig-
atory passage of the corticospinal tract. Additional and operators were
used as needed for further isolation. Finally, not regions were used to
exclude fibers that were not part of the tract of interest. With the
corticospinal tract, not regions could be drawn to isolate only fibers
reaching the motor cortex. Generally, we attempted to draw the seed
and and regions to be maximally inclusive, often covering entire lobes
on a given slice; this decreases the extent to which variability in user
region-of-interest placement affects fiber isolation. Finally, mean
values of diffusivity and length were extracted from each tract.

Reproducibility of fiber tracking. To quantify inter-rater reliability
of the nine fiber-tracking protocols, two raters (D. J. Schaeffer and R.
Adam), experienced in fiber tractography, preformed the protocols
independently for each monkey. Spatial overlap of tract structure

between the two raters was then assessed using analysis of spatial
matching by Cohen’s kappa (�) using a procedure described previ-
ously by Danielian et al. (2010) and Wakana et al. (2007). First, fiber
tracts were converted into a binary format (i.e., pixels containing the
tract of interest � 1, and all other pixels � 0) for each rater; then, the
two binary maps were superimposed. From this superimposition, four
different voxel categories were yielded: 1) voxels that did not contain
tracts from either rater (nn), 2) voxels that contained tracts from only
the first rater (pn), 3) voxels that contained tracts from only the second
rater (np), and 4) voxels that contained tracts from both raters (pp).
Expected and observed agreement values were then calculated using
Matlab (MathWorks, Natick, MA) [see Wakana et al. (2007) for
equations]. Spatial Cohen’s � was then calculated for each tract across
the four monkeys, with � � (observed agreement � expected agree-
ment)/(100 � expected agreement). As defined by Landis and Koch
(1977), a � value of 0.11–0.20 is considered as “slight,” 0.21–0.40
“fair,” 0.41–0.60 “moderate,” 0.61–0.80 “substantial,” and 0.81–1.00
“almost perfect” agreement.

RESULTS

Fiber tractography. Nine major fiber tracts were isolated,
based on easily identified structures: anterior commissure,
cingulum, forceps major, forceps minor, fornix, inferior fronto-
occipital fasciculus, inferior longitudinal fasciculus, superior
longitudinal fasciculus, and uncinate fasciculus. Figures 2–10
illustrate the placement of the regions of interest for each tract
on a directionally encoded fractional anisotropy map. Apart
from the bilateral tracts (i.e., anterior commissure and forceps
major and minor), all regions were drawn in the left hemi-
sphere, but identical procedures can be used to isolate the
above tracts in the right hemisphere.

A

C

E

D

BForceps Major

Fig. 4. Forceps major. Fiber traces of forceps major are displayed in dark yellow (A) and overlaid on fractional anisotropy maps, color coded (RGB) for the
principle direction of diffusion (R � left–right, G � anterior–posterior, B � inferior–superior). Regions of interest for forceps major were drawn in the sagittal
and coronal planes. The location for region 1 (“seed”) was identified in the midsagittal plane and drawn around the splenium of the corpus callosum (SCC; B).
The location for regions 2 and 3 (“and”) was drawn in a coronal slice, equidistant from the posterior edge of the SCC and the most posterior point in the brain;
region 2 covered the entire left hemisphere, and region 3 covered the entire right hemisphere (C). Finally, region 4 (“not”) was drawn in a midsagittal slice and
covered the entire slice posterior to the edge of the SCC (D). The resultant fiber traces from this protocol are shown for each monkey and color coded for fractional
anisotropy (E).
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For each tract, means and SDs were extracted for fractional
anisotropy, mean diffusivity, length, axial diffusivity, and
radial diffusivity (Table 1). Because all four monkeys were
healthy, these values could be useful as a baseline comparison
for future studies. Additionally, these values provide guiding
parameters for setting minimum and maximum fiber-tracking
parameters. For example, the present data suggest that the
fractional anisotropy threshold should be set lower for marmo-
set samples than what is typically used for fiber tracking in
humans (e.g., fractional anisotropy � 0.2) (Wakana et al.
2007). Across the brain, diffusivity values showed the follow-
ing range: fractional anisotropy � 0.17–0.43, mean diffusiv-
ity � 6.54–9.46 mm2/s (�10,000), axial diffusivity � 8.60–
13.12 mm2/s (�10,000), radial diffusivity � 5.48–8.22 mm2/s
(�10,000). Similarly, tract-length tracking parameters should
be set lower for marmoset samples, as fiber-tracking software
is typically calibrated for human samples (e.g., 50–500 mm).
Here, tract length ranged from 13.41 to 33.41 mm.

