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Abstract

Objective—The baboon provides a natural model of genetic generalized epilepsy. This study 

compares the intrinsic connectivity networks of epileptic and healthy control baboons using 

resting-state fMRI and data-driven functional connectivity mapping.

Methods—Twenty baboons, matched for gender, age, and weight were classified into two groups 

(10 epileptic, 10 control) on the basis of scalp EEG findings. Each animal underwent one MRI 

session which acquired one 5-minute resting state fMRI scan and one anatomical MRI scan—used 

for registration and spatial normalization. Using independent component analysis, we identified 14 

unique components/networks, which were then used to characterize each group’s functional 

connectivity maps of each brain network.

Results—The epileptic group demonstrated network-specific differences in functional 

connectivity when compared to the control animals. The sensitivity and specificity of the two 

groups’ functional connectivity maps were significantly different in the visual, motor, amygdala, 

insular, and default mode networks. Significant increases were found in the occipital gyri of the 

epileptic group’s functional connectivity map for the default mode, cingulate, intraparietal, motor, 

visual, amygdala, and thalamic regions.

Significance—This is the first study using resting-state fMRI to demonstrate intrinsic functional 

connectivity differences between epileptic and control non-human primates. These results are 

consistent with seed-based genetic generalized epilepsy studies in humans; however, our use of a 

data-driven approach expands the scope of functional connectivity mapping to include brain 

regions/networks comprising the whole brain.
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INTRODUCTION

Although almost 40% of individuals with recurrent unprovoked seizures have genetic 

generalized epilepsy (GGE),1 little is known about the underlying mechanisms. GGE is 

electroclinically characterized by generalized seizures, associated with synchronization of 

the ictal discharge over both hemispheres on scalp electroencephalography (EEG), and by 

interictal epileptic discharges, which are predominantly generalized. Routine neuroimaging 

is typically unremarkable. Focal epilepsies, on the other hand, tend to be symptomatic of an 

underlying developmental abnormality or injury of the brain, and there is a better 

understanding of mechanisms due to routine investigations using intracranial electrodes and 

access to pathology, providing an important correlation with neuroimaging. Voxel-based 

morphometry and functional neuroimaging have been adapted to study possible structural or 

functional abnormalities underlying GGE,2–4 and EEG-fMRI has been useful to map blood-

oxygen-level dependent (BOLD) signal during epileptic discharges.5, 6 While many of the 

morphometric studies demonstrate subtle structural alterations in the frontoparietal cortices 

and thalami,2, 3 resting-state fMRI (rs-fMRI) studies often require hypothesis-driven 

analyses to uncover differences in functional connectivity.4, 7, 8 So far, EEG-fMRI has been 

the most informative resource, demonstrating that regional BOLD increases occur several 

seconds before ictal or interictal generalized spike-and-wave discharges, and are decreased 

for several seconds after the discharges.5–7 The BOLD increases during the ictal discharge 

are brief, and often limited to the medial frontal lobe and anteromedial thalamic nuclei, but 

little is known about the cause for the more substantial peri-ictal BOLD changes. 

Unfortunately, these BOLD changes cannot be correlated with intracranial recordings in 

humans, and therefore animal models of GGE are needed. As a first step, however, it is 

important to demonstrate the translatability of the fMRI changes from the animal models to 

humans with GGE.

The epileptic baboon represents a natural animal model of photosensitive, generalized 

epilepsy. Epileptic baboons exhibit spontaneous myoclonic, absence and generalized tonic-

clonic seizures mainly in the morning hours with a peak incidence in adolescence.9 Scalp 

EEG demonstrates a generalized ictal onset, as well as (predominantly) 4–6 Hz generalized 

interictal epileptic discharges.10 The electroclinical features of the epileptic baboon are 

similar to juvenile myoclonic epilepsy—the most common form of GGE in humans. In order 

to better understand the epileptic networks in the epileptic baboon, our group evaluated 

cerebral blood flow changes in response to intermittent light stimulation in photosensitive 

baboons using H2
15O positron emission tomography (PET),11–13 and recorded ictal and 

interictal discharges with continuous intracranial EEG.9 Both modalities demonstrated 

regional activations and ictal and interictal epileptic discharges in the parietal and premotor, 

mainly orbitofrontal, cortices. However, there were no differences in cerebral blood flow of 

the resting PET scans between the epileptic and control animals.14

In the present study, we compare the intrinsic brain networks of epileptic, photosensitive and 

control baboons using rs-fMRI. In contrast to human studies—which usually employ a 

hypothesis-based, region seeded approach—we utilized a data-driven approach to evaluate 

the functional connectivity of all of the baboon’s (data-derived) brain networks so that our 
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results would not be limited by seed selection. The goal of this research was to demonstrate 

the translatability of the epileptic baboon’s intrinsic brain networks to human GGE.

