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a b s t r a c t
Over the past 10-20 years, neuroscience witnessed an explosion in the use of non-invasive imaging methods, particularly magnetic resonance imaging (MRI), to
study brain structure and function. Simultaneously, with access to MRI in many research institutions, MRI has become an indispensable tool for researchers and
veterinarians to guide improvements in surgical procedures and implants and thus, experimental as well as clinical outcomes, given that access to MRI also allows for
improved diagnosis and monitoring for brain disease. As part of the PRIMEatE Data Exchange, we gathered expert scientists, veterinarians, and clinicians who treat
humans, to provide an overview of the use of non-invasive imaging tools, primarily MRI, to enhance experimental and welfare outcomes for laboratory non-human
primates engaged in neuroscientiﬁc experiments. We aimed to provide guidance for other researchers, scientists and veterinarians in the use of this powerful imaging
technology as well as to foster a larger conversation and community of scientists and veterinarians with a shared goal of improving the well-being and experimental
outcomes for laboratory animals.

1. Non-invasive imaging methods are used in experimental and
clinical settings
In the neuroscientiﬁc laboratory setting there are three key reasons
why non-invasive imaging is performed. The ﬁrst reason is experimental. Some imaging methods allow for measurement of structure and
function of large areas, if not the whole brain, of non-human primates
(NHP; our focus here is on species of monkey such as rhesus and marmoset, rather than great apes). Imaging procedures can be performed
while the subject is under anesthesia or while alert and performing behavioral tasks - just as typically used in human experimental neuroscience - and allowing for a deeper understanding of brain areas across
primate species and their relationship to behavior. The second reason
is a consideration of laboratory animal welfare. Imaging is used to reﬁne experimental methods and techniques. For example, modern day
magnetic resonance imaging (MRI) scanners are commonplace in many
large research institutions and can be used to reﬁne surgical implantation procedures as well as improve precision of experimental targets for
manipulation, in much the same way that imaging is used to guide neurosurgeons who perform resections to treat people with brain tumors
✩
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and epilepsy or implant deep brain stimulation electrodes to treat people with Parkinson’s disease. The third reason for using imaging in the
neuroscientiﬁc laboratory setting is to perform clinical assessments to
prevent or treat neurological impairment and improve the well-being
and health of laboratory monkeys, again, in much the same way as used
in people to inform a diagnosis and guide treatments of brain disease.
In what follows we review some fundamentals of two of the most common non-invasive imaging methods used in the neuroscientiﬁc laboratory setting, magnetic resonance imaging (MRI) and computerized tomography (CT). Although X-radiography is often more readily available
than MRI, the lack of three-dimensional imaging makes traditional Xrays less useful in applied neuroscience. Positron emission tomography
(PET) provides useful functional information, but raises issues related
to handling and transport of radioactive material and radiation containment for housing animals. Ultrasonography is cost eﬀective, but has limitations due to the bony cranial vault in adult monkeys, in which sound
wave pulses do not penetrate. Therefore, we brieﬂy review CT but focus
mainly on MRI. Next, we discuss the use of MRI for surgical planning,
implant design, targeting of brain areas and reconstruction of electrode
penetrations as used in electrophysiological experiments. We review the
use of anesthesia as well as provide some guidance based on the knowledge and experience of our veterinarian and clinician collaborators, and
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structures and thus appears bright, or hyperdense (Fig. 1). Associated vasogenic edema, due to abundant water content, will appear hypodense.
Thus, acute parenchymal bleeds will typically appear as central hyperdensity surrounded by a ring of hypodense (dark) edema. Subarachnoid
blood is also bright (hyperdense) on CT, but found within the sulci and
basal cisterns rather than within the brain parenchyma. If abundant,
subarachnoid blood can result in hydrocephalus, with expansion of the
ventricles. Subdural blood is also extra-axial and crosses suture lines
and is typically crescentic in shape. Epidural hematomas are often more
focal, bi-convex or lentiform (lens shaped), and do not cross calvarial
sutures. Subdural and epidural blood can both cause substantial mass
eﬀect with sulcal eﬀacement, shifting of midline structures away from
the hematoma, and narrowing or complete eﬀacement of the basal cisterns. Substantial mass eﬀect, often resulting in herniation of various
brain structures, is associated with high levels of morbidity and mortality. With time (1–3 weeks) a hematoma diminishes in density, becoming isodense relative to brain tissue and, eventually hypodense (>3
weeks) to normal brain. Regions of hypodensity within the brain lasting longer than 1 month can result from gliosis or encephalomalacia
following blood resorption.
Intravascularly injected iodine-based compounds can also be used
with CT. These agents are much denser than brain tissue. Thus, iodinated contrast agents improve vascular visualization and can also be
used to illustrate areas of blood-brain barrier breakdown. As some tumors and abscesses can have regions of compromised vascular integrity,
iodinated contrast agents will leak into, and accumulate in, the surrounding interstitium, resulting in increased conspicuity of these lesions
on post-contrast exams. Conversely, contrast injection can obscure some
hyperdense abnormalities such as hemorrhage, as the increased density
due to the contrast can obscure that associated with blood products.

Fig. 1. Example axial (horizontal) CT image from a human showing the hyperdense signal arising from the bony skull and an intraparenchymal hemorrhage.

we review the use of MRI to detect brain pathology in laboratory monkeys. Monkey surgery and anesthesia beneﬁt directly from the major
advancements in human clinical neurosurgery and from the recent advancements in human clinical anesthesia. Finally, we brieﬂy introduce
the new area of using MRI to enhance the welfare of laboratory monkeys. For further discussion of integrating metadata with imaging data
to improve well-being, we refer the reader to Poirier et al., this issue.
1.1. Computerized tomography (CT)
Computerized tomography (CT) is based on ionizing radiation in
the form of X-rays. In contrast to traditional radiographs which provide a single image per each exposure, CT allows for the X-ray beam
to move around the patient, acquiring data sets that are reconstructed
to form multiple tomographic images in multiple planes with speciﬁed
slice thicknesses. These image data sets can be reconstructed using various algorithms or kernels to optimize visualization of soft tissue, bone,
and other important structures. CT scanning is fast, with datasets acquired on the order of seconds, which is highly advantageous in many
settings, such as a compromised patient. Because CT is based on X-ray
technology, the amount of energy absorbed, and ultimately image generation, depends on tissue electron density. Dense structures such as
bone appear, by convention, white, whereas less dense regions such as
those containing air appear black. Thus, structures are based on density
relative to soft tissue: isodense (gray), hyperdense (white) and hypodense (black). Brain and surrounding tissues are composed of varying
amounts of lipid, water and bone. Lipid or fat is less dense than water
and, therefore, myelin with its high lipid content appears darker than
gray matter, which has higher water content. Bone appears white because it is much denser than either lipid or water (Fig. 1). Additionally,
there are algorithms that can be used to reconstruct image data to emphasize bone, lipid, etc., depending on the area of interest. Indeed, CT
imaging is generally preferred to other forms of imaging for assessment
of bone.
Diﬀerent parameters govern the quality and the achievable spatial
resolution of a CT examination, including, the voltage of the energy
source, the acquisition time, the number of available detectors, the mode
of acquisition and the beam spot size (Goldman, 2007). Typical CT scans
of the monkey head are able to produce in-plane resolutions below
0.5 mm and slice thicknesses below 1 mm (Chen et al., 2017). In CT
images, smaller lesions with density similar to normal tissue (isodense)
can be challenging to detect. Successfully imaging the posterior fossa
can be particularly diﬃcult due to potential artifacts from surrounding
hyperdense bone, obscuring brainstem and cerebellar abnormalities. CT
scans, however, have high sensitivity for detecting acute hemorrhage.
As blood coagulates it becomes denser, exceeding that of normal brain

1.2. Magnetic resonance imaging (MRI)
Magnetic resonance imaging (MRI) uses perturbation of tissue magnetization by radio waves, and thus does not rely on nucleic aciddamaging ionizing radiation utilized by CT. MRI is designed to generate images based on protons in water and, to a lesser degree, in fat.
MRI has a number of advantages over CT, particularly in the ability to
use multiple “pulse sequences” that generate various tissue contrast in
a fundamentally diﬀerent way than CT. These pulse sequences can be
tailored to highlight a vast array of abnormalities, some of which are
diﬃcult, if not impossible, to detect with CT. MRI can also provide high
quality structural images of the brain with submillimeter resolution and
much better visualization of the distinction between white and gray matter, white matter tracts, deep nuclei and various other structures than
that aﬀorded with CT. MRI is more resistant to degradation by boneassociated artifact than CT, allowing for better visualization of posterior
fossa structures. MRI is not superior to CT for all imaging applications,
however; for instance, acute blood can be more diﬃcult to image with
MRI than CT, as a hematoma visualized by MRI can have a signal intensity closely matching the surrounding brain on some common pulse
sequences. Nevertheless, newer pulse sequences have improved the detection of blood and blood degradation products on MRI. Bony anatomy,
is poorly depicted by MRI, but as mentioned above, can be imaged with
outstanding resolution and detail with CT.
MRI depends on fat and water content, and images are described in
terms of signal intensity (rather than density as with CT); isointense, hyperintense, and hypointense. The most common images used in MRI are
referred to as T1 and T2 weighted images, which are based on intrinsic
properties of tissues and are used to generate contrast (Pooley, 2005).
T1 weighted images are highly sensitive to fat content, and constructed
so that areas of high lipid content such as white matter, are bright (or hyperintense). Conversely, ﬂuid such as CSF will be dark (or hypointense)
on T1-weighted images (Fig. 2, left). As with CT, injected contrast agents
can be used to highlight some pathologies, particularly those that generate blood brain barrier breakdown. For MRI, contrast agents are based
2
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sequence that may be beneﬁcial in distinguishing these two entities is
diﬀusion-weighted images, which are bright in regions where the molecular motion of water is reduced. This can occur within abscesses but
is rarely evident in tumors. Thus, although not necessarily a speciﬁc
imaging marker of abscess, there is a high positive predictive value for
diﬀusion signal abnormality in the appropriate clinical setting.
1.3. Using MRI for pre-surgical planning
In clinical human neurosurgery, MRI is routinely used to plan the
surgical approach. Pre-surgical planning in NHP neuroscientiﬁc experiments using MRI has increased signiﬁcantly over the last two decades.
It is now routine in many laboratories for MRI to be performed prior
to invasive procedures to improve and optimize targeting accuracy for
experiments involving procedures such as electrode insertion or compound injections. Using imaging technology to reﬁne experimental procedures and reduce the number of animals used in research where possible, helps to fulﬁl our ethical responsibilities as laboratory animal users
(Russell and Burch, 1959).
Traditionally, before the routine use of MRI, the stereotaxic frame a version of which was ﬁrst introduced by Horsley and Clarke in 1908
- was used as a tool for targeting brain regions in the NHP along with
a 3D coordinate system, anterior-posterior; medial-lateral and dorsalventral. Using the stereotaxic method, neurosurgical planning relied on
3D stereotaxic coordinates derived from paper atlases representing cytoarchitecture analyzed from a single subject taken from histological
brain slices in the interaural plane (Paxinos et al., 2000; Paxinos et al.,
2008; Saleem and Logothetis, 2007; Snider and Lee, 1961; Szabo and
Cowan, 1984). Even in combination with early MRI, atlases aided target localization when imaging technology had insuﬃcient resolution.
Although digital atlases with improvements in nonlinear registration
to speciﬁc NHP brains have been realized more recently (Frey et al.,
2011; Reveley et al., 2017), these digital data still refer back to individual anatomical boundaries. The boundaries are determined from a
very small number of animals and therefore the resulting coordinate
systems are not always reliable. Ventriculoradiography is another traditional method used to provide anatomical information. Ventriculoradiography requires surgical inﬁltration of iodine-based compounds into the
foramen of Munro (Crawford et al., 1989; Gearing and Terasawa, 1988).
In experienced hands, this approach added valuable information for the
neurosurgical approach, and was successfully used to place indwelling
electrodes for short-term studies. However, ventriculography is an invasive and risky procedure that is not often used in clinical stereotaxy.
Moreover, ventriculographic guidance is indirect because brain targets
are not visualized.
With the introduction of MRI-compatible stereotaxic frames, surgical planning in NHPs has become easier (Alvarez-Royo et al., 1991;
Maciunas and Galloway, 1989; Saunders et al., 1990), although issues
with getting the animal into the exact same frame position for surgery as
during the MRI scan is impossible and can lead to errors in registration
(Dubowitz and Scadeng, 2011). This is a problem of repeat ﬁxation for
stereotactic procedures. The targeting errors may only be a few millimeters, but when targeting small nuclei, small errors have large impacts
on the accuracy of the procedure, as the mouth piece position induces
further diﬀerences in ﬁnal head positioning. Furthermore, limitations
with the size of the animal and placement of radio-frequency (RF) coils
around the frame to get adequate signal from the NHP brain can make
scanning with a frame problematic. To improve on surgical targeting
when using a stereotaxic frame in the MRI, the animal should be transported immediately to the surgical suite after the scan so that the reference frame is kept in place to prevent positioning error. This, however,
is not feasible in many institutions, not to mention that errors compound
and time is lost when complicated equations need to be calculated for
trajectories to target areas that are not perpendicular to the skull or
to the imaging plane. High deﬁnition video cameras or even lasers are
starting to be used in human neurosurgery to co-register patients in the