Reproducibility of fiber tracking. Cohen’s � values, which
quantified spatial agreement of tract shape (i.e., overlap be-
tween independent fiber-tracking results from 2 raters) dem-
onstrated almost perfect (� � 0.80) or substantial (� � 0.61–
0.80) agreement, with an average agreement of � � 0.88
across tracts (Table 2).

DISCUSSION

The common marmoset is becoming increasingly popular as
a research model for studying human brain diseases. Because
marmosets can be transgenically modified, they have received
considerable attention as a powerful tool for studying the

mechanisms of human brain diseases. As primates, marmosets
share characteristic features of the human brain (e.g., highly
granular frontal lobe, expanded temporal lobe), offering a
distinct advantage over rodent models (Homman-Ludiye and
Bourne 2017; Izpisua Belmonte et al. 2015; Mitchell and
Leopold 2015; Wise 2008). Marmosets also offer advantages
over Old World primates, such as macaques (e.g., Macaca
mulatta), as diseases can be modeled on a shorter time scale in
marmosets with a lower interbirth interval and faster sexual
maturation time than macaques (Kishi et al. 2014; Sasaki et al.
2009). Marmosets also have frequent chimeric twinning, which
presents tremendous potential for genetic studies (Schiel and
Souto 2017; Ward et al. 2014). As researchers begin to use
genetically modified marmosets to model human brain dis-
eases, noninvasive techniques, such as MRI, will allow for
unprecedented longitudinal tracing of disease-related brain
changes without the necessity of killing the animal.

In this study, we developed protocols for isolating nine
major white matter fiber tracts in the marmoset brain based on
ultrahigh-field MRI data. With the use of fiber tractography,
white matter fiber tracts were three dimensionally rendered
across the brain, and regions of interest were defined to isolate
anterior commissure, cingulum, forceps major, forceps minor,
fornix, inferior fronto-occipital fasciculus, inferior longitudinal
fasciculus, superior longitudinal fasciculus, and uncinate fas-
ciculus. With the generation of large regions of interest with
reference to easily identified structures (e.g., anterior commis-
sure, genu or splenium of corpus callosum), we sought to
minimize the effect of variability due to individual differences
in region-of-interest drawing (Huang et al. 2004). Indeed, we
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Fig. 5. Forceps minor. Fiber traces of forceps minor are displayed in dark green (A) and overlaid on fractional anisotropy maps, color coded (RGB) for the
principle direction of diffusion (R � left–right, G � anterior–posterior, B � inferior–superior). Regions of interest for forceps minor were drawn in the sagittal
and coronal planes. The location for region 1 (“seed”) was identified in the midsagittal plane and drawn around the genu of the corpus callosum (GCC; B). The
location for regions 2 and 3 (“and”) was drawn in a coronal slice, equidistant from the anterior edge of the GCC and the most anterior point in the brain; region
2 covered the entire left hemisphere, and region 3 covered the entire right hemisphere (C). Finally, region 4 (“not”) was drawn in a midsagittal slice and covered
the entire slice anterior to the edge of the GCC (D). The resultant fiber traces from this protocol are shown for each monkey and color coded for fractional
anisotropy (E).
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demonstrated almost perfect inter-rater reliability across the
majority of tracts, as assessed by spatial agreement of tract
shape using Cohen’s � (almost perfect agreement � � � 0.81).
These reconstruction procedures are intended to be maximally

inclusive and robust. That is, with the use of multiple large
regions of interest that included obligatory passages, we were
able to isolate the body of a given fiber tract but did not restrict
end-point distributions, which vary as a function of individual

A

B
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C

Fig. 6. Fornix. Fiber traces of fornix are displayed in magenta (A) and overlaid on fractional anisotropy maps, color coded (RGB) for the principle direction of
diffusion (R � left–right, G � anterior–posterior, B � inferior–superior). Regions of interest for fornix were drawn in the axial and coronal planes. The location
for region 1 (“seed”) was identified in the axial plane, just posterior to the posterior limb of the internal capsule (PIC; blue voxels), and drawn around the magenta voxels
that indicate a mixture of inferior–superior and medial–lateral tract trajectory (i.e., the knee of the fornix; B). The location for region 2 (“and”) was also identified in
the axial plane, just posterior to the PIC, but drawn in the coronal plane to surround anterior–posterior-oriented fiber traces (green voxels), just lateral to fiber traces of
the corpus callosum (CC; C). The resultant fiber traces from this protocol are shown for each monkey and color coded for fractional anisotropy (D).