METHODS

Animal subjects

Twenty, adult baboons (Papio hamadryas anubis; 10 controls (CTL)/10 epileptic (EPI)) 

with a mean age of 11.52 ± 4.50 yrs (mean ± standard deviation) and mean body weight of 

17.34 ± 4.95 kg were obtained from the Texas Biomedical Research Institute (TBRI; San 

Antonio, Texas). The demographics of each animal group are shown in Supplementary 

Table 1. Before imaging, each animal was screened for neurological disorders (i.e. epilepsy) 

using scalp electroencephalographic (EEG) techniques described by Szabó et al..10 All ten 

baboons in the EPI group had generalized interictal epileptic discharges, 5 of whom were 

also photosensitive. Six of the baboons had witnessed seizures; a seventh baboon had 

myoclonic seizures recorded during the EEG. The anesthetized animal preparation—for 

optimized physiological stability and functional imaging responses—has been described in 

previous studies.15, 16 Briefly, for each rs-fMRI scan, the animal received an injection of 

intramuscular ketamine (5 mg/kg) to facilitate oral intubation and catheterization of a 

venous delivery line; intramuscular atropine (0.3 mg) was administered to reduce 

oropharyngeal secretions. During each imaging session, we maintained sedation with 

continuous i.v. administration of ketamine (5–6 mg/kg/hr) and vecuronium (0.25 mg/kg/hr)

—a paralytic that acts at the neuromuscular junction. This dosage range provided us with a 

stable level of sedation throughout the MRI session in the EPI and CTL baboons. Upon 

conclusion of the imaging session, we administered atropine (0.6–1.2 mg, i.v.) and 

neostigmine (0.5–2.0 mg, i.v.) to reverse muscle paralysis. During the entire procedure, the 

animals’ respiration, heart rate and oxygenation were monitored. No complications were 

noted during or after any of the procedures. All animals were studied in accordance with the 

policies of the Institutional Animal Care and Use Committee of the University of Texas 

Health Science Center at San Antonio; this study fully complied with U.S. Public Health 

Service’s Guide for the Care and Use of Laboratory Animals17 and the Animal Welfare 

Act.18

Data acquisition

The MRI scans were performed on a 3T Siemens TIM Trio clinical MRI scanner using a 

body radio-frequency transmission coil with a 12-channel head RF receiver coil (Siemens, 

Erlangen, Germany). Blood-oxygen-level dependent (BOLD) rs-fMRI was acquired using a 

gradient echo-planar imaging pulse sequence. Whole brain coverage rs-fMRI was acquired 

parallel to the anterior commissure - posterior commissure line with the following scanning 

parameters: repetition time (TR) = 3,000 msec, echo time (TE) = 30 msec, acquisition 

matrix = 124 × 124 mm, spatial resolutions of 1.048 mm × 1.048 mm, and 27 axial slices 

(slice thickness = 1.9 mm) were acquired for at least five minutes. In the same session, high-

resolution anatomical images were acquired using a magnetization-prepared, rapid gradient-

echo (MP-RAGE) sequence (TR/TE/flip angle = 2100 ms/3.1 ms/12°), non-selective 

inversion pulse, TI = 1100 ms, FOV = 160 × 192 × 192 mm, 1.0 mm isotropic spatial 
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resolution. We used the anatomical MRIs for within modality co-registration and spatial 

normalization.

Data preprocessing

All MRIs were processed using tools developed by the University of Oxford’s Functional 

Magnetic Resonance Imaging of the Brain (FMRIB) division. Anatomic MRIs were 

preprocessed with the Brain Extraction Tool19 in the FMRIB’s Software Library (FSL), to 

remove nonbrain tissues. FSL’s Fully Automated Segmentation Tool20 was used to segment 

the brain into white matter, gray matter and ventricular masks; a global (whole-brain) mask 

was created by combining each of these masks. The resulting images were used during the 

rs-fMRI preprocessing stages described below.