Fig. 2. Example horizontal sections showing a T1 (left) and T2 (right) weighted
images from a human brain. Note CSF hyperintensity in the T2 image and hypointensity in the T1 weighted image.

Fig. 3. Coronal T1 weighted post contrast image of an intraparenchymal abscess
in a human brain.

on the rare earth metal gadolinium, rather than iodine. Gadolinium alters the T1 properties of tissue, resulting in “T1-shortening” which is typically demonstrated as increased signal intensity in any location where
gadolinium accumulates. Gadolinium has less eﬀect on T2-weighted images and so is typically only used with T1-weighting. T2 weighted images are more sensitive to water content, thus CSF is bright, as are areas
of edema. Areas of lower water content such as the brain are less intense. (Fig. 2, right). T2 signal intensity is not always the reverse of
T1-weighting, however. For instance, depending on the speciﬁc pulse
sequence employed, subcutaneous fat is often bright on both T1 and
T2-weighted images. Similarly, extracellular methemoglobin, found in
subacute to chronic hematomas, will also be bright with both T1 and T2
weighted images.
An advantage of the MRI examination is the ability to use an array of
pulse sequences to image a single body part, but with multiple forms of
tissue contrast. For instance, techniques that employ “fat suppression”
can reduce signal intensity in fat-rich regions, possibly leaving only the
signal from underlying abnormalities, thus potentially increasing sensitivity for various pathologies. Alternatively, as many diseases manifest
themselves by an increase in water content, water-sensitive sequences,
typically T2-weighted, can be applied to detect subtle changes in tissue architecture indicative of underlying disease. The exact nature of
the pathology can be diﬃcult to determine as imaging ﬁndings can be
non-speciﬁc. For example, infections and tumors potentially have many
common imaging features. They are both space-occupying lesions with
the potential for substantial mass eﬀect, they may both generate perilesional edema demonstrated by increased peripheral T2-weighted signal
intensity, and may both enhance with gadolinium contrast agents, secondary to break-down of the blood brain barrier (Fig. 3). One pulse
3
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operating room to the MR images by scanning facial or head features and
superimposing these onto existing reconstructions of the same areas; a
type of non-contact registration with distance measuring (Willems et al.,
2001; Schlaier and Brawanski, 2002; Raabe et al., 2002; Shamir et al.,
2009). Although this works fairly well for large human heads and faces,
the resolution is not high enough yet, for use in the smaller monkey.
In addition, updating MR images to an animal’s brain in surgery may
eventually be possible with the use of new imaging co-registration technologies. For instance, although somewhat experimental, some human
neurosurgeons are using hand-held ultrasound technology co-registered
to the MRI patient data to update the MR images in real-time (Park et al.,
2017). This is extremely useful when brain shift occurs. These hand-held
ultrasound probes are becoming smaller, however, a large craniotomy
is still required as ultrasound attenuates through bone and thus, this
approach remains experimental.
As surgical planning and imaging continue to evolve, accuracy and
ﬂexibility using a frameless image-guided system for NHP targeting is
seen as an advantage to rigid frame-based systems. This technology is
also called neuronavigation. Neuronavigation was developed successfully in human clinical neurosurgery and became a routine equipment
in hospital operating rooms (Enchev, 2009). Neuronavigation systems,
which use the MRI scan and ﬁducial markers that are placed on the NHP
prior to imaging, allow the researcher to plan target locations and trajectories eﬀortlessly, only to access these structures at a later date in the
operating suite with real-time precision (Frey et al., 2004). Neuronavigation assistance improves guidance and localization during craniotomy
procedures, and ultimately improves patient outcome (Enchev, 2009).
More recently, use of intraoperative MRI for targeting has also been
used for accurate target positioning in the NHP. In this case, preliminary anatomical scans are acquired and targets can be reached using
MRI compatible devices while inside the bore of the scanner. New scans
are acquired to check for targeting accuracy, and modiﬁcations can be
made immediately on the bed of the MRI to correct targets or trajectories, something that is critical especially if brain shift occurs after a
craniotomy. However, working closely within the conﬁnes of the MRI
ﬁeld as well as using MRI compatible devices and tools, not to mention
the high costs associated with this type of surgery, makes this type of
surgery unattainable for most NHP researchers (Emborg et al., 2010). Although individual anatomical diﬀerences exist between animals, there is
still a degree of certainty when it comes to structures based on cytoarchitectonic boundaries between sulcal and gyral patterns in the NHP brain
(Amiez et al., 2019). In this regard, it is advantageous for researchers
in the presurgical planning phase to be able to visualize and accurately
target regions of interest using MRI images in their research animals
prior to surgery. More importantly, it is extremely beneﬁcial to have
computer software that can accept the relevant imaging data, including atlases, and allow for recreations of implants or simulations of devices down to deep brain areas (Fig. 4) (Frey et al., 2004; Ohayon and
Tsao, 2012).
That same software needs to be able to guide the researcher in placing the implants or devices into the correct location during surgery
as well. Both task-based and resting-state blood-oxygenation-leveldependent (BOLD) fMRI can also be used as powerful tools when planning for more invasive experimentation in the NHP brain (Fig. 5).
Whether acquired in an awake or anesthetized state, functional imaging data can be superimposed on anatomical data to decipher where
in the brain additional experimentation needs to take place when characterizing cortical areas involved in cognitive or perceptual processing
(Goense and Logothetis, 2008; Kayser et al., 2009; Maier et al., 2008;
Wang et al., 2013; Wilson et al., 2016).
A helpful addition to surgical planning for neuroscientiﬁc experiments in NHPs is to include vascular imaging to avoid major blood
vessels when penetrating the brain. Although most clinical MRI machines are set up with preloaded angiography sequences for human,
many of these sequences are not ideal for smaller brains (monkey brains
are about 25–30% in size relative to human brains). Alternatively, in-

jecting the anesthetized animal with Gadolinium contrast medium (10–
12 mg/kg) leads to a hyperintensity in the anatomical images and highlights the major vessels of the brain suﬃciently.
Finally, with the use of radio-frequency (RF) coils for NHPs in ultrahigh ﬁeld MRI scanners (Gao et al., 2020), or RF coils that are able to
produce similar contrast and signal-to-noise results in lower ﬁeld MRI
machines, the results will ultimately lead to better visualization and
therefore better surgical planning for NHPs in the future. Ultra-high ﬁeld
MRI, and the eventual addition of contrast agents, could enhance the
visualization of deep seated nuclei of basal ganglia in macaques as an
example (Tani et al., 2011). Although there are still many limitations
to overcome with these techniques, the increase in resolution not only
helps pre-surgical planning but will also help targeting in the NHP brain.
Higher ﬁeld MRIs also carry higher risks of distortion that should be
accounted for in surgical targeting (Poulen et al., 2020).
1.4. Using MRI to design custom implants
The majority of neuroscientists who study the structure and function of the NHP brain, especially electrophysiologists and neuroimaging experts, rely on implanted devices on the skull. These implants are
used to eep the head stable, or may have chambers attached that allow access to the brain, so that neuronal data from electrodes in underlying brain regions can be collected. MRI and CT imaging can be
used to target regions of interest successfully. However, creating an
implant and locating the exact position where these implants need to
be placed over the brain can be diﬃcult if custom software is not
used (Chen et al., 2017; Johnston et al., 2016; McAndrew et al., 2012;
Mulliken et al., 2015; Ohayon and Tsao, 2012). Although stainless steel
implants along with bone cement are still used in some laboratories, titanium has been the material of choice for many implanted devices over
the years as it is MRI safe (titanium is non-ferromagnetic) and adheres
well to bone through osseointegration (Adams et al., 2007; Adams et al.,
2011; McAndrew et al., 2012; Overton et al., 2017). Unfortunately, titanium implants and screws also produce large signal or image artifact
and distortion in MRI that can occlude the underlying brain anatomy
(Fig. 6). Moreover, in spite of the relative safety of titanium (it is nonferromagnetic), titanium posts render fMRI impossible because the echo
planar imaging (EPI) signal is much more sensitive to the magnetic distortions caused by the titanium.
As an alternative to titanium, plastic implants, such as
polyetheretherketone (PEEK) coupled with ceramic screws can be
used, as they do not have imaging artifact limitations. The thermoplastic materials, as well as the ceramic screws that attach the implant to
the bone, are extremely rigid, produce no unwanted signal artifact or
distortion in the MRI and are biologically inert. Thus, PEEK implants are
both MRI safe and MRI compatible. However, since PEEK is biologically
inert, it implies that PEEK does not bind well to tissue or bone. As a
work around, bone cement or acrylic can be placed on the implant
as a supportive function, but most of these products are exothermic
and potentially cytotoxic, which can be detrimental to the bone and
the surrounding skin margins, requiring special care when using these
products (Dahl et al., 1994; Dunne and Orr, 2002).
Bone cement is also inert, and thus the skin and underlying fascia do
not interact and grow on this material. Furthermore, the skin/acrylic interface is a potential source of irritation and infection, as it is impossible
to keep the animal from picking and scratching at the margin. Granulation tissue can also grow under the acrylic and the bone, presenting a site
where possible infection can set in (Adams et al., 2011; Mulliken et al.,
2015); this can not only compromise the stability of the implant, but
also the health of the animal, as it is diﬃcult to treat and clean. In addition, having the bone cement in direct contact with the skull can lead
to the creation of porous bone, and since the bone cement is adhering
to screws holding the implant in place, this can jeopardize the stability
of the implant. Finally, the use of bone cement increases the height and
circumference of the total implant surface. The former has direct conse4
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Fig. 4. a. Planning software allows researchers to identify a region of interest on the MRI and reconstructed surfaces of the brain; b. simulation of an electrophysiology
chamber over the planned target location at the appropriate angle; c) visualization of the x-y electrode placements. The lower image shows a grid positioned and
superimposed on the brain MRI. Adapted from Frey et al., 2007.

