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Idiopathic epilepsy (IE) is the most common neurological disease in dogs. Approximately 1/3 of dogs with IE are resistant to anti-seizure medications (ASMs). Because the diagnosis of IE is largely based on the exclusion of other diseases, it would be beneficial to indicate an IE biomarker to better understand, diagnose, and treat this disease. Diffusion tensor imaging (DTI), a magnetic resonance imaging (MRI) sequence, is used in human medicine to detect microstructural biomarkers of epilepsy. Based on the translational model between people and dogs, the use of DTI should be investigated in a veterinary context to determine if it is a viable resource for detecting microstructural white matter abnormalities in the brains of dogs with IE. As well, to determine if there are differences in white matter microstructure between dogs who are responsive to ASMs and dogs who are resistant to ASMs. Using DTI to better understand neurostructural abnormalities associated with IE and ASM resistance might help refine diagnostic approaches and treatment processes in veterinary medicine.
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1 Introduction

Epilepsy is one of the most common neurological diseases in dogs (1). It reduces quality of life and shortens a dog’s lifespan (1–5). In veterinary medicine, idiopathic epilepsy (IE) is diagnosed indirectly on criteria that excludes evidence of alternative diseases (6). Therefore, finding biomarkers that could further narrow down the diagnosis of IE would be clinically useful. One option, diffusion tensor imaging (DTI), is used in human medicine to help researchers and doctors better understand brain connectivity and diseases that affect white matter such as epilepsy in people (7–21). Epilepsy arises naturally in both people and dogs; strong arguments exist as to the similarity of the disease between the two species (22–26). Thus, DTI may offer an opportunity to detect microscopic neurostructural abnormalities in dogs that support the diagnosis of IE and improve treatment planning. Furthermore, DTI-detected abnormalities may partially explain why some dogs are responsive to anti-seizure medications (ASMs) while others are resistant as differences have been reported in a couple of clinics trials on people (14, 19). The use of DTI for investigating white matter abnormalities in dogs with IE is in the early stages of exploration (27). In this narrative review, background information will be presented on epilepsy and DTI, and approaches for DTI use, as mostly seen in human medicine, will be explored in the context of veterinary medicine.


1.1 Epilepsy

A seizure is a transient and abnormal increase in synchronization between neurons. Seizures are epileptic when two or more episodes occur at least 24-h apart (28). Seizure types can be described as generalized, focal, or unknown based on their cortical origin. The term ‘generalized seizure’ refers to synchronized neuronal activity originating in networks that engage both hemispheres. A ‘focal seizure’ refers to seizure activity originating in one hemisphere. Focal seizures can evolve to bilateral tonic–clonic seizures when activity progresses to generalized activity within a seizure episode. Lastly, unknown seizure type occurs when the hemispheric location of onset of seizure activity is unknown (28, 29). Epilepsy is an enduring predisposition to the occurrence of epileptic seizures. In people, it is classified by seizure type, with implications as to comorbidities, therapeutic recommendations, and outcomes (30, 31).

The focus of the present review is on canine IE; in other words, epilepsy with a known or suspected genetic influence or an unknown cause (6, 28). Similarly, in human medicine, when genetics are known to play a role, IE is referred to as genetic epilepsy. Human medicine has a wider range of defined epilepsy types and syndromes within IE (30, 31). Veterinary medicine is working towards the development of syndrome specificity within IE (32, 33).

There are three tiers of confidence for diagnosing IE in dogs. Tier I is used when two or more epileptic seizures occur at least 24 h apart, signs of epilepsy appear between approximately 6 months and 6 years of age, neurological examination during interictal periods is normal, and baseline blood analysis and urinalysis are unremarkable. Tier II confidence is used when Tier I criteria is fulfilled and no underlying causes are detected using additional blood tests, urinalysis, bile acids tests, cerebrospinal fluid analysis, and magnetic resonance imaging (MRI) of the brain (6). Although standard MRI sequences for the epileptic canine brain are expected to be unremarkable, a few reports exist of hippocampal atrophy or other qualitative or quantitative abnormalities on routine MRI sequences (34, 35). However, it is important to differentiate between post-ictal and interictal abnormalities (36). Cases of post-ictal changes, mainly localized to the piriform lobe, temporal lobe, cingulate gyrus, and hippocampus, have shown a marked reduction to full resolution on follow-up MRIs (36–38). Interictal parenchymal abnormalities are more common among older dogs with IE in regions such as the frontal lobe, piriform lobe, and occipital lobe (39). Tier III diagnostic criteria include all criteria from Tier II plus evidence of seizure activity using electroencephalography (EEG). While a standard protocol for electrode placement exists in human medicine, veterinary medicine is still working towards verifying electrode placement for adequate coverage of the superficial cortical layer in dogs (6, 40–44). Even so, EEG data of an ictal event or interictal epileptogenic patterns still offers the highest level of confidence in the diagnosis of IE (6). This has its challenges as there is a lower likelihood of capturing an ictal or interictal electrographic event in dogs with less frequent seizures (41). Having a microstructural marker that is not reliant on real-time events during neuroimaging would provide another method for obtaining diagnostic confirmation during interictal periods.


1.1.1 Drug resistant epilepsy

While most individuals with IE are successfully treated using ASMs, approximately 25 to 35% of people and dogs have drug resistant epilepsy (DRE) (45–50). The International League Against Epilepsy defines DRE as the failure to reach seizure freedom using two or more ASMs (51). In clinical trials for veterinary medicine, DRE is often referred to as the inability to reduce seizure frequency by at least 50% using two or more ASMs (45–48, 52, 53). The more ASMs being taken, the higher the probability of experiencing unpleasant adverse effects (54). While people might verbally report adverse effects, veterinarians must rely on caregiver observations, behavioral signs, and physiological signs to detect side effects in dogs (6, 53). Therefore, detecting adverse effects is more difficult in dogs than in people. One example of a polytherapy adverse effect that may go unnoticed in dogs versus people is cognitive dysfunction (8). While alternatives to polytherapy are being explored, the overall task of treating and controlling DRE remains a big challenge for both species (3, 53–55).




1.2 Diffusion tensor imaging (DTI)

Diffusion tensor imaging is an MRI sequence based on an algorithmic model. It incorporates data from diffusion weighted images (DWI) taken in multiple planes to form a three-dimensional image. Diffusivity of water molecules is used to highlight structural connectivity patterns of large white matter tracts (Figure 1) (11). Diffusion patterns in the brain are dependent on the density, permeability, and the direction of axons, large molecules, and microstructures.
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FIGURE 1
 A diffusion tensor image of a dog’s brain. Tractography is used to predict fiber tract direction which is represented by color. Created with General Electric AW VolumeShare 7.