All rs-fMRIs were preprocessed using FSL’s FMRI Expert Analysis Tool (FEAT).21 The 

initial rs-fMRI preprocessing steps include: removal of the first 4 volumes of rs-fMRI data 

for T1-equilibration, motion correction (using standard and extended motion parameters), 

slice timing correction, and rs-fMRI brain extraction. The white matter and ventricular 

masks were eroded to 65% of their original volume to ensure that each mask was only 

sampling data from the respective brain region;22 the global, white matter, and ventricular 

masks were then used to determine each subject’s nuisance signals. Initially, each animal’s 

preprocessed dataset underwent nuisance regression using only the white matter and 

ventricular signal regressors (i.e. 2-covariates).23 To determine whether or not to include the 

mean global signal in nuisance regression, we implemented the global negative index (GNI) 

proposed by Chen et al.23. In their article, Chen and colleagues empirically demonstrated 

that a numerical relationship (i.e. the GNI) exists between functional connectivity errors and 

global signal noise and that this value can indicate (a priori) whether or not mean global 

signal regression induces more error in functional connectivity estimates. Chen et al.23 

determined the criterial GNI value to be 3.0%. Thus, datasets with GNI values below this 

criterial GNI should include the mean global signal in nuisance regression, whereas datasets 

with GNIs greater than or equal to 3.0% should not. We used each animal’s 2-covariate 

image to calculate each animal’s GNI using in-house computer programs developed in 

MATLAB (Natick, MA, USA). The GNI-informed version of each animal’s rs-fMRI image 

then underwent isotropic spatial smoothing (FWHM = 6.0 mm), co-registration to a 

representative baboon brain, and band-pass filtering (0.008 < f < 0.1 Hz). Co-registration 

consisted of multiple steps using FSL’s FLIRT and FNIRT tools: 1) linear, affine 

registration with 7 degrees-of-freedom (DOF) between each subject’s rs-fMRI and 3D 

anatomical image, 2) linear, affine registration with 12 DOF between each subject’s 3D 

anatomical image and a representative baboon brain, 3) non-linear registration between each 

subject’s 3D anatomical image and the representative baboons brain. These transformation 

matrices were then used to transform each animal’s rs-fMRI dataset into the representative 

baboon’s brain space. Henceforth, we refer to the GNI-informed version of each image as an 

animal’s “preprocessed rs-fMRI image”.

Intrinsic connectivity networks

We performed independent component analysis (ICA) on all animals (N = 20) using FSL’s 

MELODIC program.24 The ICA was performed using temporal concatenation and an 
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automatic estimation of the number of components to determine the baboon’s major brain 

networks. MELODIC determines the number of independent components in the ICA using 

Bayesian dimensionality estimation techniques.24 Once determined, each ICA-derived brain 

network was thresholded (z > 4.0) to create brain masks representing the major components 

of each network; the maximum ICA brain regions were identified using homologous brain 

areas listed in Saleem & Logothetis’ rhesus brain atlas.25 The thresholded mask of each 

ICA-derived brain network was then used to calculate each animal’s network-specific time-

series for functional connectivity analysis.

Functional connectivity analysis

Each animal’s preprocessed rs-fMRI dataset underwent voxel-wise, “First-level” analysis 

for each ICA-derived brain network—using FSL’s FEAT program—to determine the 

functional connectivity of each brain network. In this step, the time-course of each subject’s 

ICA-derived brain networks were correlated with all other voxels in the brain to demonstrate 

which brain regions were functionally connected in each brain network. Next, each subject 

was assigned to a group and each brain network was analyzed using FEAT’s “Higher-level” 

(i.e. group-wise) analysis using the FMRIB’s Local Analysis of Mixed Effects—also in 

FEAT; the resulting images were thresholded (|z| > 2.3; p < 0.05, family-wise error (FWE) 

corrected) using FSL’s “randomise” command with threshold-free cluster enhancement. 