quences for MRI studies because the bone cement can interfere with the
placement of the RF coils around the head of the subject. The increased
implant area consequently reduces the surface area of the healthy normal skull. Thus, bone cement not only creates large implant surfaces that
are visually unappealing, but can lead to greater skin retraction and can
make it diﬃcult to suture the remaining skin if an implant is explanted.
Recent advances have been made with respect to acrylic-free titanium (Adams et al., 2011; Chen et al., 2017) and PEEK implants, i.e.,
that both materials can be custom shaped to the bone (Blonde et al.,
2018; Mulliken et al., 2015) yet due to several of the challenges mentioned above, concessions still need to be made. To accelerate bone adhesion as well as skin retention with non-acrylic implants, an orthopedic
coating is sometimes applied to accelerate osseointegration of titanium
and PEEK implants such as hydroxyapatite; a mineral form of calcium
known for its adhesion and osseointegration properties. For neuroimaging researchers, especially those who would want to minimize signal
artifact by using PEEK, hydroxyapatite is a good addition. Unfortunately, most plastic adherence research (Depprich et al., 2008; Kurtz and
Devine, 2007; Masoud et al., 1986) in orthopedics uses large bones (e.g.,
femur). The types of implants needed in NHP research are signiﬁcantly
diﬀerent because they are always on the skull, which is quite thin (24 mm), and the implant/bone bond must withstand the weight of the
animal during head restraint and other forces the implant may incur.
Thus, the adherence characteristics of an implant in long bones may
diﬀer signiﬁcantly from implants that are always located externally on
a thin NHP skull. Ironically, in most cases hydroxyapatite can only be
applied to an implant surface if a thin layer of titanium (> 50 𝜇m) is ﬁrst
applied as a rough matrix (Stübinger et al., 2016). Fortunately, this thin
layer does not create signiﬁcant artifact or distortion with MR imaging
and more recently has proven successful with PEEK implants, especially
when repeated neuroimaging is required (Ortiz-Rios et al., 2018).
Custom implants in NHP that are form ﬁtting and make contact with
bone adhere to the skull better and last longer. Speciﬁcally, recording
chambers that have a better ﬁt with the bone are more hermetically
sealed and help to avoid infection. Finally, with the use of engineering
software, stress testing of custom implants (e.g. SolidWorks, USA) can

be performed to ensure structural stability of the custom shapes before
they are manufactured (Fig. 7).
Custom implants can be created using existing MRI and/or CT data
and generating three-dimensional (3D) reconstructions of the skull.
Computer-Aided Design (CAD) ﬁles are introduced into a given software (Chen et al., 2017; Johnston et al., 2016; McAndrew et al., 2012;
Mulliken et al., 2015; Ohayon and Tsao, 2012) and the intersection of
the CAD ﬁle with the reconstructed bone surface of the animal creates
a new CAD ﬁle. This ensures that the implant sits precisely over the
bone area of interest; making contact with the bone surface and forming a better seal. These CAD ﬁles can then be sent to a high-resolution
3D printer or accurately manufactured using 5-axis CNC machines with
high quality plastic materials (Fig. 8).
1.5. Using MRI to localize electrode penetrations
Although there is an increasingly large group of neuroscientists performing imaging experiments in NHPs as desribed below in more detail,
traditionally the NHP model is used to combine sophisticated behavioral experiments with neurophysiological recordings from brain areas.
In the realm of neurophysiology, structural MRI has become indipensible for many neuroscientists to assess electrode position and placement.
Single-unit recording using microelectrodes can collect responses of individual neurons with high temporal resolution, and precise identiﬁcation of the location of the recorded neurophysiological responses reveal
functional architectures of the brain Mountcastle (1997). The widely
accepted method for localization is marking of the recording sites with
electrolytic micro-lesions, which can be subsequently detected by postmortem histology (Hubel and Wiesel, 1962). This gold-standard method
precisely localizes the recording sites with detailed histological information of surrounding brain tissue; however, electrolytic mark recovery
requires euthanizing the animal for histological processing. In addition,
since closely marked multiple micro-lesions are diﬃcult to identify, the
number of detectable recording sites within a local volume is limited.
Therefore, the micro-lesion method typically requires euthanasia of a
greater number of animals to collect suﬃcient data. This postmortem
5

M.A. Basso, S. Frey, K.A. Guerriero et al.

NeuroImage 228 (2021) 117667

Fig. 6. Distortion from a titanium implant and screws that are centered over the
frontal bone in a NHP. Note the deviation of the midline from center (arrow)
as well as the signal voids (black spots) caused by the titanium in the magnetic
ﬁeld during a T1 MPRAGE image acquisition.

procedure is suﬃcient for experiments using acute preparations, but it
is not easy to apply to chronic experiments using behaving NHPs that
often continues for months or years. In chronic recordings, the location
of recording sites used to remain unknown until the completion of all
the in vivo experiments. Recent advancements of in vivo neuroimaging
techniques overcome this problem and can also be applied to chronic
recordings which have revealed fundamental functions of the NHP brain
(Buﬀalo et al., 2019).
As mentioned earlier, more than a century ago, a stereotaxic targeting procedure was developed (Horsely and Clarke, 1908). The recording area was estimated from the coordinates that were derived from a
standardized atlas. This in vivo method is easy and has been used for
estimating recording areas, but also suﬀers from errors due to significant variation of the shape/size of the NHP brain across individuals
(Percheron et al., 1972; Wagman et al., 1975). Development of the MRI
technique drastically improved the precision of the stereotaxic estima-

Fig. 5. Functional imaging data in frontal lobe of the NHP used to help place
recording chamber (arrow). Adapted from Frey et al., 2007

Fig. 7. In the case of custom designed shapes,
simulated stress testing can be done with standard CAD software to judge the strength of a
given design.

6

M.A. Basso, S. Frey, K.A. Guerriero et al.

NeuroImage 228 (2021) 117667

Fig. 8. CAD ﬁles are superimposed on 3D reconstructed skull models and the intersection of the two images are used to generate new CAD ﬁles. The CAD ﬁles can
then be used to create the parts on a 3D printer or manufactured on a CNC machine for higher precision. Pictured above is a custom chamber that is designed to sit
over the hippocampus (in red).

tion by its ability to visualize soft brain tissue of each subject (AlvarezRoyo et al., 1991; Asahi et al., 2003; Rebert et al., 1991; Saunders et al.,
1990; Walbridge et al., 2006). More recently, MRI has been used to
conﬁrm location of recording chambers to better estimate actual recording sites that is speciﬁc to the implanted chambers (Daye et al., 2013;
Kalwani et al., 2009; Ohayon and Tsao, 2012; Talbot et al., 2012). When
chambers are made from MRI-compatible plastic materials that cannot
be directly visualized by MRI, a liquid-ﬁlled recording grid can be placed
inside of the chamber during the scan (Fig. 11). Based on the location of
the grid holes, it is possible to determine which grid holes correspond
to the target recording area. This straightforward method requires just
one post-surgical scan and is now routinely used in many laboratories
to determine recording areas.
To map recording sites within ﬁne brain architecture less than a millimeter, such as the columnar organization or cortical layers, it is adequate to localize recording sites for each electrode penetration. When
recording from deep areas of the brain, small variations of trajectory angles during the penetration leads to larger errors at the recording sites.
For example, a one-degree diﬀerence at the top of a 20 mm-height chamber causes a 1 mm diﬀerence at 40 mm depth of the brain. Multiple
factors potentially cause small deviations of the penetration angle, including electrode holding by the microdrive, small slipping during penetration of dura mater, or slight curvature of electrode during the penetration. When the targeting error is less than 1 mm, it does not matter in
most cases for determining recording regions, such as whether recording from primary or secondary visual cortices. However, to study ﬁner
brain architectures such as columnar organization or cortical layers, it
is necessary to localize recording sites precisely for each penetration.
Neuroimaging techniques of diﬀerent modalities can visualize inserted
probes in vivo (Fig. 12), including ultrasonography (Collier et al., 1980;
Glimcher et al., 2001; Tokuno et al., 2000), X-ray imaging (Aggleton and
Passingham, 1981; Cox et al., 2008; Nahm et al., 1994), CT scanning
(Premereur et al., 2020) and MRI (Koyano et al., 2016; Matsui et al.,
2007; Tammer et al., 2006). Each method has its own advantages and
disadvantages. Ultrasonography can visualize the tissue with the inserted electrode in real-time, and monitor when the probe is inserted

and how surrounding tissue is deformed and moved back to the original position. The real-time visualization of electrode penetration can
reduce the risk of hitting blood vessels and potentially prevent iatrogenic stroke, but due to the lack of soft tissue contrast and the restricted
ﬁeld of view, the use of ultrasonography, as mentioned above, is currently limited. Radiographic methods, both X-ray imaging and CT scanning, can visualize intracranial probes with clear contrast and extremely
high-resolution of tens of micrometers. The scanning time is just a few
seconds (X-ray) to a minute (CT), which is a great advantage for daily
use. Furthermore, with appropriate shielding, X-ray can be taken at the
recording booth without anesthetizing animals after every electrophysiology session. The limitations of the radiographic methods are, primarily, the lack of soft tissue contrast, which needs to be complemented
by other modalities, most typically with MRI. Both the MRI and radiographic images can be co-registered with referring skull landmarks or
ﬁducial marks implanted on the skull. For chronic experiments, it is often needed to take MRI images periodically since skull and brain tissue
slowly change their size and shape over years.
MRI can be used to localize recording sites directly, and can visualize
the brain tissue with high tissue contrast at a resolution of a hundred
micrometers. The diﬃculty of MRI usage in localization of recording
sites is the magnetic susceptibility artifact caused by metal, which is a
common material of electrodes. When it comes to imaging implanted
device with MRI, it is key to check for the safety of the procedure.
Many implanted metallic systems (leads/connectors) are not compatible with MRI or not safe at all ﬁelds (Erhardt et al., 2018). It should be
noted that imaging the implanted brain with MRI could lead to severe
adverse events such as brain hemorrhage in patients with intracranial
electrodes (Henderson et al., 2005). There are two MRI-based methods: 1) direct visualization of inserted electrode (Matsui et al., 2007;
Tammer et al., 2006), and 2) detecting marks deposited at the recording
sites (Fung et al., 1998; Koyano et al., 2011; Pezaris and Dubowitz, 1999;
Premereur et al., 2020). The ﬁrst method is direct visualization of inserted metal electrode which is depicted as a dark shadow along the
electrode in the images of MRI (Fig. 12B and 13A, B). The shadow is
larger than the electrode, because the metal core of the electrode has
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diﬀerent magnetic susceptibility from the surrounding tissue. This susceptibility diﬀerence causes geometrical distortion and signal loss due
to intravoxel phase dispersion (the so-called T2∗ eﬀect), resulting in the
shadow of the electrode. A previous study showed that the electrode
shadow can be used to enhance the detectability of electrode tip, and
under speciﬁc geometric conditions, the electrode tip can be localized
precisely in vivo (Matsui et al., 2007). This method has the advantage of
localizing electrode tips together with surrounding brain tissue at high
contrast and high spatial resolution. However, the method also requires
frequent access to an MRI scanner, which is not a practical choice for
every laboratory. The second MRI-based method is detection of marks
that are left in the brain (Figure 13C, D) (Fung et al., 1998; Koyano et al.,
2011; Pezaris and Dubowitz, 1999; Premereur et al., 2020). This method
ﬁrst creates a small metal deposit during the penetration by passing electrolytic current from the tip of the metal electrode. Because the created
deposit mark contains metals of the electrode, it causes a local susceptibility artifact, and can be detected by MRI as a small dark spot. This
method does not require MRI scanning during each penetration, and
multiple deposited marks can be detected at a single scan, making it
easier to use in many laboratories. A potential drawback of this marking method is the limitation of repeated use in a small region, since it
might cause damage of tissue that is needed for the study, and closely
spaced marks are diﬃcult to distinguish from each other. The metal deposit can be also used in combination with other imaging methods, and
utilized as a within-brain ﬁducial mark to co-register with other image
modalities or histological sections. A previous study combined these two
MRI-based localization methods and histology, and revealed functional
diﬀerences of adjacent cortical layers (Koyano et al., 2016).