A
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B

Fig. 7. Inferior fronto-occipital fasciculus. Fiber traces of inferior fronto-occipital fasciculus are displayed in green (A) and overlaid on fractional anisotropy maps,
color coded (RGB) for the principle direction of diffusion (R � left–right, G � anterior–posterior, B � inferior–superior). Regions of interest for inferior
fronto-occipital fasciculus were drawn in 3 planes (coronal, sagittal, and axial). The location for region 1 (“seed”) was identified in the midsagittal plane,
immediately posterior to the splenium of the corpus callosum (SCC), and was drawn in the coronal plane to cover the entire hemisphere (B). The location of
region 2 (“and”) was identified and drawn in the axial plane around voxels of the external capsule (C). Finally, region 3 (“not”) was drawn in the midsagittal
plane to exclude fibers of corpus callosum that mixed with the anterior portion of the inferior front-occipital fasciculus (D). The resultant fiber traces from this
protocol are shown for each monkey and color coded for fractional anisotropy (E).
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anatomy and fiber-tracking algorithm stringency (Christidi et
al. 2016). As the voxel resolution of DWI in marmosets
increases, and a comprehensive white matter atlas is developed
(Majka et al. 2016), researchers will be better able to refine the
specificity of these protocols, as dictated by their needs.

The present fiber-tracking results highlight the parallels
between human and marmoset white matter architecture. The
marmoset association tracts (i.e., those connecting different
areas of the cortex) shown here bear surprising resemblance to
human association tracts [see Catani et al. (2002); Hua et al.
(2008); Wakana et al. (2007)]. Recent resting-state functional
MRI work in marmosets suggests evolutionary preservation of
brain connectivity in marmosets, demonstrating clear ho-
mologs in functional connectivity between marmosets and
humans (Belcher et al. 2013, 2016; Ghahremani et al. 2017).
This can be contrasted to rodent models that show a lower
degree of frontal connectivity (Jonckers et al. 2011). Between
the homologous parallels in marmoset connectivity and the
ability to model diseases in this small nonhuman primate, the
marmoset holds tremendous promise for studying neuropsy-
chiatric and neurodegenerative disorders.

Human homologs of the frontally connected tracts shown
here (e.g., cingulum, uncinate fasciculus, and superior longi-
tudinal fasciculus) have been implicated in major psychiatric
disorders. For example, altered white matter integrity of supe-
rior longitudinal fasciculus is associated with autism spectrum
disorder (Libero et al. 2016), and altered integrity in uncinate
fasciculus and superior longitudinal fasciculus is related to
cognitive symptomology in schizophrenia (Karlsgodt et al.
2008; Kubicki et al. 2002; Schaeffer et al. 2015). The ability to
track frontally mediated sequelae of neuropsychiatric models
in marmosets has the potential to provide insight to the nature

of these behavioral abnormalities. Indeed, the pursuit of genet-
ically modified marmosets to model autism spectrum disorder,
schizophrenia, and degenerative disorders, such as Alzheimer’s
and Parkinson’s diseases, is occurring (Okano et al. 2016; ’t
Hart et al. 2016). As one of the first few studies to track these
frontally connected white matter fibers in the marmoset using
fiber tractography, we expect that the fiber-isolation protocols
presented here will be useful for examining the existence of
such deficits in marmoset disease models.