Diffusion can be referred to as isotropic or anisotropic (Figure 2). Isotropic diffusion is the movement of molecules in an outwards and spherical direction in the absence of structural barriers. The mean magnitude of isotropic diffusion is measured using an apparent diffusion coefficient (ADC). The mean diffusivity (MD) is calculated using ADC values in three orthogonal or more directions. Higher values for these indices are related to increased extracellular space, less structural organization, and fewer axons (11, 21). Anisotropic diffusion refers to the tracking of water molecules within and along densely packed axonal tracts, i.e., the parallel movement of water molecules. Diffusion tensor imaging uses the magnitudes of multiple ADC values in three or more planes to measure the proportion of fractional anisotropy (FA) within a region of interest (ROI). A higher FA value indicates structural organization and a dense region of parallel axons. Dense regions of parallel axons make up large white matter tracts (11, 21, 56).
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FIGURE 2
 Illustration of anisotropic and isotropic diffusion in selected regions of interest in the brain. (A) Anisotropic diffusion observed in the corpus callosum. Water molecules are restricted by dense axons and diffuse in a parallel and elongated fashion. (B) Isotropic diffusion observed in the lateral ventricle. Water molecules move in an outwards and spherical manner in the absence of structural barriers. Created with BioRender.com.


Diffusion indices can be measured in segments of tracts, tracts, and whole brain white matter. Connectivity indices are used to structurally or functionally analyze networks. Quantitative information on network structure and function can be extracted from DTI using mathematical approaches such as graph theoretical analysis and independent component analysis (14, 19, 57, 58). Indices calculated from graph theoretical analysis highlight the strength, length, and type of connections being made between regions of the brain (19, 58). Independent component analysis allows for the breakdown and buildup of spatiotemporal activity of each voxel (14, 57). Both are useful for understanding brain connectivity and differentiating between normal and abnormal structure or function (14, 19, 57, 58).

Regardless of whether segments, tracts, whole brain white matter, or networks are used as ROIs, each method has benefits and pitfalls (59–61). Segments of white matter tracts allow the selection of regions with lower levels of crossover but are limited by a smaller number of voxels. Conversely, thin slices on image acquisition with zero spacing between slices could be used to increase the number of voxels being selected. Crossover refers to fiber tracts going in different directions within the same voxel and is inevitable when analyzing tracts and whole brain white matter (60, 61). Qualitatively, the overlap from crossing fibers makes it hard to visually differentiate tracts using FA maps, color orientation maps, and tractography. As FA is a vector, and the magnitude of its value is dependent on direction, when tracts cross because they are going in different directions, FA values are cancelled out (59–61).

Tracts and whole brain white matter can also be analyzed using tract based spatial statistics (TBSS); a reliable method for calculating accurate FA values. This method requires distorting, or transforming, each participant’s brain images to fit a standard anatomical reference; because of the varying skull morphology in dogs, this task can be challenging and labor intensive but is possible for mesocephalic dogs using a brain atlas space (62). Network measures account for the broad impact of epilepsy but may miss subtle nuances. Furthermore, functional connectivity measures are limited to resting state networks, such as the default mode network, in dogs as they almost always require anesthesia for MRI scans. Resting state networks refer to baseline connections between different functional regions of the brain. These networks highlight brain activity that does not require awareness to elicit measurable changes (63–66). However, it is possible that resting state networks are being functionally altered by anesthesia (64–66).




2 Diffusion tensor imaging in people with epilepsy

People with various types of epilepsy show a trend of decreased anisotropic diffusivity and/or an increase in isotropic diffusivity. Examining patients with generalized genetic epilepsy (GGE), decreased FA and increased MD was found in the corpus callosum, corticospinal tract, superior and inferior longitudinal fasciculus, and supplementary motor areas (12). Similarly, low FA and high perpendicular diffusivity (an additional measurement of isotropic diffusivity) were seen in the posterior corpus callosum, external capsule, internal capsule, and anterior corpus callosum of patients with temporal lobe epilepsy (TLE) (7). Temporal lobe epilepsy is a common form of focal epilepsy in people where activity originates in the temporal lobe (67). Results from these studies imply that the white matter regions in those with GGE and TLE have more extracellular space and less dense axonal tracts. These studies, among others, highlight the widespread impact that GGE and TLE can have on the brain. As well, they feed into the growing consensus that epilepsy influences or involves structures outside of epileptogenic zones, the predicted origin of seizure activity (7, 12, 17, 68–71).

While white matter structures outside of epileptogenic zones show reduced FA in people with epilepsy, the closer to the epileptogenic zone, the larger the FA reduction. This means there tends to be lower FA in the hemisphere containing the epileptogenic zone (7, 15, 18). Similarly, an ipsilateral reduction in FA is seen in the hippocampal-thalamic pathway of individuals with TLE who experience generalized seizures when compared to controls (10). Another study found an increase in the ADC of the hippocampus located in the hemisphere that initiates seizure activity in those with IE (72). This suggests asymmetry between hemispheres is detectable and should be considered a potential variable in DTI studies of IE. It also suggests that the more brain regions are exposed to seizure activity the more effects are seen, meaning seizure frequency should be considered also as a variable that influences brain microstructure.

People with TLE and hippocampal sclerosis (TLE-HE), TLE, and GGE, show a reduction in FA in multiple white matter regions with the lowest FA values in those with TLE-HE (71). Hippocampal sclerosis refers to the loss of cells within the hippocampus (70). Age of onset and duration with epilepsy is negatively correlated with FA in people with TLE but to a greater degree in those with TLE-HE (7, 71). This implies that the age of onset may influence the extent to which epilepsy changes the structural integrity of regions of white matter that are still developing. The progressive decrease in FA seen in those with TLE, in combination with the greater extent of damage and higher correlation between duration and FA reduction in patients with TLE-HE, could imply quantitative changes are detectable prior to visual detection of structural abnormalities in those with IE.