1.7. Targeting brain regions - task-based functional MRI (fMRI)
The mapping of functional brain regions using BOLD contrast in
fMRI experiments has become the most widely used technique, particularly in human neuroscience (Ogawa et al., 1990). BOLD-fMRI provides whole-brain coverage with sub-millimeter spatial resolution, excellent contrast-to-noise ratio, and relative ease of implementation. Like
positron-emission tomography (PET) and diﬀuse optical tomography
(which uses near-infrared spectroscopy to generate 3D images), BOLDfMRI relies on neurovascular coupling - a tight relationship between
changes in neural activity and local cerebral blood ﬂow (CBF), volume
(CBV), and oxygen consumption (CMRO2 ) (Gauthier and Fan, 2019).
Brain stimulation is achieved by using sensory, motor, or cognitive
tasks that cause regional increases in neural activity. These translate
into local increases in CBF that exceed the increases in CMRO2 , leading to increases in oxygenation levels in the venous vasculature that
produce a higher BOLD fMRI signal measured at activation, relative
to baseline. Because NHPs are phylogenetically close to humans, they
have been the premier model used in studies of visual perception and
attention, sensorimotor and cognitive brain processes. The ﬁrst fMRI
experiments in anesthetized or awake behaving monkeys were performed in the late 1990s, using either visual (Dubowitz et al., 1998;
Logothetis et al., 1999; Stefanacci et al., 1998) or somatosensory stimulation (Disbrow et al., 1999). Since then, task-based fMRI has been routinely employed to understand the functional and anatomical organization of the NHP brain. For important reviews, see (Alkemade et al., 2015;
Duong, 2010; Janssen et al., 2018; Logothetis, 2003a; Nakahara et al.,
2007; Orban, 2016; Orban et al., 2004; Seidlitz et al., 2018; Silva, 2017;
Tootell et al., 2003; Tsao, 2014; Tsao and Livingstone, 2008).
1.8. Targeting brain regions - resting state functional MRI

1.6. Targeting brain regions - diﬀusion MRI (dMRI)

A complementary approach to determine interconnected network
nodes is the use of resting state functional MRI (rsfMRI). Functional
interactions between distributed brain areas within speciﬁc neural networks give rise to coherent patterns of hemodynamic signals, measured as BOLD activity. Covariant relations of spontaneous BOLD signals in the resting state have been reported in humans (Arcaro et al.,
2015a; Biswal et al., 1995; Fox et al., 2009; Power et al., 2011;
Sporns and Honey, 2013) and awake NHPs (Belcher et al., 2016;
Ghahremani et al., 2017; Hori et al., 2020a; Leopold et al., 2003;
Liu et al., 2013; Logothetis, 2003b; Silva, 2017; Wang et al., 2012) as
well as in anesthetized NHPs (Hori et al., 2020a, b; Hutchison et al.,
2012; Hutchison et al., 2013; Mantini et al., 2012a; Vincent et al., 2007;
Wu et al., 2016; Wu et al., 2017; Zhang et al., 2019). These studies
have revealed that specialized cognitive and sensory networks retain
their basic functional connectivity, even when not speciﬁcally engaged
in task-relevant operations. For example, visual ﬁeld locations that correspond in eccentricity correlate stronger than non-corresponding locations (Arcaro et al., 2015a), indicating that the visual ﬁeld map structure is preserved regardless of perceptual state. Similarly, networks
dedicated to memory, attention and eye movements, motor functions
and many sensory and cognitive domains can be readily determined
in individual subjects. Resting state fMRI studies have proven useful
for characterizing network architectures and for exploring alterations
in neurological and psychiatric disorders as well as in development
(Dosenbach et al., 2010; Sheﬃeld and Barch, 2016). In the context of
research using monkeys, it can be useful to obtain a rsfMRI data set
as a routine to guide later reconstruction of the functional connectivity and network architecture of experimental sites. Such a data set can
be acquired in awake or anesthetized animals. However, it should be
noted that the awake state will require head ﬁxation and training of the
NHP and acclimating the animals to sit in an MRI-compatible primate
chair, either vertically for some MRI systems, or more commonly in the
‘sphinx’ position, for the more common horizontal MRI scanner bores.
The anesthetized state may appear more straightforward, but is com-

Whereas structural MRI aids the identiﬁcation of brain regions
within gray matter as well as subcortical nuclei that have a great density
of neurons, diﬀusion MRI (dMRI) can deﬁne the structural connectivity,
i.e. the white matter ﬁber tracts between cortical regions and subcortical structures. Diﬀusion MRI utilizes the fact that the diﬀusivity of water
molecules is stronger following the direction of ﬁber passages than other
directions (e.g. perpendicular to them). The method is constrained by
the number of directions that can be traced in a given voxel and by
the size of the voxel. Together, these constraints make diﬀusion MRI an
in vivo anatomical tracing method with moderate resolution. However,
major ﬁber bundles running anterior-to-posterior and connecting frontal
with parietal and temporal cortex can be readily identiﬁed (Assaf et al.,
2019) as well as the connectivity of major subcortical structures such
as thalamic nuclei with their cortical projection targets (Arcaro et al.,
2015b; Saalmann et al., 2012).
The accuracy of identifying ﬁber tracts using diﬀusion MRI is compromised particularly by head motion and the amount of data that can
be acquired in a given session. These parameters have limited the success of dMRI in human applications. In NHP research, these parameters
can be controlled much more favorably. First, dMRI is typically conducted while animals are sedated or anesthetized, thus eliminating head
motion as a noise variable and permitting the acquisition of larger data
sets per session. Second, by using an MRI-compatible stereotaxic apparatus, the animal’s brain can be aligned precisely from session-to-session,
and data can be concatenated across sessions. Thus, large data sets with
fewer artifacts can be readily acquired in NHPs. Ideally, a dMRI data set
should be acquired before performing any head implantations, since implants can cause considerable artifacts in diﬀusion images. As for practical examples, tract tracing results from dMRI can be particularly helpful
in reconstructing interconnected sites of large-scale networks to identify
targets for simultaneous large-scale recordings (Saalmann et al., 2012)
or to identify the connectivity of a brain region under investigation.
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plicated by the low tolerance of the BOLD signal to anesthetics such as
isoﬂurane, therefore requiring specialized anesthesia protocols.
Although there is an eﬀort to perform imaging experiments in NHPs
while alert and even behaving as discussed more below, a key aspect of
obtaining MR images from NHPs depends upon the use of anesthesia. In
what follows, we ﬁrst discuss the inﬂuence and impact of anesthesia on
imaging modalities as well as provide example protocols that are used in
our facilities. Next, we compare advantages and disadvantages of both
alert and anesthetized imaging procedures.

macaques but the use of EEG inside the MRI suite is still not routine in
NHPs (Fig. 9) (Uhrig et al., 2016; Vincent et al., 2007).
The volatile anesthetics isoﬂurane (Hori et al., 2020a;
Hutchison et al., 2014; Li et al., 2013; Li et al., 2014; Li and
Zhang, 2017; Vincent et al., 2007; Wu et al., 2016; Zhang et al.,
2019) and sevoﬂurane (Pró-Sistiaga et al., 2012; Uhrig et al., 2018)
are attractive in that they can be safely administered to provide
satisfactory depth of anesthesia, with relatively quick onset of action,
and smooth recovery of the animals upon withdrawal of the anesthetic. Using ultra-high ﬁeld MRI, it has been demonstrated that the
T2∗ -oxygenation-ratio varied as a function of the anesthetic agent,
showing a higher T2∗ -oxygenation-ratio under volatile anesthetics
(isoﬂurane, sevoﬂurane) compared to intravenous anesthetics (propofol, ketamine, midazolam) (Uhrig et al., 2014a). However, while both
anesthetics are safe to use in repetitive studies in the same animal, they
suppress neuronal activity and decrease functional brain connectivity
(Ranft et al., 2016; Standage et al., 2020; Wu et al., 2016) in a dosedependent manner (Hutchison et al., 2014; Li et al., 2013; Lv et al.,
2016). In particular, both high and low concentrations of isoﬂurane
were found to profoundly aﬀect vertebral blood ﬂow, cerebrovascular
tone, and cerebrovascular reactivity (Li et al., 2013; Li et al., 2014;
Li and Zhang, 2017) with complex interactions. For example, Li and
colleagues found that regional levels of cerebral blood ﬂow in the
macaque brain correlated linearly with increasing concentrations of
isoﬂurane, with abnormal increases noted at the high dose of 2.0%
isoﬂurane concentration (Li et al., 2014), whereas prolonged exposures
to low (1.0%) concentrations leads to global reductions in vertebral
blood ﬂow and resting-state networks such as the default-mode network
Li and Zhang (2017). The investigation of the eﬀects of anesthesia on
brain function is an active subject of research in rodents (Bukhari et al.,
2017; Bukhari et al., 2018; Grandjean et al., 2014; Uhrig et al., 2014a),
NHPs (Barttfeld et al., 2015; Hori et al., 2020a; Hutchison et al., 2014;
Li et al., 2014; Liu et al., 2013; Uhrig et al., 2016; Uhrig et al., 2018)
and humans (Golkowski et al., 2019; Hudetz, 2012; Liu et al., 2017).
The choice of the anesthetic agent is key for task-based and
resting-state fMRI experiments. As an alternative to inhalant anesthetics, injectable agents such as ketamine or propofol, and adjuncts
such as medetomidine are attractive in providing a satisfactory depth
of anesthesia, with relatively quick onset of action, and reversible
smooth recovery of the animals (Bertrand et al., 2016; Bertrand et al.,
2017; Bola et al., 2018; Fahlman et al., 2006; Hess et al., 2012;
Krzemiński et al., 2017; Lee et al., 2010; Liu et al., 2015b; LugoRoman et al., 2010; Pulley et al., 2004; Settle et al., 2010; Sun et al.,
2003; Young et al., 1999). Propofol is an injectable anesthetic with a
rapid mechanism of action that is widely used in humans (Amico et al.,
2014; Boveroux et al., 2010; Golkowski et al., 2019; Gómez et al., 2013;
Huang et al., 2018; Hudetz, 2012; Hudetz et al., 2015; Jordan et al.,
2013; Lee et al., 2013; Li et al., 2019), and increasingly used in fMRI experiments in animal models, including rodents (Grandjean et al., 2014)
and NHPs (Barttfeld et al., 2015; Bola et al., 2018; Ishizawa et al., 2016;
Krzemiński et al., 2017; Uhrig et al., 2016; Uhrig et al., 2018). The depth
of anesthesia under propofol, based on a both behavioral testing with
a clinical sedation scale (Uhrig et al., 2016) and/or EEG (Uhrig et al.,
2016) can be readily adjusted by varying the rate of infusion, and the animals quickly recover at the end of the experiment, thus facilitating longitudinal studies. Although it is challenging to combine EEG and fMRI,
more and more EEG caps are available for NHPs and can connect to the
main EEG ampliﬁer that is also used for humans (Uhrig et al., 2016).
In the case of propofol, target controlled infusion technology (TCI)
using a dedicated model called ‘Paedfusor’ pharmacokinetic model can
be used (Barttfeld et al., 2015; Uhrig et al., 2016), adapting the administrated dose of propofol over time. The TCI infusion system constantly adjusts the infusion rate to maintain the targeted plasma concentration of propofol. This method is more and more used in human
clinical anesthesiology. Another agent proposed as suitable for repetitive studies is the 𝛼 2 -adrenoreceptor agonist medetomidine hydrochlo-