Given the small size of the marmoset brain, it is necessary to
image at comparatively high spatial resolution (180 times
smaller than the human brain) to resolve tract structures (Sol-
omon and Rosa, 2014; Uylings and van Eden 1990). Small-
bore animal MRI scanners (i.e., those typically used for rodent
studies) offer clear advantages over clinical MRI systems, with
purpose-built hardware (e.g., head coils), higher field strengths,
and higher signal-to-noise ratios. In rodents, ultrahigh resolu-
tion fiber-tracking data have been achieved in vivo (�0.15 mm
in-plane) using 9.4T small bore scanners (Cai et al. 2011;
Harsan et al. 2010). The attainment of data at such a high
resolution, however, is not only equipment dependent but
comes at the cost of long scan times (i.e., multishot sequences
with long repetition times) that are not optimal for live mar-
mosets. Here, we used a single-shot echo-planar imaging
sequence with a reasonably high resolution (0.6 mm isotropic)
and a short total scan time of ~22 min (44 min, with 2
averages). With a short repetition time of 5 s, a high angular-
resolution sequence was achieved (256 diffusion-encoding
directions), which allowed for the use of multifiber/voxel
modeling (CSD) (Jeurissen et al. 2011) and thus estimation of
multiple intravoxel fiber populations.

A

B

D

C

Fig. 8. Inferior longitudinal fasciculus. Fiber traces of inferior longitudinal fasciculus are displayed in cyan (A) and overlaid on fractional anisotropy maps, color
coded (RGB) for the principle direction of diffusion (R � left–right, G � anterior–posterior, B � inferior–superior). Regions of interest for inferior longitudinal
fasciculus were drawn in the coronal plane. The location for region 1 (“seed”) was identified in the midsagittal plane, immediately posterior to the splenium of
the corpus callosum (SCC), and was drawn in the coronal plane to cover all of the hemisphere inferior of the corpus callosum (CC; B). The location of region
2 (“and”) was identified in the midsagittal plane at the level of the anterior commissure (AC) and drawn in the axial plane to cover the entire temporal cortex
(C). The resultant fiber traces from this protocol are shown for each monkey and color coded for fractional anisotropy (D). Note that the fiber traces of inferior
longitudinal fasciculus and inferior frontal-occipital fasciculus (Fig. 7) show a large degree of overlap; although anatomically separate, the posterior portion of
these fiber tracts cannot be fully delineated at the present resolution.
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Fig. 10. Uncinate fasciculus. Fiber traces of uncinate fasciculus are displayed in blue (A) and overlaid on fractional anisotropy maps, color coded (RGB) for the
principle direction of diffusion (R � left–right, G � anterior–posterior, B � inferior–superior). Regions of interest for uncinate fasciculus were drawn in the
coronal plane. The location for region 1 (“seed”) was identified by locating the most posterior coronal slice in which frontal and temporal cortices were separated
and covered the entire temporal lobe in that slice (B). The location for region 2 (“not”) was drawn, immediately posterior to the knee of the uncinate fasciculus
at the level of the anterior commissure (AC; C); region 2 served to exclude tracts (e.g., inferior frontal-occipital fasciculus) that have adjacent projections to the
superior portion of the uncinate fasciculus (i.e., those innervating frontal cortex). Finally, region 3 (“and”) was drawn in a coronal slice, immediately anterior
to the genu of the corpus callosum (GCC) and covered the entire hemisphere (D). The resultant fiber traces from this protocol are shown for each monkey and
color coded for fractional anisotropy (E).

A

B

D

C

Fig. 9. Superior longitudinal fasciculus. Fiber traces of superior longitudinal fasciculus are displayed in yellow (A) and overlaid on fractional anisotropy maps, color
coded (RGB) for the principle direction of diffusion (R � left–right, G � anterior–posterior, B � inferior–superior). Regions of interest for superior longitudinal
fasciculus were drawn in the coronal and axial planes. The location for region 1 (“seed”) was identified in a coronal slice at the level of the anterior commissure (AC;
A) and drawn around anterior–posterior-oriented fiber traces of the superior longitudinal fasciculus, as identified by green voxels, immediately lateral to fiber traces of
the corpus callosum (red voxels; B). Region 2 (“and”) was drawn in an axial slice, ~1 mm from the most superior point of the brain, and encompassed the entire
hemisphere in that slice (C). The resultant fiber traces from this protocol are shown for each monkey and color coded for fractional anisotropy (D).
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These protocols should be used with the following caveats in
mind. As an indirect measure of white matter at a macroscopic
resolution (0.6 mm isotropic here), DWI is fundamentally
limited in the ability to detect true fiber structure, particularly
in voxels that include tissues other than white matter (e.g., gray
matter, vasculature). Here, we chose to focus on major white
matter fiber tracts based on their size and high level of
anisotropy, but some other tracts (e.g., thalamic afferents)
could not be reliably detected at the present resolution. As
such, direct labeling of these tracts [e.g., Roberts et al. (2007);
Warner et al. (2015)] remains a superior method for studies
that necessitate a high level of anatomical accuracy. Recent
two-photon laser microscopy work in mice, however, suggests
that the canonical DWI-derived measure of white matter
integrity (fractional anisotropy) in major white matter tracts
shows a strong correlation with directly labeled axonal ele-
ments (Chang et al. 2017). This work suggests that DWI-
derived fibers are likely most accurate in areas of coherently
organized, densely myelinated structures (e.g., corpus callo-