Functional and structural connectivity abnormalities of neuro-networks are detected in people with IE (14, 19, 20). Functionally, a decrease in connectivity in the default mode network is reported in people with ASM-resistant generalized IE when compared to healthy controls (14). Independent component analysis identified functional connectivity changes in people with juvenile myoclonic epilepsy (JME). There was enhanced connectivity between the prefrontal cortex and the motor cortex, as well as between the supplemental motor areas and lateral and caudal regions of the brain. Supplemental motor areas also showed a decrease in connectivity with rostral regions of the brain (20). Juvenile myoclonic epilepsy is a prominent IE syndrome in humans that shares parallels with JME in Rhodesian Ridgeback dogs (20, 32, 33).

In terms of structural connectivity, there are differences in whole brain networks between people who are good responders versus poor responders to ASMs. Newly diagnosed people with focal epilepsy, naïve to ASMs, had DTI scans prior to determining if they were good-responders to ASMs (IE+) or poor-responders to ASMs (IE-). To meet the criteria for IE+, participants needed to become seizure free for 6 months or more. The mean assortative coefficient, calculated using graph theoretical analysis, was positive for IE+ and negative for IE-. In other words, good responders had more connections between similar brain regions and poor responders had more connections between dissimilar brain regions (19). This provides evidence of microstructural differences in white matter between people who are responsive versus resistant to ASMs.

This body of literature exemplifies a wide range of abnormalities that can be detected using DTI in various presentations of epilepsy (7–21, 68–73). Given the similarities between epilepsy in people and dogs, research from human medicine provides a methodological starting point for what should be explored in veterinary medicine. Conversely, the translational value of canine studies means that they can serve as a valuable source of insights for human medicine (22–26).



3 Translation of DTI literature in people to dogs

People and dogs have similar neuroanatomy and, further, share many aspects of epilepsy such that each could be considered a model for the other (22–26). For example, because the proportion of those with DRE is similar in people and dogs, it is possible that the mechanisms responsible for drug resistance are similar between species (3, 9, 19, 53, 63). More research would be needed to factually support this statement. As DTI is a relatively new technique used to analyze connectivity within the brain, and most published research on DTI and epilepsy has been studied in people, trends from human medicine provide a framework for designing DTI studies for dogs with IE (7, 11, 14, 17, 19, 74).

Conversely, there may also be limits to the transferability of data between human medicine and veterinary medicine. For example, there is a significant difference between the connectivity of the anterior cingulate cortex and posterior cingulate cortex when comparing neurotypical people and dogs. More specifically, the dogs had lower anisotropic diffusion between their anterior and posterior cingulate cortex (57). Epilepsy in people has been correlated with lower anisotropic diffusion in multiple white matter structures; thus, using human medical literature to interpret canine data may result in inaccurate conclusions (14, 57, 63). Therefore, overall trends from human medicine should be considered but actual FA values of ROIs are not reliable measures to compare between the species.


3.1 Selecting regions of interest for dogs with idiopathic epilepsy (IE)

Epilepsy affects the microstructure and function of white matter tracts and influences the connectivity patterns within and between neuronal networks. Based on this, it is reasonable to use either segments of tracts, tracts, whole brain white matter, or networks as ROIs (7–21, 68–72).

Segments of white matter tracts investigated in people with IE include the corpus callosum, cingulum, external capsule, internal capsule, mammillothalamic tract and hippocampus (7, 12, 17, 69–73, 75). Depending on breed, MRI quality, and software constraints, the external capsule and mammillothalamic tract may be too small for voxel selection in dogs. However, the corpus callosum, cingulum, internal capsule and hippocampus are prominent structures that could be used as ROIs for dogs (27, 56, 76).

Whole tracts studied in people with IE that could be used as ROIs in dogs include the corticospinal tracts, superior longitudinal fasciculi, interior longitudinal fasciculi, and hippocampal-thalamic pathway (10, 12, 17, 74). In dogs, the corticospinal tract is hard to differentiate from the corticobulbar and corticopontine tracts meaning these may need to be analysed together (56).

The default mode network and overall brain networks could be used as ROIs when studying functional and structural connectivity (14, 17, 19). While other networks may be involved in epilepsy, such as the thalamocortical network or basal ganglia, these regions would require functional MRI techniques and unanesthetized dogs, making for a more complex experimental protocol and timeline (57, 63, 77).




4 Diffusion tensor imaging in dogs

As DTI is a relatively new technique, only a few studies have demonstrated the feasibility of its use in a veterinary context (27, 56, 63, 78–81). Extensive mapping of separate white matter tracts in healthy dogs using DTI has been verified with cadaveric dissections and anatomy textbooks, creating atlases. Such atlases could be used to compare tracts between healthy dogs and dogs with IE (56). Other atlases focused on parcellation of subcortical and cortical grey matter regions. While individual tracts and structures of white matter were not parcellated, segmentation of whole white matter was defined (62, 79, 82–86). Grey matter abnormalities are less of a focus in DTI but a significant increase in ADC in the piriform lobes of dogs with IE has been reported (87). Meaning, parcellation of these grey matter regions could be useful for DTI research. Furthermore, identifying both grey and white matter abnormalities comes into play in regions like the hippocampus, a portion of the piriform lobe with a mixed composition of grey and white matter. In terms of whole brain white matter, at least one of these atlases are being used to standardize participants’ brains for TBSS (62).

An increase in isotropic diffusivity and decrease in anisotropic diffusivity in the hippocampus of people with TLE without HE provides evidence that quantitative imaging may precede visually recognizable structural abnormalities (71, 72). Similarly, in a study on dogs with IE, there was an increase in hippocampal atrophy, from 12 to 36%, when calculated visually versus using the hippocampal asymmetry ratio (35). Hippocampal atrophy is sometimes present on MRI scans in relation to IE which is a discrepancy with IVETF tier II criteria stating that there are no structural brain abnormalities in dogs with IE (6, 34). The hippocampal asymmetry ratio is dependent on volumetric measures. Therefore, other quantitative measures, such as diffusion indices, may also be sensitive to microstructural abnormalities in the brains of dogs with IE.

Asymmetry between hemispheres may be a feature to explore in dogs with IE. Notably, a certain amount of FA asymmetry is to be expected in some regions based on what is reported in people. For example, the left corticospinal tract tends to have higher FA than the right corticospinal tract in healthy people (74). The corticospinal tract has been reported as an ROI for FA reduction in people with IE (12). Therefore, a thorough understanding of asymmetry in healthy individuals would need to be investigated prior to making any conclusions related to IE in dogs.