1.9. Task-based and resting-state fMRI experiments: anesthesia
Anesthetic agents represent a heterogeneous group of pharmacological agents by targeting speciﬁc receptors in the central nervous system
(Franks, 2008). Anesthetics induce a reproducible and reversible loss
of consciousness and memory with still an incomplete understanding
of how binding to receptors leads to sedation and loss of consciousness
and memory. The use of anesthetics oﬀers important advantages of ensuring compliance, minimizing movement, and alleviating stress, which
are all essential factors when imaging NHPs. Task-based (eg., sensory
stimulation) and resting-state fMRI under anesthesia allows scanning
NHP without the need for long behavioral training steps, and could extend its access to a wider community of neuroscience laboratories. There
are however, several challenges that face the practical application of
routine fMRI studies in monkeys under anesthesia. Imaging studies of
brain function require a careful balance between achieving proper sedation of the animal while minimizing the interference of the anesthetic
agent on brain function. Anesthetic agents aﬀect cerebral blood oxygenation (Uhrig et al., 2014a), potentially interfere with the BOLD/fMRI
signal dramatically (Hyder et al., 2002; Maandag et al., 2007) and ultimately question the interpretation of the statistical maps derived from
the imaging procedure. The fMRI signal is directly inﬂuenced by physiological parameters such as body temperature (Ogawa et al., 1990)
and expired CO2 (EtCO2 ) (Sicard and Duong, 2005). An increase of
arterial blood CO2 induces cerebral vasodilation and an increase of
cerebral blood ﬂow, leading to an increase of the baseline BOLD signal Sicard and Duong (2005). The stimuli-evoked BOLD response decreases with hypercapnia Sicard and Duong (2005). In rats, an increase
in blood pressure increases the BOLD signal (Wang et al., 2006). For
NHPs with intact autoregulation and without any brain lesion, as for
humans (Drummond, 2019), it likely takes a signiﬁcant change in mean
arterial pressure before any changes in CBF are observed, which consequently aﬀect the BOLD signal. We suggest maintaining physiological
parameters in the normal range for monkeys as deﬁned by Logothetis
and colleagues (Logothetis et al., 1999) during maintenance of anesthesia; heart rate: 63–180 beats/min; SpO2 : 89–100%; systolic blood
pressure: 56–150 mmHg, diastolic blood pressure: 30–124 mmHg; respiration rate: 23–32/min, EtCO2: 36–43 mmHg and temperature: 37–
38.5 °C). We note however, that high doses of isoﬂurane (2%) lead to
abnormal CBF increases in macaque monkeys (Li et al., 2014). Body temperature is another critical parameter for the fMRI signal (Ogawa et al.,
1990). An increase in body temperature is associated with a decrease in
the BOLD contrast, which could be explained by the decreased oxygen
aﬃnity of hemoglobin and the increased amount of deoxyhemoglobin.
Thus, it is of high importance to keep body temperature stable during
fMRI studies and avoiding hypothermia that occurs rapidly under sedation. Anesthesia for fMRI needs expertise for the sake of reproducibility
and robustness to achieve stable anesthesia and to monitor accurately
the depth of anesthesia during anesthesia fMRI experiments. This is particularly important for the consistency of anesthesia across sessions and
individual animals. Behavioral evaluation of arousal could be performed
to monitor the depth of anesthesia by means of adapted sedation scale
(Uhrig et al., 2016). However, these scales are diﬃcult to pursue during the MRI sessions as the animal is diﬃcult to access once inside the
scanner bore. There are reports of simultaneous EEG-fMRI modalities in
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Fig. 9. Example of an experimental set-up for
the anesthesia fMRI studies using a 3T MRI
scanner: Representation of an EEG-fMRI setup for anesthesia experiments in macaques.
Red, MRI room with MR compatible devices
around the monkey; blue, non-MR devices connected to the MRI room through the wall.
TTL, transistor-transistor logic; TxRx, transmit/receive head coil. For this MR compatible anesthesia set-up, most of the material and
equipment used (ventilator, physiology monitor, EEG system) match the human clinical regulations, and are commercially available.

ride (Bertrand et al., 2016; Bertrand et al., 2017; Bola et al., 2018;
Fahlman et al., 2006; Hess et al., 2012; Krzemiński et al., 2017; Lee et al.,
2010; Liu et al., 2015b; Lugo-Roman et al., 2010; Pulley et al., 2004;
Settle et al., 2010; Sun et al., 2003), which allows the measurement
of robust electrocorticography (ECoG) resting state signal ﬂuctuations
in the brain of NHPs (Liu et al., 2015b). The application of atipamezole hydrochloride quickly reverses the sedative and analgesic eﬀects of
medetomidine. However, some limitations of repeated and prolonged
exposures to medetomidine include a gradual rise in blood pressure and
heart rate, lower SpO2 values, altered serum biochemistry, and a more
diﬃcult control of the plane of anesthesia due to the development of
tolerance eﬀects (Lee et al., 2010; Lugo-Roman et al., 2010; Sun et al.,
2003).

2003; Tsukada et al., 2000; Vanduﬀel et al., 2001; Yamada et al., 2016).
Much work has been done to compare functional data obtained in awake
versus anesthetized conditions (Barttfeld et al., 2015; Krzeminski et al.,
2017; Liu et al., 2013; Liu et al., 2015a; Uhrig et al., 2016; Uhrig et al.,
2018). In fact, anesthesia can be used as a model for studying reversible
loss of consciousness and its underlying neural mechanisms. The spatial distribution of the eﬀects of anesthetics in the brain is not uniform, as some regions, such as the precuneus, posterior cingulate gyrus,
prefrontal dorsolateral cortex and thalamus are more deactivated than
other regions of the brain (Franks, 2008). These regions are involved in
the Global Neuronal Workspace theory of consciousness (Dehaene et al.,
1998). In the awake condition, the non-human primate brain can detect unexpected deviations in auditory sequences as demonstrated by
using the auditory "local-global" paradigm (Bekinschtein et al., 2009),
with focal auditory activations for ﬁrst-order violations (local violations) and activation of a large brain circuit including the prefrontal,
parietal and cingulate cortices for second-order sequences (global violations) (Uhrig et al., 2014b) (Fig. 10). These results indicate that the
ability to represent and predict the structure of auditory sequences is
shared by humans (Bekinschtein et al., 2009) and NHPs (Uhrig et al.,
2014b) and that the processing of high-order deviants activates in the
macaque brain a fronto-parieto-cingular and thalamic network, similar
and potentially homologous to the human Global Neuronal Workspace.
The encoding of hierarchical auditory regularities is however, directly
impacted by anesthesia and these neuronal consequences can diﬀer
depending on the anesthetic agent (Fig. 10) (Uhrig et al., 2016). Using fMRI, propofol, a GABA-ergic agonist, and ketamine, an NMDA
antagonist administration, preserves the auditory cortical response to
general auditory stimuli, probably by preserving the feedforward responses. These results show that some early sensory processing of external auditory stimuli is preserved during anesthesia and primary sensory cortices remain receptive to incoming sensory information during
anesthesia. The local eﬀect, reﬂecting the mismatch negativity (MMN)
in electrophysiological studies, disappears during propofol anesthesia

1.10. Task-based and resting-state fMRI experiments: conscious, awake
subjects and comparison with anesthesia
On the one hand, the use of anesthesia for MRI and fMRI studies
has the advantage of eﬀectively ensuring compliance and of minimizing stress. On the other hand, the many eﬀects of anesthesia on brain
function and physiology introduces signiﬁcant confounds to the interpretability and applicability of the obtained data. Further, anesthetized
animals cannot engage in behavioral experiments, which constitutes a
signiﬁcant detraction for the use of NHPs as experimental models of aspects of human brain function. Furthermore, having the capability to
collect data from awake animals increases the proper translation of experimental conditions, as human subjects are studied in the conscious,
awake condition. The use of conscious, awake NHPs in neuroimaging
experiments is becoming increasingly popular, as exempliﬁed by numerous studies (Andersen et al., 2002; Belcher et al., 2016; Chen et al., 2012;
Goense and Logothetis, 2008; Grinvald et al., 1991; Hori et al., 2020a;
Hung et al., 2015; Liu et al., 2013; Mantini et al., 2012b; Nelissen and
Vanduﬀel, 2011; Orban et al., 2004; Santisakultarm et al., 2016;
Schaeﬀer et al., 2019; Sharma et al., 2019; Silva, 2017; Tootell et al.,
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Fig. 10. Schematic representation of the cerebral activations in the macaque cerebral cortex for the auditory "local-global" paradigm in the awake state and under
anesthesia (ketamine, propofol) (Uhrig et al., 2016). A: First-order auditory violations (local novelty eﬀect) in the awake state and under ketamine and propofol
anesthesia: The local eﬀect is shifted during ketamine anesthesia compared to the parietal cortex and disappears during propofol anesthesia. B: Second-order
sequence violations (global novelty eﬀect) in the awake state and under ketamine and propofol anesthesia: Complete suppression of the global eﬀect under ketamine
and disorganization of the global eﬀect under propofol anesthesia.

and shifts spatially during ketamine anesthesia compared to the awake
state (Uhrig et al., 2016). In humans, the MMN is abolished during
propofol-induced unconsciousness (Heinke et al., 2004). This “mismatch
response” is thought to involve a violation of an expectation generated
on the basis of initial tone repetition, which is thought to require a
short-term plasticity of glutamatergic connections, either within the auditory cortex (Wacongne et al., 2012) or in long-distance projections
from prefrontal cortex (Garrido et al., 2008). It should therefore not
be surprising that this local eﬀect disappears with anesthetics that affect these cortical circuits. Under increasing levels of propofol (ranging
from moderate sedation to general anesthesia), a progressive disorganization of the global eﬀect in the prefrontal, parietal and cingulate cortex is observed with a complete suppression under ketamine anesthesia.
Thus, anesthetic agents disturb both short-term and long-term auditory
predictive coding mechanisms in the macaque brain. This is a demonstration of how anesthetics can impact diﬀerently the task-evoked fMRI
responses in NHPs. Finally, fMRI studies in macaques could show that,
while stationary resting-state networks were preserved under general
anesthesia (Vincent et al., 2007), the dynamical resting-state studies revealed a massive reconﬁguration of the repertoire of functional brain
states under anesthesia (Barttfeld et al., 2015; Uhrig et al., 2018).
An alternative to the use of anesthesia as a means of ensuring compliance is to use physical restraint to prevent movement of the head
during the imaging data acquisition. The best way to condition an animal to participate in imaging experiments while awake is to train and
acclimate the animal to restraint using eﬀective acclimatization protocols for NHPs. For example, in the procedures described in (Silva et al.,
2011), marmosets can be trained for awake MRI in a few weeks, using
a progressive acclimatization procedure that has benchmarks for evaluating the animal’s progress and incorporating positive rewards for the
completion of training sessions. The training starts with acclimating the
animals to body restraint for increasingly long periods of time, followed

Fig. 11. MRI with liquid-ﬁlled grid (arrow) indicates penetration trajectories
into the brain. Image courtesy of Dr. Aidan Murphy.

Fig. 12. A CT and B MR images showing inserted electrodes in the brain.
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Fig. 14. T2-weighted anatomical MRI of macaque containing examples of two
types of extracranial tissue growth that can be identiﬁed early through routine
anatomical scans. On the left, light tissue (yellow arrows) has appeared between the skull and overlying acrylic, both of which appear as black. On the
right, tissue or ﬂuid from outside the skull (green arrow) communicates with
the intracranial epidural space (red arrow). T2 weighted image acquired with
fast spin echo (FSE) or rapid acquisition with relaxation enhancement (RARE)
sequence.

animals, and primarily the use of MRI to evaluate the integrity of cranial
implants. We discuss early MRI-based signs of extracranial and intracranial infection and tissue growth, as well as the spectrum of interventions
that can be applied before they become a major health risk. To the extent it is possible, routine anatomical health-check scans can greatly improve the health and welfare of chronically implanted animals, as well
as success of the associated experiments. Although preventive measures,
such as routine, thorough cleaning of implants, and appropriate surgical placement and maintenance of implants, are vital to minimize the
potential for infections, there is still a need for careful monitoring of the
implant and surrounding tissues. Our focus is not on the preventative
steps, but on the monitoring approaches, as this is an often-overlooked
component in the long-term care of cranially implanted NHPs.