sum) but less accurate as tract structures branch into smaller
fiber bundles. There is also a nontrivial amount of variability in
reconstruction results that stem from image quality (e.g., poor
SNR, artifacts, motion) and reconstruction patterns (e.g., com-
plexity of fiber-orientation modeling, fiber-tracking parame-
ters) (Huang et al. 2004). In this study, we sought to ameliorate
such effects through the use of ultrahigh-field MRI; a custom-
built, multichannel head coil; and a high angular-resolution
sequence paired with a multifiber/voxel reconstruction protocol
(i.e., CSD). Because the aforementioned pitfalls are a function
of voxel resolution and SNR, these sources of variance will
likely be mitigated as MRI hardware and sequences improve
(e.g., higher SNR, higher spatial resolution protocols) (Roe-
broeck et al. 2008).

In summary, the present manuscript documents protocols for
isolating nine major white matter fiber tracts in the common
marmoset brain using DWI data and fiber tractography. To our
knowledge, this is the first study to provide guidelines for
conducting whole-brain fiber tractography in a marmoset sam-

Table 1. Tract diffusivity values and length across 9 fiber tracts

Anterior
Commissure Cingulum

Forceps
Major

Forceps
Minor Fornix

Inferior Fronto-
Occipital Fasciculus

Inferior Longitudinal
Fasciculus

Superior Longitudinal
Fasciculus

Uncinate
Fasciculus

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Fractional anisotropy
Monkey 1 0.32 0.13 0.24 0.08 0.42 0.22 0.39 0.17 0.30 0.12 0.35 0.15 0.31 0.14 0.29 0.06 0.20 0.07
Monkey 2 0.37 0.14 0.29 0.09 0.43 0.23 0.38 0.18 0.29 0.13 0.38 0.15 0.32 0.15 0.34 0.10 0.21 0.09
Monkey 3 0.38 0.13 0.28 0.10 0.37 0.14 0.31 0.12 0.31 0.12 0.37 0.11 0.32 0.14 0.31 0.09 0.19 0.07
Monkey 4 0.35 0.13 0.29 0.08 0.39 0.19 0.40 0.17 0.29 0.12 0.38 0.15 0.29 0.13 0.31 0.10 0.17 0.08
Average 0.36 0.13 0.28 0.09 0.40 0.20 0.37 0.16 0.30 0.12 0.37 0.14 0.31 0.14 0.31 0.09 0.19 0.08

Mean diffusivity,
mm2/s, �10,000

Monkey 1 7.93 0.71 7.87 0.47 7.96 0.77 8.94 1.29 9.46 1.70 7.82 0.65 7.81 0.91 7.85 0.34 8.44 0.67
Monkey 2 7.47 0.82 7.63 0.82 8.12 1.84 8.51 0.86 8.87 1.78 7.58 0.63 7.66 0.54 7.48 0.55 8.28 0.52
Monkey 3 7.30 0.79 6.64 0.99 7.78 0.82 7.97 1.13 7.97 1.13 7.03 0.76 7.01 1.04 6.54 0.78 8.35 1.67
Monkey 4 7.72 0.73 7.14 0.60 7.98 1.76 8.09 1.02 9.10 2.28 7.44 0.65 7.75 0.67 7.36 0.57 9.07 1.13
Average 7.61 0.76 7.32 0.72 7.96 1.30 8.38 1.08 8.85 1.72 7.47 0.67 7.56 0.79 7.31 0.56 8.54 1.00