The other route for studying microstructural and functional abnormalities in dogs with IE is to look at DTI formulated probabilistic representations of neuro-networks (14, 19, 57, 58). Graph theory analysis could be applied to DTIs in dogs with IE, using methodological frameworks published in human medicine, to enable the investigation of structural abnormalities of connectivity (19). Functionally, the anterior region of the default mode network in dogs with IE shows an increase in connectivity (57). In this example, results differed from a similar study in people with general IE (14). While these results are contradictory, it was theorized that there may be a compensatory increase in connectivity prior to degradation that occurs over the course of the disease (57). The same concept was discussed in a study that found an increase in FA in the frontal lobe of newly diagnosed and treatment naïve children with generalized IE (16).


4.1 Diffusion tensor imaging in dogs with IE

Only one article has looked at DTI in dogs with IE. Notably, the authors selected a couple ROIs that have been found to have reduced FA in people with epilepsy, namely, the corpus callosum and cingulate white matter. They reported a significant decrease in FA in the cingulate white matter of dogs with IE. Tract based spatial statistics of this cingulate white matter did not show the same significant decrease in FA which may be because TBSS does not highlight subtle microstructural differences (27). These findings could be expanded by using a larger population and additional ROIs.




5 Additional variables to consider for DTI research in dogs with IE

Breed and age affect brain microstructure in canines and sex and age affect brain microstructure in humans (7, 17, 81, 88–92). Morphological variability exists between dog breeds, where specific behaviors correlate with structural differences in the brain (89). Moreover, human studies have shown differences in brain diffusion and connectivity between sexes. For example, one study reports that males have higher FA in multiple white matter regions when compared to females (91). Another large study found males have more intrahemispheric connections while females have more interhemispheric connections (90). In terms of age, neuronal degradation in people, which is reflected by a decrease in FA, generally starts in the anterior region of the brain and continues posteriorly (92). Therefore, age at scan may negatively correlate with FA in certain regions of the brain (7, 81, 92). In relation to dogs, Barry et al. (81) studied the influence of age on white matter FA in a sample of 29 healthy mesaticephalic dogs. The dogs were divided into two age categories: the young group included dogs under the age of 7, and the old group included dogs aged 7 or older. They found a significant decrease in FA in multiple white matter regions, including the corpus callosum, in the old group when compared to the young group (81). Note, a decrease in FA in relation to age is not noticeable before the age of 30 in people (88); meaning, a pattern may not be evident in a sample of mainly young dogs. Overall, breed, sex, and age should be considered when determining the relationship between white matter microstructure and IE in dogs.

Volume is another factor to consider when studying IE in dogs. While volume is not the focus of this review, volumetric data is simultaneously provided when selecting ROIs from DTIs for diffusion analyzes (93). Nuyts et al. (17) conducted a meta-analysis on structural abnormalities associated with generalized IE in people. They reported a statistically significant reduction in volume in the supplemental motor area, insula, thalamus, putamen, caudate, hippocampus, anterior cingulate cortex, and left pallidum. Also, the medial frontal gyrus was larger in the right hemisphere of those with generalized IE compared to controls (17). Furthermore, Milne (94) reported that dogs with IE had a widespread reduction in cerebral cortical volume when compared to healthy controls (94). While volume of structures can vary between individuals, overall volumetric patterns and ratios are worth investigating as all the information needed would already be obtained (17, 89).



6 Discussion

The question of whether DTI is a viable resource for detecting microstructural white matter abnormalities in the brains of dogs with IE needs further investigation. Comparisons using DTI indices have yet to be conducted between dogs with IE+ and IE−. A prospective case–control cohort study design would be optimal for determining whether there are microstructural differences between healthy dogs, IE+, and IE−. Healthy dogs and dogs with newly diagnosed IE, naïve to ASM treatment, could receive an initial scan and a follow up scan 12 months later. During these 12 months, dogs with IE would be treated with ASMs and categorized as ASM responsive or resistant following IVETF definitions. Diffusion indices and structural connectivity measures could be blindly analyzed. Comparisons could be made (1) between neurotypical dogs and dogs with IE to control for confounds; (2) between the initial scans of dogs that are resistant versus responsive to ASMs to determine the presence of biomarkers; (3) as well as between and within arms over time to account for additional confounds and compare progressional changes in diffusion and connectivity of the brain.

The first comparison controls confounds such as breed, sex, and age. The second comparison would be useful for determining whether microstructures detected by DTI could be used as biomarkers to help predict ASM resistance; in turn, adding more specification to diagnoses and allowing for more informed treatment planning. Structural connectivity has been compared between people who are good versus poor responders to ASMs (12). Assortative connectivity was associated with good responders and disassortative connectivity was associated with poor responders. With the similarities between human and canine epilepsy, these results may translate to dogs. The range of structural networks that have been explored using DTI in humans is vast, whereas the most practical functional networks to investigate in dogs with IE are resting state networks (14, 19, 57, 63–66). In addition to network measures, anisotropic diffusivity in segmentations of tracts, tracts, or whole brain white matter could be investigated. Segments of tracts previously implicated in human IE that are translatable to dogs include the corpus callosum, cingulate gyrus, internal capsule, and hippocampus. Furthermore, tracts include the corticospinal, corticobulbar, and corticopontine tracts, the superior and inferior fasciculi, and hippocampal-thalamic pathway (7, 10, 12, 17, 69–71, 73–75). If diffusion indices are investigated, Figley et al. (95) emphasizes the importance of using multiple measures to validate FA findings. This is because the ratio of neurons going in the principal direction is being calculated, not overall density of fibers within a voxel. For instance, FA could be higher in an area with fewer parallel fibers than in an area with densely packed fibers going in multiple directions. Also, damaged white matter may not result in a change in FA if fibers in all directions are equally damaged; this is because the ratio between the fibers going in different directions would remain the same (95). Furthermore, histological findings suggest that ADC, an isotropic diffusion index, is a better measurement of myelination than FA, as FA measures myelination among other microstructural constraints of water diffusion. Different diffusion indices offer some overlap and some variation in information (95–97). Therefore, more detailed information can be obtained using multiple diffusion indices when studying IE.

Thirdly, asymmetry comparisons over time between hemispheres should be made as differences have been exemplified in people and dogs with IE (7, 15, 18, 35, 71, 73). More importantly, it would provide information about the progression of changes in ASM responsiveness versus resistance in patients. As well, act as a within control measure to gain pilot data for future investigations on additional factors that are potentially influencing microstructural change such as number of ASMs being taken, ASM type, seizure frequency, and seizure type.