Fig. 13. MRI-based localization by directly visualizing inserted electrode A,
B and marking recording sites with metal deposition C, D. Adapted from
Matsui et al. (2007) and Koyano et al. (2011) with modiﬁcation.

by acclimatization of the animal to the typical sounds of the diﬀerent
MRI and fMRI pulse sequences, and ﬁnally introducing a rigid head restraint device in the last phase of the training (Silva et al., 2011). Each
phase of the acclimatization procedure can be as short as a single week,
but the actual duration should be adapted to each animal’s response to
the training, which can be quantiﬁed by a Behavioral Response Scale
(Silva et al., 2011). For head ﬁxation, several options have been shown
to be eﬀective, including the use of surgically implanted head-posts and
chambers (Chen et al., 2017; Santisakultarm et al., 2016; Schaeﬀer et al.,
2019) or non-invasive solutions such as the use of thermoplastic masks
and helmets (Drucker et al., 2015; Srihasam et al., 2010) or customized
3D-printed helmets (Silva et al., 2011). Both methods have proven to
be highly stable solutions, although the use of surgically implanted
head-posts oﬀers a more rigid restraint than the use of helmets (HadjBouziane et al., 2014).

2.1. Early detection of tissue growth and infection under cranial implants
Over the course of approximately two decades, frequent scanning of
cranially implanted NHPs has revealed a typical progression of events
that can cause problems and, in some cases, lead to a brain infection.
Prior to the availability of MRI scanning, the causes and progression of
brain infections in NHP laboratories were often a matter of conjecture,
sometimes bordering on superstition. However, careful inspection of the
brain and head identiﬁed potential problems in apparently healthy animals, often long before clinical symptoms emerge. Most often, problems
with chronic implants begin as seemingly innocuous granulation tissue
growth at the margins of the implant. Such growth is common and has
not been a general cause of concern for researchers. However, a quick
MRI scan can in some cases, reveal that the tissue growth is not, in fact,
conﬁned to the margin but has begun to invade the space between the
skull and the implant. This invasion can proceed along a portion of the
implant edge, or is sometimes be conﬁned to a single point, such as a
physical opening between the implant and the bone, or the area around
an insuﬃciently sealed screw.
On T1 MRI, tissue growth, primarily granulation tissue, or liquid can
be identiﬁed as light gray or white (i.e. positive signal, or hyperintensity), which can stand out to the trained eye if sandwiched between
the skull or implant materials, both of which generally appear as black
(hypointensity). On T2 images the liquid and tissue growth would appear bright. Fig. 14 shows an example of ﬂuid or tissue between the
skull and an acrylic skull implant, where the thin stripe of light gray
(yellow arrows) appears between the black underlying bone and the

2. Using imaging methods for screening and monitoring health
and pathology
Anatomical MRI scanning is of great beneﬁt for NHP neuroscience
research, both for the purposes of eﬃcient experimental targeting as
well as for long-term monitoring of the health and longevity of animals
and implants (Balezeau et al., 2020). Such scanning is most eﬀective
when implants are non-metallic, and thus do not lead to large regions
of dropout or distortion in the images, though the presence of relatively
small amounts of titanium and other non-ferromagnetic materials often
permit adequate scanning (i.e., they are safe but not necessarily compatible). Not only does the researcher need to consider potential artifacts
created by metallic parts of the implant, we also need to keep in mind
the induction of heat during scanning, which can lead to secondary injuries. In the previous sections, we discussed the use of anatomical MRI
scanning, sometimes in coordination with X-ray CT scanning, to guide
surgical planning, design MR-compatible chambers for 3D printing, and
verify the intracranial positions of electrodes and other implants following the surgery. Here we focus on the health monitoring of experimental
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Fig. 15. SPECT-CT images of the cranium from a rhesus macaque with a long-standing cranial implant. A. Coronal slice of SPECT-CT image just anterior and B.
posterior to head post (asterisk), and C. composite image showing strong SPECT signal (arrow) corresponding to exudate beneath the implant (Reprinted with
permission from Guerriero et al, 2019).

overlying acrylic layers. This pattern of granulation tissue growth is a
common occurrence with skull implants composed of acrylic or dental
cement, particularly if the curing process allows the implant edge to develop any irregularities, which trigger the normal granulation response.
When left unchecked, such granulation tissue can overgrow underneath
the implant and slowly lift the implant away from the skull; thus leading to the abrupt, and often unexpected, loss of the implant. The right
half of Fig. 14 also shows an example of communication between the
extracranial (green arrow) and intracranial (red arrow) space, in this
case through a hole in the skull associated with a screw. In the NHP,
most implants require several transcranial screws to fasten or anchor
them to the skull, and degraded screw holes may provide a pathway for
supracranial infections to enter into the epidural space. Careful application and curing of acrylic or dental cement, to generate a smooth texture and a solid monolithic implant that precisely meets the bone-skin
interface, minimizes the formation of granulation tissue. This should be
the goal of every approach to placement of any type of cranial implant,
as minimizing granulation tissue formation will prolong the health of
the implant, and of course, positively aﬀect the health of the implanted
NHP.
Each of the bright areas highlighted in Fig. 14 can be identiﬁed early
and be treated as a potential problem that should be monitored closely.
One common practice, for example, is to obtain a bacterial culture from
suspicious areas to determine whether the MRI-visible incursion is associated with infection. Owing to the growing problem of antibioticresistant bacterial strains, it may not always be advisable to combat such
warning signs with a general course of systemic antibiotics, though it is
always good to make decisions with as much information as possible, in
consultation with the attending veterinarians. Tracking potential sites of
infection also allows for the planning of corrective measures, such as a
surgical debridement to remove infected or exuberant tissue. Our extensive experience suggests that invasive or infected tissue, left unchecked
over time, is apt to ﬁnd its way into the intracranial space and pose a
threat both to the animal’s health and the course of the experiments.
In cases where MRI is unavailable or not appropriate (i.e., stainless steel implants), alternative imaging should be considered. While CT
imaging alone is limited in its ability to detect infection in the soft tissues
underneath the implant, use of single-photon emission computed tomography (SPECT) in conjunction with CT can provide precise anatomical
mapping of infection (Fig. 15) (Guerriero et al., 2019).
There are several types of radiopharmaceuticals that can be used
with SPECT; however, there is limited data on which type of radiopharmaceutical is most optimal for evaluating cranial implant infection
in NHPs. 99m Tc-hexamethylpropylene amine oxime (99mTc-HMPAO) is
one such radiopharmaceutical that is commonly used for labeling neutrophils to localize inﬂammation and in fection in human medicine.
The 99m Tc-HMPAO complex can be taken up by all leukocytes but is
selectively retained in neutrophils, due to chemical metabolism in the
complex that prevents it from exiting the cell. This feature is useful for

evaluating neutrophil-mediated processes of inﬂammation, such as bacterial infections that are commonly associated with cranial implants in
NHPs. Because 99m Tc has a short half-life of 6 hours, however, its ability to detect chronic indolent infections may be limited (Ballinger and
Gnanasegaran, 2005). Rather, radiopharmaceuticals that have a longer
half-life, such as 111 Indium (half-life, 67 h) may be more appropriate
for slower developing infections (Love and Palestro, 2004; Roddie et al.,
1988). Nonetheless, 99m Tc-HMPAO has been shown to be more precise
at diﬀerentiating soft tissue from bone infection, as compared with other
radiopharmaceuticals (Filippi and Schillaci, 2006; Reuland et al., 1991).
In conjunction with a well-established routine of preventive care,
the regular anatomical scanning of NHP subjects is of great value in the
early detection and monitoring of infections, particularly for subjects
with chronic implants, as well as for incidental issues that would aﬀect
research. The appearance of an infection often arises long after a surgical
procedure and is often associated with an unwanted entry point at the
margins of an implant. Some early signs of infection can be detected on
MR images to those with a trained eye. Animals with chronic implants
such as intracranial electrodes can sometimes acquire infections, commonly months or even years after a surgical procedure. In the absence
of MRI scanning, such infections can go undetected and grow slowly
until the animal displays clinical symptoms. If MRI is used to evaluate
the brain only after animals exhibit clinical symptoms, the images often
reveal large and conspicuous signs of infection, such as an abscess of sufﬁcient size to cause a midline displacement of the brain. When caught
early, even deep brain infections are treated with success. For those extracranial infections that invade the space under the implant and those
intracranial infections that have already become encapsulated, antibiotic treatment alone is less eﬀective and surgical intervention is sometimes required. In all cases, clinical assessment and recovery is greatly
aided by regular MRI scanning over subsequent weeks. The next section
gives examples of several types of intracranial infections, as well as their
response to treatment, in each case viewed through a series of anatomical MRI scans taken regularly after the infection was ﬁrst detected.
2.2. Intracranial infections
An infection that enters the cranium through a hole in the skull, as
discussed above, ﬁrst occupies the epidural space, residing outside the
dura mater, which can thicken to protect the brain for a period. If caught
early, and with successful culturing of the infection, systemic antibiotics
can usually reverse the progression of the infection, and in some cases
clear it entirely. Fig. 16 shows an example of an infection both outside
the skull, under the implant, and in the epidural space, detected and
tracked using a series of T2-weighted MRI scans. The size of the epidural
infection grew slightly during the ﬁrst week of treatment and then began
to shrink, such that it was largely gone after 7 weeks. While this type of
decline is clearly a positive development that can temporarily hold an
infection at bay, antibiotics alone are often ineﬀective at permanently
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Fig. 16. Extracranial infection communicating with epidural space detected using routine MRI scan. Systemic antibiotic treatment (TMS + CTX) was initiated on
the day of detection. The infection was tracked over the next week and was much reduced in time for a corrective surgery carried out on Dec. 6. T2 weighted image
acquired with fast spin echo (FSE) or rapid acquisition with relaxation enhancement (RARE) sequence.
Fig. 17. A large abscess was detected on
Apr. 1 and was treated immediately with systemic antibiotics. A subsequent scan 10 days
later demonstrated that the antibiotic treatment was ineﬀective, as the abscess volume increased. Following the second scan, an emergency surgery was performed, in which the abscess was drained and the implant completely
removed. Subsequent scanning demonstrated
a complete clearing of the intracranial infection, with scar tissue visible at the previous
site of the abscess. T2 weighted image acquired
with fast spin echo (FSE) or rapid acquisition
with relaxation enhancement (RARE) sequence.
Fig. 18. Example of large zone of edema in
the white matter detected during a routine scan
on Sep 26, in association with a chronically
implanted deep electrode and prior to overt
clinical symptoms. Upon detection, the patient was treated immediately with systemic
antibiotics (chloramphenicol and doxycycline),
which were eﬀective at treating the infection.
T2 weighted image acquired with fast spin echo
(FSE) or rapid acquisition with relaxation enhancement (RARE) sequence.