These images were then overlaid onto our representative baboon brain to calculate the 

descriptive statistics of each group’s functional connectivity map for each brain network; 

voxels within 1 mm of the white matter were excluded from each animal’s functional 

connectivity map for this calculation. The full range of each group’s respective functional 

connectivity map was used to determine the maximum and minimum z-scores for each brain 

network. Each group’s thresholded (|z| > 2.3; p < 0.05, FWE corrected) functional 

connectivity map was used to determine the total number of voxels and mean z-scores of 

each brain network. Student’s t-tests were used to assess any group differences in the total 

number of significant voxels in each network’s functional connectivity map. In addition, 

cluster analysis was performed on the contrast images between the CTL and EPI groups’ 

network responses. Only significant clusters (p < 0.05, FWE corrected)—with their 

maximum cluster location located in the gray matter—were reported in the cluster analysis 

results. These brain regions were identified using homologous regions in the rhesus brain.25

RESULTS

Subjects

There were no significant (p < 0.05) differences in the gender, age, or weight between the 

EPI and CTL animals (demographics were reported in Supplementary Table 1). The EPI 

animals tended to be younger and larger in size than the CTL group, though these 

differences were not statistically significant. These differences were due to a selection bias 

inherent to our methodology—i.e. preferentially performing EEG studies in seizure animals 

soon after their first witnessed seizure and in older asymptomatic animals before they died 

or otherwise exited the colony. The greater prevalence of females in the asymptomatic group 

is due to colony management policies at the TBRI that maintain harem groups for the 

purposes of breeding. In this study, all animals had GNIs greater than the critical GNI value 
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of 3.0% (mean = 11.23%, SD = 4.33%), therefore, excluding the global signal from nuisance 

regression induced less correlation error and only the white matter and ventricular nuisance 

signals were regressed in each of these animals’ rs-fMRI scans.

Intrinsic connectivity networks

The whole-group ICA produced 14 meaningful brain components (i.e. networks), shown in 

Figure 1. The largest cluster of each of these brain networks was identified and labeled using 

homologous region in a rhesus brain atlas;25 these regions are listed in Table 1. The 14 ICA-

derived brain networks spanned the whole brain and included the following brain regions: 

visual, default mode network (DMN), cingulate, auditory, motor, amygdala, insula, basal 

ganglia, lateral geniculate nucleus, and cerebellum. These regions were used to assess 

group-wise differences between the EPI and CTL animals. Interestingly, the thalamus did 

not have a unique ICA component. This result may be due to the fact that the thalamus is 

intricately connected to many brain regions, thus certain brain networks may have merged 

specific thalamic nuclei into their ICA components. The parcellation of the thalamus into 

several distinct ICA components has been shown by Kim et al.26

Descriptive statistics

Cluster analysis of the functional connectivity of each ICA-derived brain network was used 

to determine the descriptive statistics for each animal group (Figure 2). The maximum 

strength (i.e. sensitivity) of each network’s functional connectivity map was stronger in the 

EPI group than in the CTL group when assessing the following brain networks: DMN (#1), 

cerebellum (#2), insula (#6), visual (#7), intraparietal (#8), motor (#11), visual association 

(#12), and the thalamus (#14). However, there were no significant (p < 0.05) differences in 

the mean values between the CTL and EPI groups (Figure 2A). The size (i.e. specificity) of 

each network’s functional connectivity map was shown in Figure 2B. The EPI group had 

significantly (p < 0.05) more voxels above threshold than the CTL group in all ICA-derived 

brain regions except the anterior cingulate (#5) and parainsular (#9) cortices. These data 

indicate that the intrinsic brain networks of the EPI group were consistently more 

widespread than the CTL group even though their mean z-scores were similar. Therefore, 

we are confident in stating that the EPI brain networks were functionally connected to a 

larger extent of the same and/or more brain regions than the CTL group in each brain 

network.

Functional connectivity

Figures 3 and 4 represent each network’s major brain activations produced when assessing 

each ICA-derived brain network. In general, the EPI group had larger (i.e. widespread) 

functional connectivity maps compared to the CTL group. Because of this, there were 

several regions in which the EPI group demonstrated functional connections, whereas the 

CTL group did not. For example, the EPI group’s functional connectivity was more 

widespread in the DMN (#1), cerebellum (#2), cingulate (#4), insula (#6), visual (#7), 

anterior intraparietal (#8), basal ganglia (#10), motor (#11), visual association (#12), 

amygdala (#13), and thalamic (#14) regions. The vast majority of the network-specific, 

group-wise functional connectivity differences were in the occipital gyrus; The extent of 
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these network-specific differences were distributed throughout the primary and secondary 

visual cortices. Additionally, the parietal operculum appears to be more functionally 

connected to the motor, inferior parietal lobule, and visual networks in the EPI group. The 

DMN (#1), cingulate (#4), and basal ganglia (#10) brain regions also demonstrated 

increased functional connectivity to the precentral gyrus in the EPI group. Interestingly, the 

EPI group’s functional connectivity of the cingulate, anterior intraparietal, visual, and visual 

association brain regions very much resemble the functional connectivity map of the DMN 

suggesting a possible linking of these brain regions in the EPI group. These functional 

connectivity differences are summarized in Table 2.