7 Conclusion

Research is building on evidence of microstructural abnormalities in dogs with IE from DWI, volumetric studies, and one DTI study (27, 35, 87, 94). Functional abnormalities in the default mode network of dogs with IE have been identified (57). Further investigations will be needed into anisotropic diffusivity and structural connectivity measure in dogs with IE. While DTI is a useful tool to investigate brain abnormalities related to epilepsy in people, findings from human medicine are not always transferable to veterinary medicine (7, 11, 12, 14, 17, 19, 57, 73). On this front, human medicine is ahead of veterinary medicine and provides a valuable framework to guide veterinary research. In turn, veterinary medicine may provide valuable information for human medicine (22–26). There are many types of ROIs and measures that could be used, and each one comes with benefits and limitations. As well, confounds such as breed, age, sex, asymmetry, ASM specifications and seizure or epilepsy type specifications would need to be considered. In tandem with other diagnostic techniques, discoveries using DTI could lead to more specific diagnoses and targeted treatments for dogs with IE (12, 17, 19, 32, 33, 57, 95, 97).



Author contributions

GK: Writing – original draft, Writing – review & editing, Conceptualization, Data curation, Investigation, Methodology. AZ: Writing – review & editing, Methodology, Resources. LG: Writing – review & editing, Resources. FJ: Conceptualization, Writing – review & editing, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. James is supported by a Natural Sciences and Engineering Research Council of Canada Discovery Grant funding reference number: RGPIN-2021-02606. Ontario Veterinary College, Department of Clinical Studies, MSc stipend scholarship supported G. Kadler.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Heske, L, Nødtvedt, A, Jäderlund, KH, Berendt, M, and Egenvall, A. A cohort study of epilepsy among 665,000 insured dogs: incidence, mortality and survival after diagnosis. Vet J. (2014) 202:471–6. doi: 10.1016/j.tvjl.2014.09.023 

 2. Berendt, M, Gredal, H, Ersbøll, AK, and Alving, J. Premature death, risk factors, and life patterns in dogs with epilepsy. J Vet Intern Med. (2007) 21:754–9. doi: 10.1111/j.1939-1676.2007.tb03017.x 

 3. Packer, RM, and Volk, HA. Epilepsy beyond seizures: a review of the impact of epilepsy and its comorbidities on health-related quality of life in dogs. Vet Rec. (2015) 177:306–15. doi: 10.1136/vr.103360 

 4. Wessmann, A, Volk, HA, Packer, RM, Ortega, M, and Anderson, TJ. Quality-of-life aspects in idiopathic epilepsy in dogs. Vet Rec. (2016) 179:229. doi: 10.1136/vr.103355 

 5. Lord, LK, and Podell, M. Owner perception of the care of long-term phenobarbital-treated epileptic dogs. J Small Anim Pract. (1999) 40:11–5. doi: 10.1111/j.1748-5827.1999.tb03246.x 

 6. De Risio, L, Bhatti, S, Muñana, K, Penderis, J, Stein, V, Tipold, A , et al. International veterinary epilepsy task force consensus proposal: diagnostic approach to epilepsy in dogs. BMC Vet Res. (2015) 11:148. doi: 10.1186/s12917-015-0462-1 

 7. Arfanakis, K, Hermann, BP, Rogers, BP, Carew, JD, Seidenberg, M, and Meyerand, ME. Diffusion tensor MRI in temporal lobe epilepsy. Magn Reson Imaging. (2002) 20:511–9. doi: 10.1016/s0730-725x(02)00509-x 

 8. Yassine, AI, Eldeeb, MW, Gad, AK, Ashour, YA, Yassine, IA, and Hosny, OA. Cognitive functions, electroencephalographic and diffusion tensor imaging changes in children with active idiopathic epilepsy. Epilepsy Behav. (2018) 84:135–41. doi: 10.1016/j.yebeh.2018.04.024 

 9. Bialonski, S, and Lehnertz, K. Assortative mixing in functional brain networks during epileptic seizures. Chaos. (2013) 23:033139. doi: 10.1063/1.4821915 

 10. Chen, C, Li, H, Ding, F, Yang, L, Huang, P, Wang, S , et al. Alterations in the hippocampal-thalamic pathway underlying secondarily generalized tonic-clonic seizures in mesial temporal lobe epilepsy: A diffusion tensor imaging study. Epilepsia. (2019) 60:121–30. doi: 10.1111/epi.14614 

 11. Dong, Q, Welsh, RC, Chenevert, TL, Carlos, RC, Maly-Sundgren, P, Gomez-Hassan, DM , et al. Clinical applications of diffusion tensor imaging. J Magn Reson Imaging. (2004) 19:6–18. doi: 10.1002/jmri.10424 

 12. Focke, NK, Diederich, C, Helms, G, Nitsche, MA, Lerche, H, and Paulus, W. Idiopathic-generalized epilepsy shows profound white matter diffusion-tensor imaging alterations. Hum Brain Mapp. (2014) 35:3332–42. doi: 10.1002/hbm.22405 

 13. Geier, C, Lehnertz, K, and Bialonski, S. Time-dependent degree-degree correlations in epileptic brain networks: from assortative to dissortative mixing. Front Hum Neurosci. (2015) 9:462. doi: 10.3389/fnhum.2015.00462 

 14. Kay, BP, DiFrancesco, MW, Privitera, MD, Gotman, J, Holland, SK, and Szaflarski, JP. Reduced default mode network connectivity in treatment-resistant idiopathic generalized epilepsy. Epilepsia. (2013) 54:461–70. doi: 10.1111/epi.12057 

 15. Li, H, Xue, Z, Dulay, M Jr, Verma, A, Karmonik, C, Grossman, RG , et al. Fractional anisotropy asymmetry and the side of seizure origin for partial onset-temporal lobe epilepsy. Comput Med Imaging Graph. (2014) 38:481–9. doi: 10.1016/j.compmedimag.2014.06.009 

 16. Long, R, Wang, Y, Chen, L, Deng, D, Mei, L, Mou, J , et al. Abnormalities of cerebral White matter microstructure in children with new-onset untreated idiopathic-generalized epilepsy. Front Neurol. (2021) 12:744723. doi: 10.3389/fneur.2021.744723 

 17. Nuyts, S, D'Souza, W, Bowden, SC, and Vogrin, SJ. Structural brain abnormalities in genetic generalized epilepsies: A systematic review and meta-analysis. Epilepsia. (2017) 58:2025–37. doi: 10.1111/epi.13928 