Length, mm
Monkey 1 32.74 9.49 18.04 2.56 26.97 4.03 17.21 1.97 19.44 3.97 27.30 4.40 23.83 2.01 13.60 5.35 15.32 3.44
Monkey 2 33.18 12.19 18.77 3.31 24.99 2.74 17.12 2.28 25.18 6.21 24.25 3.14 20.62 3.20 18.29 2.22 15.18 2.20
Monkey 3 33.41 9.30 16.04 3.33 20.56 3.18 13.41 6.78 13.41 6.78 27.08 3.75 20.00 5.71 15.23 2.53 14.83 3.76
Monkey 4 29.01 10.83 18.13 3.17 22.65 1.84 18.28 0.93 23.41 7.45 21.33 2.62 17.37 2.46 15.10 1.48 19.92 1.34
Average 32.09 10.45 17.75 3.09 23.79 2.95 16.51 2.99 20.36 6.10 24.99 3.48 20.46 3.35 15.56 2.90 16.31 2.69

Axial diffusivity,
mm2/s, �10,000

Monkey 1 10.79 1.33 9.80 0.86 12.14 3.10 13.12 2.87 12.67 2.40 10.97 1.47 10.50 1.21 10.20 0.83 10.27 0.85
Monkey 2 10.76 1.53 9.95 1.07 12.53 3.18 12.36 2.66 11.80 2.41 11.00 1.57 10.49 1.49 10.00 0.80 10.06 1.04
Monkey 3 10.53 1.50 8.60 1.35 11.21 2.12 10.81 2.09 10.81 2.09 9.95 1.37 9.49 1.51 8.67 1.20 9.91 2.14
Monkey 4 10.79 1.32 9.22 1.01 11.87 3.34 12.05 2.76 12.05 2.81 10.77 1.77 10.31 1.45 9.76 1.09 10.76 1.49
Average 10.72 1.42 9.39 1.07 11.94 2.94 12.09 2.60 11.83 2.43 10.67 1.55 10.20 1.42 9.66 0.98 10.25 1.38

Radial diffusivity,
mm2/s, �10,000

Monkey 1 6.50 1.13 6.90 0.75 5.87 1.63 6.84 1.57 7.85 1.76 6.24 1.22 6.46 1.40 6.67 0.73 7.52 0.90
Monkey 2 5.83 1.20 6.47 1.10 5.91 2.37 6.58 1.42 7.40 1.88 5.88 1.13 6.25 1.05 6.22 1.03 7.39 0.80
Monkey 3 5.68 1.09 5.66 1.16 6.06 1.10 6.56 1.19 6.56 1.19 5.58 0.97 5.77 1.35 5.48 0.96 7.57 1.60
Monkey 4 6.19 1.12 6.09 0.79 6.04 1.84 6.11 1.28 7.62 2.31 5.78 0.96 6.47 1.04 6.17 0.89 8.22 1.23
Average 6.05 1.14 6.28 0.95 5.97 1.74 6.52 1.37 7.36 1.79 5.87 1.07 6.24 1.21 6.14 0.90 7.68 1.13

Table 2. Spatial � overlap values (inter-rater reliability) across 9 fiber tracts

Anterior
Commissure Cingulum

Forceps
Major

Forceps
Minor Fornix

Inferior Fronto-
Occipital Fasciculus

Inferior Longitudinal
Fasciculus

Superior Longitudinal
Fasciculus

Uncinate
Fasciculus

Monkey 1 0.911 0.884 0.917 1.000 0.804 1.000 0.843 0.872 0.848
Monkey 2 0.877 0.794 0.872 0.857 0.819 0.938 0.874 0.822 0.732
Monkey 3 0.761 0.851 0.937 0.957 0.846 0.926 1.000 0.920 0.820
Monkey 4 0.887 0.881 0.909 1.000 0.784 0.921 0.783 0.975 0.837
Average 0.859 0.853 0.909 0.954 0.813 0.946 0.875 0.897 0.809

Cohen’s kappa (�) value of 0.11–0.20 is considered as “slight,” 0.21–0.40 “fair,” 0.41–0.60 “moderate,” 0.61–0.80 “substantial,” and 0.81–1.00 “almost
perfect” agreement.
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ple. The present results corroborate evidence of evolutionary
preservation of functional brain connectivity in the marmoset
(Ghahremani et al. 2017), albeit some specific connectivity
differences do exist [see Burman et al. (2014)], and give further
credence to the use of marmosets as nonhuman primate ho-
mologs to study human brain disease. As researchers leverage
the genetic proximity of marmosets and humans to study
intractable brain diseases, we expect that these protocols will
be useful for characterizing alterations in neural white matter in
both healthy and diseased states.
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