removing an infection if it has a considerable presence under an implant.
Thus, it is a good practice, once the infection is brought under control,
to attempt a corrective surgical procedure to either physically ﬂush the
space or to remove the aﬀected portion of the implant.
In the case that a transcranial infection is not detected at an early
stage, an epidural abscess can form and enlarge to the point that it begins
to displace brain tissue. An example of this situation is shown in Fig. 17,
where an infection likely invaded the cranium through a screw hole under the implant and grew into an abscess. It bears emphasis that, in the
absence of information gleaned from brain imaging, this process may
proceed with only subtle or no clinical signs. Once an abscess becomes
encapsulated, it is diﬃcult to treat, because it consists essentially of a
walled-oﬀ area of infection that lacks vascular penetration, and therefore systemic antibiotics are much less eﬀective, or at best very slow in
their action. Regarding the case depicted in Fig. 17 the initial approach
was to begin a systemic antibiotic treatment in an attempt to combat
the infection. In such a case, where there is no straightforward way to
obtain a culture to test for bacterial type and resistance proﬁles, it is
impossible to determine whether a given antibiotic will be eﬀective. In

this case, treatment proved entirely ineﬀective, as a scan ten days later
showed that the abscess had grown signiﬁcantly in size. In response
to this information, an emergency surgery was performed, and the abscess was drained using a cannula and the cranial implant was entirely
removed. During this procedure, the ﬂuid from the abscess was submitted for analysis and the appropriate antibiotics were administered. This
combination had the result of completely clearing the infection at all
sites. Although the removal of the implant meant that the experimental
work stopped, the animal recovered quickly, with only a small scar visible on the MRI where the abscess had been previously and the animal
ultimately returned to research successfully.
Thus, the routine MRI scan in this case alerted the investigators to
the presence of the problem. The subsequent scan showed the growth
of the problem and also provided critical information for a targeted surgical intervention, in this case a drainage of the abscess. Indeed, this
approach is the standard of care in human neurology and neurosurgery,
and should be emphasized in neuroscientiﬁc research as much as possible.
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clinical examination prior to MRI, as well as during MRI examination in
both healthy and neurologically compromised NHP patients.
Blood collection is an important ﬁrst step in assessment prior to MRI.
Unless trained to present limbs for blood collection, even this routine
clinical procedure requires anesthesia in NHP. Many facilities routinely
use a ketamine, dexmedetomidine, and midazolam ‘cocktail’ for this procedure, as the sedative eﬀects are easily and quickly reversible speciﬁcally with atipamezole and less speciﬁcally with yohimbine for the 𝛼 2
agonists, and ﬂumazenil for the benzodiazepines. Based upon the need
for the MRI - whether clinical or routine anatomic scans - blood testing
may be skipped; however, any animal that has not had an assessment
within six months should be considered a strong candidate for complete
blood count (CBC), and a minimal blood chemistry, such as BUN, creatinine, electrolytes, liver enzymes, and total protein. Once the animal is
anesthetized for blood collection, it is prudent to use that time to perform any other assessments, such as physical examination, ultrasonography, even radiographs, that may be deemed appropriate. The results
of these tests will provide additional data for the clinical workup, and
may help provide essential diagnostic evidence for treatments.
Next, an assessment of cardiovascular and respiratory function is recommended prior to administration of anesthesia for MRI. In the awake
animal, cardiovascular and respiratory systems assessment include, respiratory rate and eﬀort, whether normal, increased, or labored, any audible respiratory sounds such as wheezing, stertor, stridor, coughing,
and color of visible mucosae to assess perfusion. Animals having diﬃculty breathing may also exhibit reluctance to move, panting without
exertion or hyperthermia, and pale extremities. Physiological parameters should be monitored until the beginning of the anesthesia. Once
sedated, auscultation, palpation, and EKG/ECG along with pulse oximetry provide a better picture of cardiopulmonary function. Although murmurs can be identiﬁed readily in otherwise normal animals, including
humans, in NHPs murmurs should be documented for reassessment during future examinations. Once the animal is deemed stable or within
normal limits, the animal can be transported to the MRI suite in accordance with facility policies. Depending on the reason for the scan,
this preanesthetic assessment may be completed on the days before a
scheduled MRI, or on the same day as the scan.
To prepare the animals for the anesthesia experiments, animals are
fasted to prevent vomiting (six hours for solids and two hours for water).
An antiemetic may also be provided. After the induction of anesthesia,
the body temperature of the NHP can drop rapidly, because the animals can no longer regulate temperature and it is useful to put the NHP
immediately on a heating blanket. Monkey eyes are protected with an
ophthalmic lubricant (e.g., vitamin A cream) and the eyelids are gently closed to prevent eye dryness. For MRI experiments, longer than
one hour, intravenous hydration should be ensured by saline (0.9%) or
a mixture of normal saline (0.9%) and glucose (5%) (250 ml of normal saline with 100 ml of 5% glucose) at a rate of 4–10 ml/kg/h i.v.
(Uhrig et al., 2016).

Fig. 19. Example of an incidental ﬁnding from an anatomical scanning session
in a macaque. T2 weighted image acquired with fast spin echo (FSE) or rapid
acquisition with relaxation enhancement (RARE) sequence.

In the case of acute or chronic insertion of implants directly into the
brain, such as microelectrodes or cannulae, infections can sometimes
arise directly within deep brain tissue. Such cases can lead to encapsulated infections similar to that shown above, or to a broader encephalitis,
and even ultimately to meningoencephalitis, any of which will greatly
endanger the health of the animal and the viability of the experiments.
One early warning sign for deep brain infections is the visualization
of edema, usually as a bright patch on a T2-weighted scan, whose origin is often somewhere along the track of intracranial implants. Such
edema can be invisible on typical T1-weighted anatomical scans, thus
T2-scans are recommended for routine MRI health checks. In the example shown in Fig. 15, where there is a region of high signal intensity
(hyperintensity, red arrow) diﬀusing from a portion of the implanted
electrode, whose long vertical shadow is faintly visible. In this example,
systemic antibiotics were administered the day of the detection, which
led to a decrease in the observed edema six days later. In such cases,
where deep infections have no clear communication to the extracranial
space, systemic antibiotics can sometimes clear an infection entirely. In
this particular case, there is a white stripe above the skull in the vicinity of the electrode penetration, thus the antibiotic treatment was only
eﬀective in the short term.
2.3. Incidental ﬁndings
Another area in which routine scanning is recommended is in the initial screening of NHPs destined for experiments. This practice can serve
multiple purposes, including the acquisition of a high-quality anatomical scans for targeting, localization, implant design, or subsequent fMRI
data as described above. One other use of this pre-experimental scan,
however, is the screening for medical conditions or ano malies that
might aﬀect the research. One example of an incidental ﬁnding that
occurred during a pre-surgical MRI scan assessment of an NHP selected
for study appears in Fig. 19. This is hydrocephalus and is likely to be
congenital resulting from cerebral aqueductal stenosis, as is seen in humans. Clearly, this individual would not be appropriate for neurologic
research, unless that research was speciﬁc to this condition. The investigators used this scan to deselect the animal, who was known to
have occasional mild to moderate seizures but was otherwise apparently
healthy, even behaving appropriately, e.g., visually-guided movements.

3.2. Routine structural MRI scans: anesthesia
Anesthesia for routine structural MRI assessment can include a
volatile anesthetic (1–3.0% ET isoﬂurane or 2–4% sevoﬂurane) or an
intravenous bolus of ketamine, in combination as above (with careful attention to redosing schedules), or a diﬀerent intravenous anesthetic such
as propofol with constant rate infusion. A saline drip is often placed, to
provide for hydration, and allows for immediate IV access should the animal develop critical needs. Routine monitoring of vital signs is critical.
We recommend oxygen saturation and pulse rate with pulse oximetry
(SpO2 ) as well as capnography (EtCO2 ), EKG, blood pressure, and respiratory rate. In general, maintaining the NHP patient in a light plane
of anesthesia is preferred, primarily for scanning without movement
artifacts. If movement becomes a concern, small doses of supplemental anesthesia or sedatives, such as dexmedetomidine or butorphanol,
may be administered at this time. To avoid artifacts related to potential

3. Anesthesia protocols for clinical and experimental assessment
using MRI
3.1. Pre-scan assessment: anesthesia
The use of MRI in neuroscientiﬁc research has revolutionized our
ability to care for our research animals, especially NHP. Below we provide an overview of the anesthetic procedures we use to provide general
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movements during MRI acquisition, a muscle blocking agent (for example, cisatracrium, 0.15 mg/kg bolus i.v. followed by continuous i.v.
infusion at a rate of 0.18 mg/kg/h) could be used. It has to be noticed,
that in this situation, the animal must be intubated and ventilated, as it
is no longer breathing on its own. It is advisable that the muscle blocking agent be reversed before recovery from anesthesia. For anesthesia
experiments, where monkeys were intubated and mechanically ventilated, they can be ventilated under a mixture of air/oxygen (FiO2 = 0.5)
with a tidal volume of 7–10 ml/kg aiming to normocapnic conditions.
Before intubation, a local oropharyngal anesthesia (xylocaine) can be
applied. Routine structural MRI do not normally require supplemental
anesthesia, and any need for additional anesthetics should be done in
consultation with the veterinarian.

case, it seems preferable that the NHP be intubated and ventilated to
avoid desaturation due to apnea. The use of propofol should always include the assessment for administration of analgesia by local, regional,
or general anesthetics for analgesia, as propofol does not provide analgesia on its own. Researchers should develop the anesthetic protocols
during the preliminary phases of their research projects, and not wait
until they have emergencies.
A meta-analysis of intravenous anesthetic agents versus inhalant
anesthetics found that while intracranial pressure tended to be higher
in the inhalant group compared to the intravenous group, this did not
result in any diﬀerence in surgical outcomes (Chui et al., 2014). This,
along with the experience of the authors in performing anesthesia in
NHP with neurological lesions, suggest that intracranial pressure can
vary, even become elevated, without leading to adverse outcomes in
the neurologically compromised patient. It is therefore recommended
that veterinarians determine their anesthetic approach in the NHP without being overly cautious; using a balanced approach. Including injectable and inhalant anesthetics will provide a balanced, hemodynamically stable patient. It should be noticed, however, that volatile anesthetics, such as isoﬂurane and sevoﬂurane, induce cerebral vasodilation
(Matta et al., 1999), especially at high dosage and isoﬂurane (with minimum alveolar concentration (MAC) > 1) increases the CBF Todd and
Drummond (1984). Additional medications may be used judiciously, as
determined by veterinary clinical assessment, for issues or other conditions not necessarily involving the brain.
A brief note to point out that while dexmedetomidine has been
shown to cause reduced CBF due to its ability to induce vasoconstriction, it has variable eﬀects upon neuroprotection depending on the
species. In dogs, the decrease in cerebral blood ﬂow is not accompanied
by a decrease in cerebral metabolic rate, therefore placing the animals
at risk of cerebral ischemia. In humans however, cerebral metabolic
rate seems to be reduced along with cerebral blood ﬂow. Studies are
inconclusive thus far, and this requires further research. For up to date
information see: https://www.uptodate.com/contents/anesthesia-forcraniotomy?sectionName=Anesthesia%20induction%20agents&topic
Ref=94283&anchor=H78577820&source=see_link#H78577820.
During neurosurgical procedures, it is advisable to maintain normocapnia during mechanical ventilation. The brief use of hypocapnia,
in which ventilation parameters are modiﬁed to cause a drop in the
ETCO2 into a range between 28–30 mmHg, as a routine approach to
control brain volume for functional imaging and for deep brain surgeries, while keeping in mind the possible inﬂuence of CO2 on BOLD, is
another area in which preparation and pre-planning will help mitigate
post-procedural complications. It is necessary to keep in mind that prolonged hypocapnia leads to cerebral vasoconstriction, which can lead
to cerebral ischemia, especially if there is an underlying brain lesion.
When working with toxicity models, the induction of hypocapnia immediately, for any animal with suspected intracranial disease, and then
adjust depending on what the localizer scans or the results of the early
sequences show, gives the anesthetist a buﬀer zone for anesthetizing the
neurological NHP. When working with models that involved neurotoxicity, either as a purpose of the research or as a complication, cerebral
edema is very likely to occur. Hypocapnia has also been shown to be
useful in anesthesia of patients with large intracranial abscesses.
If the researcher has the capability of performing imaging early (both
baseline and early in the course of illness, post-operative conditions, and
so on), as well as doing them frequently for all implanted animals, then
hypocapnia is not required for every anesthetic period. An increase in
brain volume is not always expected, and slow-growing space-occupying
lesions are well-tolerated. The caveat here is whether the researcher has
the ability to monitor CO2 throughout the anesthetic period, or if they
assume they can skip monitoring CO2 because a diagnostic sequence is
comparatively shorter than research sequences, but that is a risk that
the investigator should discuss with the veterinarian, so that all parties
are aware of the risk.