 18. Otte, WM, van Eijsden, P, Sander, JW, Duncan, JS, Dijkhuizen, RM, and Braun, KP. A meta-analysis of white matter changes in temporal lobe epilepsy as studied with diffusion tensor imaging. Epilepsia. (2012) 53:659–67. doi: 10.1111/j.1528-1167.2012.03426.x 

 19. Park, KM, Cho, KH, Lee, HJ, Heo, K, Lee, BI, and Kim, SE. Predicting the antiepileptic drug response by brain connectivity in newly diagnosed focal epilepsy. J Neurol. (2020) 267:1179–87. doi: 10.1007/s00415-020-09697-4 

 20. Vollmar, C, O'Muircheartaigh, J, Symms, MR, Barker, GJ, Thompson, P, Kumari, V , et al. Altered microstructural connectivity in juvenile myoclonic epilepsy: the missing link. Neurology. (2012) 78:1555–9. doi: 10.1212/WNL.0b013e3182563b44 

 21. Yogarajah, M, and Duncan, JS. Diffusion-based magnetic resonance imaging and tractography in epilepsy. Epilepsia. (2008) 49:189–200. doi: 10.1111/j.1528-1167.2007.01378.x 

 22. Charalambous, M, Fischer, A, Potschka, H, Walker, MC, Raedt, R, Vonck, K , et al. Translational veterinary epilepsy: A win-win situation for human and veterinary neurology. Vet J. (2023) 293:105956. doi: 10.1016/j.tvjl.2023.105956 

 23. Potschka, H, Fischer, A, von Rüden, EL, Hülsmeyer, V, and Baumgärtner, W. Canine epilepsy as a translational model? Epilepsia. (2013) 54:571–9. doi: 10.1111/epi.12138 

 24. Patterson, EE. Canine epilepsy: an underutilized model. ILAR J. (2014) 55:182–6. doi: 10.1093/ilar/ilu021 

 25. Löscher, W. Dogs as a natural animal model of epilepsy. Front Vet Sci. (2022) 9:928009. doi: 10.3389/fvets.2022.928009 

 26. Berendt, M, Gredal, H, and Alving, J. Characteristics and phenomenology of epileptic partial seizures in dogs: similarities with human seizure semiology. Epilepsy Res. (2004) 61:167–73. doi: 10.1016/j.eplepsyres.2004.07.009 

 27. Beckmann, KM, Wang-Leandro, A, Steffen, F, Richter, H, Dennler, M, Bektas, R , et al. Diffusion tensor-based analysis of white matter in dogs with idiopathic epilepsy. Front Vet Sci. (2023) 10:1325521. doi: 10.3389/fvets.2023.1325521 

 28. Berendt, M, Farquhar, RG, Mandigers, PJ, Pakozdy, A, Bhatti, SFM, De Risio, L , et al. International veterinary epilepsy task force consensus report on epilepsy definition, classification and terminology in companion animals. BMC Vet Res. (2015) 11:182. doi: 10.1186/s12917-015-0461-2 

 29. Fisher, RS, Cross, JH, French, JA, Higurashi, N, Hirsch, E, Jansen, FE , et al. Operational classification of seizure types by the international league against epilepsy: position paper of the ILAE Commission for Classification and Terminology. Epilepsia. (2017) 58:522–30. doi: 10.1111/epi.13670 

 30. Scheffer, IE, Berkovic, S, Capovilla, G, Connolly, MB, French, J, Guilhoto, L , et al. ILAE classification of the epilepsies: position paper of the ILAE Commission for Classification and Terminology. Epilepsia. (2017) 58:512–21. doi: 10.1111/epi.13709 

 31. Hirsch, E, French, J, Scheffer, IE, Bogacz, A, Alsaadi, T, Sperling, MR , et al. ILAE definition of the idiopathic generalized epilepsy syndromes: position statement by the ILAE task force on nosology and definitions. Epilepsia. (2022) 63:1475–99. doi: 10.1111/epi.17236 

 32. Wielaender, F, James, FMK, Cortez, MA, Kluger, G, Neßler, JN, Tipold, A , et al. Absence seizures as a feature of juvenile myoclonic epilepsy in Rhodesian ridgeback dogs. J Vet Intern Med. (2018) 32:428–32. doi: 10.1111/jvim.14892 

 33. Wielaender, F, Sarviaho, R, James, F, Hytönen, MK, Cortez, MA, Kluger, G , et al. Generalized myoclonic epilepsy with photosensitivity in juvenile dogs caused by a defective DIRAS family GTPase 1. PNAS. (2017) 114:2669–74. doi: 10.1073/pnas.1614478114 

 34. Hasegawa, D. Diagnostic techniques to detect the epileptogenic zone: pathophysiological and presurgical analysis of epilepsy in dogs and cats. Vet J. (2016) 215:64–75. doi: 10.1016/j.tvjl.2016.03.005 

 35. Kuwabara, T, Hasegawa, D, Kobayashi, M, Fujita, M, and Orima, H. Clinical magnetic resonance volumetry of the hippocampus in 58 epileptic dogs. ACVR. (2010) 51:485–90. doi: 10.1111/j.1740-8261.2010.01700.x 

 36. Mellema, LM, Koblik, PD, Kortz, GD, LeCouteur, RA, Chechowitz, MA, and Dickinson, PJ. Reversible magnetic resonance imaging abnormalities in dogs following seizures. Vet Radiol Ultrasound. (1999) 40:588–95. doi: 10.1111/j.1740-8261.1999.tb00884.x 

 37. Maeso, C, Sánchez-Masian, D, Ródenas, S, Font, C, Morales, C, Domínguez, E , et al. Prevalence, distribution, and clinical associations of suspected postictal changes on brain magnetic resonance imaging in epileptic dogs. J Am Vet Med Assoc. (2021) 260:71–81. doi: 10.2460/javma.21.02.0088 

 38. Nagendran, A, McConnell, JF, and De Risio, L. Peri-ictal magnetic resonance imaging characteristics in dogs with suspected idiopathic epilepsy. J Vet Intern Med. (2021) 35:1008–17. doi: 10.1111/jvim.16058 

 39. Smith, PM, Talbot, CE, and Jeffery, ND. Findings on low-field cranial MR images in epileptic dogs that lack interictal neurological deficits. Vet J. (2008) 176:320–5. doi: 10.1016/j.tvjl.2007.03.003 