DISCUSSION

In this study we examined the rs-fMRI functional connectivity differences between EPI and 

CTL non-human primates in fourteen ICA-derived brain networks. Using voxel-wise 

analysis of each brain network’s functional connectivity, we were able to produce functional 

connectivity maps for each group, then assess any significant differences between their 

network-specific functional connectivity maps. To the best of our knowledge, this is the first 

study to use a data-driven neuroimaging approach (e.g. ICA) to identify multiple brain 

networks involved in GGE.

Functional connectivity of GGE

Several previous studies7, 8, 27–29 have utilized seed-based, voxel-wise approaches (using rs-

fMRI) to investigate functional connectivity in generalized epilepsy patients. Many of these 

studies8, 28, 29 have focused on sub-cortical regions—such as the thalamus—to demonstrate 

functional connectivity differences in epileptic patients. Kim et al.,29 seeded the 

anteromedial thalamus and found that thalamocortical functional connectivity in the medial 

prefrontal and the posterior cingulate cortices—one of the main brain regions associated 

with the DMN—were negatively correlated with disease duration. The authors suggested 

that the aberrant functional connectivity in the DMN was possibly due to long-standing 

effects of the disease and that these effects may be used to track the severity/stage of 

generalized epilepsies over time.

Other studies,7, 29 specifically investigated the DMN, finding decreases in the functional 

connectivity between the frontal and parietal brain regions of the DMN. Luo et al.,27 

reported that although the voxel-wise representation of the DMN appeared to be similar 

between groups, however, graph theoretical analysis revealed that the node-to-node 

relationships within the DMN were significantly weaker in the epileptic group; McGill et 

al.,7 also found decreased functional connectivity between the DMN brain regions in the 

epileptic group. Kay et al.30 used ICA (and confirmatory seed-based approaches) to quantify 

DMN connectivity in genetic generalized epilepsy (GGE) and reported no significant 

differences in the functional connectivity of the DMN between healthy controls and GGE 

patients. However, they did find significant decreases in the mean functional connectivity of 

the DMN in the GGE patients when correcting for treatment-resistance. In our study, we 

found a strong representation of the DMN in both the CTL and EPI groups, with DMN brain 

regions in the frontal and parietal regions of the brain—similar to the human DMN. We also 
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did not find significant differences between the CTL and EPI groups in the mean functional 

connectivity of DMN. However, since our baboon model of GGE is medication-naïve, we 

did not have to adjust for medication effects and the lack of response to medications.

In addition, our results are also consistent with a study by Kay et al.,31 which found that the 

paracingulate cortex demonstrated increased functional connectivity to the anterior thalamus 

and the DMN in GGE patients with frequent generalized spike and wave discharges. Our 

intrinsic connectivity network associated with the cingulate cortex (#4 in Figure 3) 

demonstrated an increased functional connectivity map in the EPI group, which resembled 

that of the DMN (#1 in Figure 3). These similarities between brain networks suggest that 

these networks have been linked—possibly in the posterior cingulate cortex and/or the 

precuneus—in the EPI baboons. These similarities between the cingulate and DMN 

networks of humans with GGE and epileptic baboons support the translatability of our 

baboon model of GGE.

The occipital lobes represent one region with increased connectivity to all of the networks in 

the epileptic compared to healthy control baboons. This was contrary to expectations, as the 

occipital lobes were not thought to participate in generalized epileptic networks, except in 

the setting of photosensitivity.32, 33 Although we did have five photosensitive baboons in 

our epileptic group, we did not have enough subjects—photosensitive epileptic baboons vs. 