3.3. Structural MRI assessment in compromised NHP: anesthesia
Unlike in human or veterinary clinical medicine, acute neurological illness in laboratory animal medicine usually results from a known
source, either surgical complications, electrode trajectories, or experimental ablations. Unlike humans or other animals with traumatic brain
injury or humans with stroke, laboratory NHPs are generally otherwise healthy and not showing multiple injuries with multiple organs
involved, allowing us to focus primarily on the neurological disease.
Even in humans with acute neurological lesions, anesthesia is a necessary part of the assessment and treatment paradigm. If the patient is
obtunded or somnolent, they are managed with special attention to dose
and anesthetic agent, intubated, mechanically ventilated and moved to
surgery or imaging. Obtunded patients do not necessarily have any other
issues, so monitoring their blood pressure, heart rate, SpO2 , EtCO2 , and
managing those while the surgeon or MRI technician is performing their
procedures, is the critical focus of the anesthetist. As is seen in humans,
anesthesia allows the care staﬀ to stabilize the blood pressure, which in
turn beneﬁts the CBF, and reduces the impact of the brain lesion.
The anesthetic agent used for a neurosurgical procedure ideally
meets the following criteria: it does not increase intracranial pressure,
is not epileptogenic, does not increase or even decrease CBV, protects
brain cells from ischemia, should not cause cardiovascular depression
so that cerebral perfusion pressure is maintained and cerebral ischemia
is prevented or pre-existing ischemia is not aggravated. The anesthesia
should also be rapidly reversible so that the postoperative neurological
status can be clinically assessed.
The eﬀects of ketamine on cerebral physiology are controversial and
conﬂicting. Some human and animal studies report that ketamine increases cerebral blood ﬂow, cerebral metabolic rate, and intracranial
pressure whereas others report no change or decreases in these parameters, particularly when ketamine is administered with other anesthetics
(Chang et al., 2013). Given the uncertainty, we believe that ketamine
should be used with caution for craniotomy, especially for patients with
increased intracranial pressure. Ketamine is controversial, because its
eﬀects depend on patient variables, but some have held that it should
not be used for animals that have pre-existing seizures because of the decoupling of excitation and inhibition. In our experience, even in animals
with documented history of seizures, administration of ketamine does
not routinely induce seizures, and we have successfully anesthetized animals with ketamine in seizure as well as those predisposed to seizures
including animals with herniation and animals with serious cerebral
edema. In animals that do have a history of seizures, regardless of the
etiology, pre-medication with midazolam prior to anesthesia should be
considered.
Each facility will have its own formulary, but published dosages
range from 5–10 mg/kg IM of ketamine, combined with either diazepam, midazolam, dexmedetomidine, butorphanol, or other agents to
provide muscle relaxation, sedation, and analgesia. Whether the anesthesia includes propofol is best discussed prior to any urgent request
for anesthesia, as propofol requires intravenous administration, and can
cause apnea, especially with deep sedation (general anesthesia). In this
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In our combined veterinary experience, anesthesia of the neurological patient involves the potential for complications, although careful attention to prevention will mitigate these. Adjusting doses for induction,
combined with careful monitoring of vital parameters, and the potential
brief use of hypocapnia, will enhance the survival of the neurological
NHP. To avoid secondary brain damage, it is advisable to avoid hypovolemia, hypoxia, hypercapnia, hyperglycemia and pain during the
neurosurgical procedure in the compromised NHP. Broadly speaking,
the presence of central nervous system injury in research animals does
not preclude anesthesia for MRI or other imaging modalities, and these
modalities will allow for proper assessment of the patient, tracking the
course of the illness - including the success or lack thereof in antibiotic or
other treatment - and assist in the determination of prognosis. The veterinarian and principal investigator should prepare ahead of time, discussing possible outcomes and potential approaches, to minimize confusion when an emergent situation arises. As always, prudent monitoring
of all neurologically implanted animals provides for early intervention,
thus reducing serious complications.

(Gottlieb et al., 2013; Gray et al., 2016). Changes in behavior frequency
are also usually too subtle to be detected via routine daily checks and
might require behaviors to be systematically and precisely quantiﬁed.
These examples highlight the need for rigorous testing and validation of
behavioral assessments to be used as measures of well-being in monkeys
(Poirier and Bateson, 2017).
MRI can also be used to assess NHP psychological well-being, in addition to the monitoring of physiological health as described earlier.
Indeed, a recent analysis suggests that measures of hippocampal volume or hippocampal local amount of gray matter allow tracking NHP
well-being over months or years (Poirier et al., 2019). This MRI-based
measures of welfare assessment presents many advantages: (1) they correlate with subjective psychological well-being and moods in humans;
(2) they are sensitive to anti-depressant drugs in animal models, including NHPs; (3) they are sensitive to both deterioration and improvement
of NHP well-being, changing in opposite directions depending of the
valence of the experience (hippocampal plasticity increases with a positive experience and decreases with a negative one); (4) they are dosedependent, the magnitude of the eﬀect increasing with the duration or
the number of positive or negative events an animal has been exposed
to; (5) their sensitivity does not seem to be restricted to events that
happened during early life, as they seem to detect exposure to positive
and negative events during adulthood as well; (6) they are insensitive
to short-lived variation in an individual well-being (plasticity changes
within the hippocampus need to accumulate over several weeks to be
detectable with MRI); and 7) they can be measured using a standard T1
weighted image (the sensitivity of the measure will nevertheless depend
of the quality and resolution of the image), with some software providing the measure automatically (hippocampus volume only). However,
a signiﬁcant proportion of the inter-individual variability of hippocampal volume is inheritable (∼ 40%). It is currently unknown whether this
variation of genetic origin is linked to stress resilience and therefore
to NHP well-being, or not. Based on current knowledge, this measure
is thus not suitable for comparing well-being between individuals. We
also do not know which absolute value of hippocampal volume/local
amount of gray matter corresponds to a good status and which corresponds to a negative status. As a consequence, the interest of this measure relies on tracking changes in well-being within individuals over
their lifetimes. It also oﬀers the opportunity to measure scientiﬁcally
the eﬃciency of any reﬁnement attempt. For both applications, age effects need to be accounted for. Two measures are currently possible: the
total volume of hippocampus and the local amount of gray matter in the
anterior hippocampus. Although the second measure is suspected to be
more sensitive to NHP well-being than the ﬁrst, it remains to be further
investigated.

4. Combining behavioral and imaging assessment of well-being in
non-human primates
To detect neurological problems, behavioral assessment is a powerful approach to complement regular MRI scans. Indeed, problems can
occur between scheduled scans and daily behavioral checks can help
determining when advancing the next MRI scan could be useful. A rigid
posture, particularly with the head extended dorsally, head pressing, either against the cage or with the hands against the head; sensitivity to
light (not photophobia, which is more severe); reluctance to move; lack
of appetite; lack of interest in surroundings or lack of responsiveness
other than to more intense stimuli can be signs of neurological problems. Change in normal behavior can also be used to recommend an
earlier than normally scheduled scan. However, it requires determining
what is normal behavior at baseline, not just for the species but also for
the individual NHP. Most institutions with research programs involving NHP have some routine behavioral assessment plan in place, usually as checklists, to document the general demeanor, gross behavioral
features including level of activity, alertness, and the presence or absence of stereotypies (Gauvin and Baird, 2008; Smith et al., 2006). The
checklists facilitate detecting behavioral changes. When developing and
performing behavioral assessments however, it is important to keep in
mind a number of things. First, the presence of an observer may change
the animals’ behavior (Iredale et al., 2010). Although there is currently
no evidence supporting the idea that NHPs mask their pain or other illness, the behavior an animal expresses upon observation has much to do
with its familiarity with the observer and with being observed. Routine
visits to the cage side with positive reinforcement, increases familiarity
and thus decreases the likelihood of behavioral changes upon observation, thus leading to earlier and more accurate diagnoses (Raber et al.,
2018). Collaborative working relationships between research and veterinary personnel are also critical, as research personnel generally have
regular interactions with the animals and can detect subtle behavioral
changes quickly. A way to minimize behavioral changes with observation is to use remote monitoring (Gaither et al., 2014). This approach
can be successful, but careful consideration should be given to how or
whether this information is stored, as it may be subject to public release
upon request.
Besides neurological problems, routine husbandry and experimental
procedures have the potential to induce chronic stress. Chronic stress
can lead to poor psychological well-being and stress-related brain disorders. Many behaviors in NHPs are suspected to be indicators of chronic
stress and poor psychological well-being (e.g. hair pulling, yawning,
body shaking, self-grooming, self-scratching, self-injurious behaviors,
diverse stereotypic behaviors, hunched posture). However, few have
been fully validated. Consequently, when one assesses many behaviors, it is not uncommon for behaviors to vary in opposite directions

5. Ethical considerations
A global legal requirement for neuroscientists using NHPs is to implement the 3Rs principle (Russell and Burch, 1959) of replacement,
reduction and reﬁnement (Mitchell et al., this issue). MRI oﬀers many
opportunities to reﬁne experimental procedures routinely used in NHPs.
Sharing a comprehensive picture of an animal’s clinical health and wellbeing throughout a study, including the provision of adverse complications and subsequent remedies to improve animal welfare and minimize
adverse complications, is critically important information that can impact the design and outcome of future research studies. Complications
stemming from experimental procedures or otherwise, are not often described in papers (Olsson et al., 2008; Olsson et al., 2007). The lack of
such reporting may result from concern that it could detract from the
focus of the presented data or may be misperceived by reviewers or by
the public. However, failing to describe adverse complications as well as
procedures to overcome obstacles, has potentially reduced opportunities
for improvements in animal care and welfare.
Compared to electrophysiological experiments, which are typically
performed in awake and alert NHPs, CT and MRI often usually, but not
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always as discussed above, require anesthesia. Both the neurological
impact of multiple anesthetic events, and its possible impacts on psychological well-being of NHPs, require further investigation and needs
to be considered. The potential welfare implications of repeated use of
contrast agents and chelators sometimes used for speciﬁc applications
of MRI also needs to be monitored (Prescott and Poirier, 2021).
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6. Summary and conclusion
With the increase in the availability of imaging tools and procedures
in research facilities, particularly MRI, we are now well-poised to make
signiﬁcant advances in improving the well-being, clinical care and experimental outcomes of laboratory NHPs. MRIs can be used to guide
surgical planning and improve accuracy of brain structure targeting in
NHPs, in much the same way that MRI is used to guide human neurosurgical procedures and treatments. MRI including fMRI, together with
new software applications, can also be used to design and construct improved hardware for implantation which will extend the life expectancy
of the implanted devices and enhance the overall care and well-being of
the laboratory animals. When possible, routine MRIs can be performed
to monitor animals’ brain health over the course of their experimental
lifetime, allowing for advanced screening of animals and potential rapid
diagnosis and intervention, even before clinical signs appear. Attention
to imaging modality as well as whether or not anesthesia is used and
how, will further improve experimental and clinical outcomes. More recently, MRI of brain structures may even be used to assess well-being
in laboratory NHPs allowing for the possible development of novel enrichment programs, validated using MRI, and designed to enhance psychological heath of laboratory NHPs. Our eﬀort here is to provide information to scientists and veterinarians interested in taking advantage
of modern imaging approaches at their facilities and to foster further
discussions and interactions between scientists and veterinarians aimed
at improving laboratory NHP well-being and health and experimental
outcomes.
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