 40. Jasper, HH. The 10-20 electrode system of the international federation. Electroencephalogr Clin Neurophysiol. (1958) 10:367–80. doi: 10.1016/0013-4694(58)90051-8

 41. James, FMK, Cortez, MA, Monteith, G, Jokinen, TS, Sanders, S, Wielaender, F , et al. Diagnostic utility of wireless video-electroencephalography in unsedated dogs. J Vet Intern Med. (2017) 31:1469–76. doi: 10.1111/jvim.14789 

 42. Rogers, CB, Meller, S, Meyerhoff, N, and Volk, HA. Canine electroencephalography electrode positioning using a neuronavigation system. Animals. (2024) 14:1539. doi: 10.3390/ani14111539 

 43. Pellegrino, FC, and Sica, REP. Canine electroencephalographic recording technique: findings in normal and epileptic dogs. Clin Neurophysiol. (2004) 115:477–87. doi: 10.1016/S1388-2457(03)00347-X 

 44. Everest, S, Gaitero, L, Dony, R, Linden, AZ, Cortez, MA, and James, FMK. Electroencephalography: electrode arrays in dogs. Front Vet Sci. (2024) 11:1402546. Published 2024 Nov 14. doi: 10.3389/fvets.2024.1402546 

 45. Chen, Z, Brodie, MJ, Liew, D, and Kwan, P. Treatment out-comes in patients with newly diagnosed epilepsy treated with established and new antiepileptic drugs: a 30-year longitudinal cohort study. JAMA Neurol. (2018) 75:279–86. doi: 10.1001/jamaneurol.2017.3949 

 46. Trepanier, LA, Van Schoick, A, Schwark, WS, and Carrillo, J. Therapeutic serum drug concentrations in epileptic dogs treated with potassium bromide alone or in combination with other anticonvulsants: 122 cases (1992-1996). J Am Vet Med Assoc. (1998) 213:1449–53. doi: 10.2460/javma.1998.213.10.1449 

 47. Schwartz-Porsche, D, Löscher, W, and Frey, HH. Therapeutic efficacy of phenobarbital and primidone in canine epilepsy: a comparison. J Vet Pharmacol Ther. (1985) 8:113–9. doi: 10.1111/j.1365-2885.1985.tb00934.x 

 48. Podell, M, and Fenner, WR. Bromide therapy in refractory canine idiopathic epilepsy. J Vet Intern Med. (1993) 7:318–27. doi: 10.1111/j.1939-1676.1993.tb01025.x 

 49. Farnbach, GC. Serum concentrations and efficacy of phenytoin, phenobarbital, and primidone in canine epilepsy. J Am Vet Med Assoc. (1984) 184:1117–20.

 50. Lane, SB, and Bunch, SE. Medical management of recurrent seizures in dogs and cats. J Vet Intern Med. (1990) 4:26–39. doi: 10.1111/j.1939-1676.1990.tb00871.x 

 51. Kwan, P, Arzimanoglou, A, Berg, AT, Brodie, MJ, Allen Hauser, W, Mathern, G , et al. Definition of drug resistant epilepsy: consensus proposal by the ad hoc task force of the ILAE commission on therapeutic strategies. Epilepsia. (2010) 51:1069–77. doi: 10.1111/j.1528-1167.2009.02397.x 

 52. Muñana, KR, Vitek, SM, Tarver, WB, Saito, M, Skeen, TM, Sharp, NJH , et al. Use of vagal nerve stimulation as a treatment for refractory epilepsy in dogs. J Am Vet Med Assoc. (2002) 221:977–83. doi: 10.2460/javma.2002.221.977 

 53. Muñana, KR. Management of refractory epilepsy. Top Companion Anim Med. (2013) 28:67–71. doi: 10.1053/j.tcam.2013.06.007

 54. Brodie, MJ, Barry, SJ, Bamagous, GA, and Kwan, P. Effect of dosage failed of first antiepileptic drug on subsequent outcome. Epilepsia. (2013) 54:194–8. doi: 10.1111/j.1528-1167.2012.03722.x 

 55. Kawai, K, Tanaka, T, Baba, H, Bunker, M, Ikeda, A, Inoue, Y , et al. Outcome of vagus nerve stimulation for drug-resistant epilepsy: the first three years of a prospective Japanese registry. Epileptic Disord. (2017) 19:327–38. doi: 10.1684/epd.2017.0929 

 56. Jacqmot, O, Van Thielen, B, Fierens, Y, Hammond, M, Willekens, I, Van Schuerbeek, P , et al. Diffusion tensor imaging of white matter tracts in the dog brain. Anat Rec. (2013) 296:340–9. doi: 10.1002/ar.22638 

 57. Beckmann, KM, Wang-Leandro, A, Richter, H, Bektas, RN, Steffen, F, Dennler, M , et al. Increased resting state connectivity in the anterior default mode network of idiopathic epileptic dogs. Sci Rep. (2021) 11:23854. doi: 10.1038/s41598-021-03349-x 

 58. Stam, CJ, and Reijneveld, JC. Graph theoretical analysis of complex networks in the brain. Nonlinear Biomed Phys. (2007) 1:3. doi: 10.1186/1753-4631-1-3 

 59. O'Donnell, LJ, and Westin, CF. An introduction to diffusion tensor image analysis. Neurosurg Clin N Am. (2011) 22:185–96, viii. doi: 10.1016/j.nec.2010.12.004 

 60. Oouchi, H, Yamada, K, Sakai, K, Kizu, O, Kubota, T, Ito, H , et al. Diffusion anisotropy measurement of brain white matter is affected by voxel size: 52 underestimation occurs in areas with crossing fibers. AJNR. (2007) 28:1102–6. doi: 10.3174/ajnr.A0488 

 61. Soares, JM, Marques, P, Alves, V, and Sousa, N. A hitchhiker's guide to diffusion tensor imaging. Front Neurosci. (2013) 7:31. doi: 10.3389/fnins.2013.00031 

 62. Johnson, PJ, Luh, WM, Rivard, BC, Graham, KL, White, A, FitzMaurice, M , et al. Stereotactic cortical atlas of the domestic canine brain. Sci Rep. (2020) 10:4781. doi: 10.1038/s41598-020-61665-0 

 63. Robinson, JL, Baxi, M, Katz, JS, Waggoner, P, Beyers, R, Morrison, E , et al. Characterization of structural connectivity of the default mode network in dogs using diffusion tensor imaging. Sci Rep. (2016) 6:36851. doi: 10.1038/srep36851 