non-photosensitive epileptic baboons—to definitively show whether or not the occipital 

differences in functional connectivity were due (explicitly) to the five photosensitive 

subjects included in the epilepsy group. Early studies did not find the occipital lobe to be 

spontaneously epileptogenic, but instead merely capable of eliciting ictal and interictal 

discharges in the motor and premotor cortices. On the other hand, similar to the resting-state 

fMRI data presented in this study, PET studies correlating cerebral blood flow with the rate 

of interictal epileptic discharges in the baboon demonstrated activation of primary and 

secondary visual areas.14 More recent intracranial EEG recordings demonstrated frequent 

parieto-occipital interictal—and at times (even) ictal—discharges, suggesting that the 

occipital lobes are also part of the epileptic network in the baboon model of GGE.9

The prominence of parietal and occipital lobe networks diverge from resting-state fMRI 

studies in humans.7, 8, 26–28, 31 There is ample structural and functional neuroimaging data 

indicating increased thalamocortical connectivity within the frontal lobes, the brain regions 

believed to be harboring the epileptic network in GGE.4, 34, 35 However, many of the 

resting-state fMRI studies utilized seed-based analyses or correlated network connectivity 

with other clinical parameters in order to demonstrate differences between people with GGE 

and healthy controls.4 The data-driven approach utilized in this study is likely to yield a 

more extensive connectivity map by avoiding bias. Based upon voxel-based morphometry 

studies in humans with juvenile myoclonic epilepsy—indicating structural abnormalities in 

temporal, parietal and occipital lobes—we would expect to find differences in functional 

connectivity as well.2, 3 Intracranial EEG recordings of ictal epileptic discharges in rodent 

models of absence epilepsy indicate the primary epileptogenic zone to be in the primary 

somatosensory areas,36 and multiregionally in the epileptic baboon, including a prominent 

role of the parietal and occipital cortices.9 To some extent, EEG-fMRI studies in human 

absence epilepsies, have confirmed an important pre-ictal contribution of the parietal 
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lobes.5, 6 Some factors favoring the frontal lobe bias in the resting-state connectivity studies 

in humans are their larger and more highly-developed frontal lobe networks and increased 

variability of cortical structures.16

We were surprised to find increases in the functional connectivity of the motor cortex in our 

EPI baboon group, specifically in light of a recent study by Young et al.,37 which found that 

epileptic baboons have a lower cell density in the motor cortex. We would have expected a 

decrease in the motor network’s functional connectivity commensurate with the lower 

number of neurons in the EPI group’s sensorimotor cortex. However, based upon the 

increased motor excitability demonstrated in drug-naïve JME patients,38 one possible 

explanation may be that those missing neurons would usually inhibit output from the 

sensorimotor network, allowing increased corticocortical connectivity mediated by 

pyramidal cell projections. This hypothesis may be tested using EEG-fMRI; however, this is 

beyond the scope of the current study and should be investigated in future research projects.

Limitations and future directions

One major limitation of our study is the lack of EEG monitoring during the rs-fMRI studies. 

EEG-fMRI would not only elucidate BOLD changes around the time of ictal or interictal 

epileptic discharges,5, 6 but more importantly, it could help to correlate connectivity patterns 

with ictal or interictal discharge rates during the resting period to evaluate their contributions 

to the resting-state BOLD signal.14 Furthermore, the ability to identify sequences 

contaminated by ictal or interictal epileptic discharges would better provide a more accurate 

comparison of the resting-state networks between EPI and CTL groups.39 In our previous 

baboon EEG studies,11–14 we have reported that the baboon model of GGE has between 0 

and 5 interictal epileptic discharges per 90 second period (average = 1.33 discharges/

minute). Thus, in a 5-minute rs-fMRI scan, the EPI baboons may have 6–7 interictal 

epileptic discharges during the scan. We have not observed ictal discharges in our prior 

EEG/PET studies (at rest), but without EEG-fMRI we cannot rule out that our rs-fMRI 

results are not influenced by either ictal or interictal epileptic discharges.

A second disadvantage of baboon neuroimaging studies is the need for anesthesia. We have 

investigated the effects of ketamine on regional and global cerebral blood flow 

measurements using PET12–15 and BOLD fMRI.40 At the (relatively) low doses used in this 

study, we have not found any anesthetic effects on cerebral blood flow (or the BOLD signal) 

either globally or locally. By maintaining the relatively low dosing of ketamine (5–6 

mg/kg/hr) throughout each rs-fMRI session, we are confident that we have assuaged any 

possible anesthesia-induced BOLD signal effects and that the brain network differences 

reported here are valid and not due to anesthesia effects.

One major advantage of using a baboon model of GGE is that the baboons are medication-

naïve, and therefore will demonstrate a more natural disease state. Additionally, once we 

have thoroughly mapped the brain networks (and differences) of the baboon model of GGE, 

we can then utilize these fMRI findings as potential biomarkers for epilepsy. These brain 

regions may then be used to evaluate whether medical therapies—such as anti-epileptic 

drugs or neurostimulation—can alter or “normalize” resting-state brain activity in these 

disease-specific brain networks. Furthermore, functional connectivity maps in the baboon 
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model of GGE may also inform intracranial electrode placement for further 

electrophysiological monitoring and/or neurostimulation studies, thereby increasing the 

fidelity of our EEG recordings.

CONCLUSION

This is the first study using rs-fMRI to demonstrate intrinsic functional connectivity 

differences between EPI and CTL non-human primates. These results are consistent with 

seed-based GGE studies in humans in the cingulate and DMN regions, however, our use of a 

data-driven approach expands the scope of functional connectivity mapping to include brain 

regions/networks comprising the whole brain. This data-driven approach in a medication-

naïve, natural animal model of GGE may enable the utilization of fMRI findings as potential 

biomarkers for epilepsy research and treatments.
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Key Points

• This is the first study using rs-fMRI to demonstrate intrinsic functional 

connectivity differences between EPI and CTL non-human primates.

• The baboon is a medication-naïve, natural animal model of GGE which 

demonstrates results consistent with seed-based studies in humans.

• Our data-driven approach expands the scope of functional connectivity mapping 

in GGE to include brain regions throughout the brain.

• Our results may enable the utilization of fMRI findings as potential biomarkers 

for epilepsy research and treatments.
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Figure 1. Concordant resting-state network maps determined by the spatial ICA of all subjects
Each network number corresponds to the Intrinsic Connectivity Networks listed in Table 1. 

Orthogonal slices of the most representative points in space are shown. Each ICA map was 

thresholded at |z| > 2.3.
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Figure 2. Descriptive statistics of the functional connectivity of the Epileptic (EPI) and Control 
(CTL) group’s network responses
(A) The maximum and mean z-scores of voxels above threshold (|z| > 2.3; p < 0.05, FWE 

corrected) for each respective brain network in the EPI and CTL groups. The error bars in 

the mean z-score graph represent the standard deviation of the mean. (B) The total number 

of voxels above threshold for each group’s functional connectivity map. Significant (p < 

0.05) differences between the groups were identified with an asterisk. The “Resting State 

Network” numbers in this figure refer to the list of networks shown in Table 1.
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Figure 3. Functional connectivity of networks #1–7
Each row demonstrates the functional connectivity of the EPI and CTL groups for the DMN 

(#1), cerebellum (#2), auditory (#3), cingulate (#4), anterior cingulate (#5), insula (#6), and 

visual (#7) brain regions. Orthogonal slices of the most representative points in space are 

shown.
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Figure 4. Functional connectivity of networks #8–14
Each row demonstrates the functional connectivity of the EPI and CTL groups for the 

anterior intraparietal (#8), parainsular (#9), basal ganglia (#10), motor (#11), visual 

association (#12), amygdala (#13), and thalamic (#14) brain regions. Orthogonal slices of 

the most representative points in space are shown.
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Table 1

Intrinsic connectivity networks derived using an independent component analysis of all subjects.

IC Seed Region (#) Intrinsic Connectivity Network Maximum Network Location Primate Brain Label†

1 Default Mode Network Medial Parietal Cortex of Superior Parietal Lobule Area 7m

2 Cerebellum Cerebellum cb

3 Auditory R. Fundus of the Superior Temporal Sulcus Area PGa

4 Cingulate Midcingulate Cortex Area 24b

5 Anterior Cingulate Subcallosal Gyrus/Anterior Cingulate Cortex Area 25

6 Insula R. Dysgranular Insular Cortex Id

7 Visual Occipital Gyrus V1

8 Anterior Intraparietal L. Inferior Parietal Lobule AIP

9 Parainsula R. Insular Proisocortex Pi

10 Basal Ganglia R. Caudate cd

11 Motor Dorsal Precentral Gyrus F1

12 Visual Association R. Fundus of the Superior Temporal Sulcus Area FST

13 Amygdala L. Amygdala amy

14 Thalamus R. Lateral Geniculate Nucleus LGN

†
Labels correspond to the homologous areas listed in the rhesus25

R = Right; L = Left
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