 64. Hudetz, AG. General anesthesia and human brain connectivity. Brain Connect. (2012) 2:291–302. doi: 10.1089/brain.2012.0107 

 65. Willis, CK, Quinn, RP, McDonell, WM, Gati, J, Parent, J, and Nicolle, D. Functional MRI as a tool to assess vision in dogs: the optimal anesthetic. Vet Ophthalmol. (2001) 4:243–53. doi: 10.1046/j.1463-5216.2001.00183.x 

 66. Beckmann, KM, Wang-Leandro, A, Dennler, M, Carrera, I, Richter, H, Bektas, RN , et al. Resting state networks of the canine brain under sevoflurane anaesthesia. PLoS One. (2020) 15:e0231955. doi: 10.1371/journal.pone.0231955 

 67. Berg, AT, Berkovic, SF, Brodie, MJ, Buchhalter, J, Cross, JH, van Emde Boas, W , et al. Revised terminology and concepts for organization of seizures and epilepsies: report of the ILAE commission on classification and terminology, 2005-2009. Epilepsia. (2010) 51:676–85. doi: 10.1111/j.1528-1167.2010.02522.x 

 68. Spencer, SS. Neural networks in human epilepsy: evidence of and implications for treatment. Epilepsia. (2002) 43:219–27. doi: 10.1046/j.1528-1157.2002.26901.x 

 69. Wieshmann, UC, Clark, CA, Symms, MR, Barker, GJ, Birnie, KD, and Shorvon, SD. Water diffusion in the human hippocampus in epilepsy. Magn Reson Imaging. (1999) 17:29–36. doi: 10.1016/s0730-725x(98)00153-2 

 70. Yoo, SY, Chang, KH, Song, IC, Han, MH, Kwon, BJ, Lee, SH , et al. Apparent diffusion coefficient value of the hippocampus in patients with hippocampal sclerosis and in healthy volunteers. AJNR. (2002) 23:809–12.

 71. Hatton, SN, Huynh, KH, Bonilha, L, Abela, E, Alhusaini, S, Altmann, A , et al. White matter abnormalities across different epilepsy syndromes in adults: an ENIGMA-epilepsy study. Brain. (2020) 143:2454–73. doi: 10.1093/brain/awaa200 

 72. Gonçalves Pereira, PM, Oliveira, E, and Rosado, P. Apparent diffusion coefficient mapping of the hippocampus and the amygdala in pharmaco-resistant temporal lobe epilepsy. Am J Neuroradiol. (2006) 27:671–83.

 73. Konermann, S, Marks, S, Ludwig, T, Weber, J, de Greiff, A, Dörfler, A , et al. Presurgical evaluation of epilepsy by brain diffusion: MR-detected effects of flumazenil on the epileptogenic focus. Epilepsia. (2003) 44:399–407. doi: 10.1046/j.1528-1157.2003.25702.x 

 74. Wycoco, V, Shroff, M, Sudhakar, S, and Lee, W. White matter anatomy: what the radiologist needs to know. Neuroimaging Clin N Am. (2013) 23:197–216. doi: 10.1016/j.nic.2012.12.002 

 75. Schaper, FLWVJ, Plantinga, BR, Colon, AJ, Wagner, GL, Boon, P, Blom, N , et al. Deep brain stimulation in epilepsy: A role for modulation of the Mammillothalamic tract in seizure control? Neurosurgery. (2020) 87:602–10. doi: 10.1093/neuros/nyaa141 

 76. Arribarat, G, Cartiaux, B, Boucher, S, Montel, C, Gros-Dagnac, H, Fave, Y , et al. Ex vivo susceptibility-weighted imaging anatomy of canine brain-comparison of imaging and histological sections. Front Neuroanat. (2022) 16:948159. doi: 10.3389/fnana.2022.948159 

 77. Berns, GS, Brooks, AM, and Spivak, M. Functional MRI in awake unrestrained dogs. PLoS One. (2012) 7:e38027. doi: 10.1371/journal.pone.0038027 

 78. García, MSA, Anaya, JSH, Meléndez, OM, Ramírez, JLV, and Aguiar, RP. In vivo study of cerebral white matter in the dog using diffusion tensor tractography. Vet Radiol Ultrasound. (2015) 56:188–95. doi: 10.1111/vru.12211 

 79. Wang, P, and Zhu, JM. Quantitative diffusion tensor imaging of white matter microstructure in dog brain at 7T. Open J Med Imaging. (2010) 3:1–5. doi: 10.2174/1874347101004010001

 80. Li, JY, Middleton, DM, Chen, S, White, L, Ellinwood, NM, Dickson, P , et al. Novel region of interest interrogation technique for diffusion tensor imaging analysis in the canine brain. Neuroradiol J. (2017) 30:339–46. doi: 10.1177/1971400917709629 

 81. Barry, EF, Loftus, JP, Luh, WM, de Leon, MJ, Niogi, SN, and Johnson, PJ. Diffusion tensor-based analysis of white matter in the healthy aging canine brain. Neurobiol Aging. (2021) 105:129–36. doi: 10.1016/j.neurobiolaging.2021.04.021 

 82. Czeibert, K, Andics, A, Petneházy, Ö, and Kubinyi, E. A detailed canine brain label map for neuroimaging analysis. Biol Fut. (2019) 70:112–20. doi: 10.1556/019.70.2019.14 

 83. Datta, R, Lee, J, Duda, J, Avants, BB, Vite, CH, Tseng, B , et al. Correction: A digital atlas of the dog brain. PLoS One. (2013) 7:e52140. doi: 10.1371/journal.pone.0052140 

 84. Milne, ME, Steward, C, Firestone, SM, Long, SN, O'Brien, TJ, and Moffat, BA. Development of representative magnetic resonance imaging-based atlases of the canine brain and evaluation of three methods for atlas-based segmentation. Am J Vet Res. (2016) 77:395–403. doi: 10.2460/ajvr.77.4.395 

 85. Nitzsche, B, Boltze, J, Ludewig, E, Flegel, T, Schmidt, MJ, Seeger, J , et al. A stereotaxic breed-averaged, symmetric T2w canine brain atlas including detailed morphological and volumetrical data sets. NeuroImage. (2019) 187:93–103. doi: 10.1016/j.neuroimage.2018.01.066 

 86. Tapp, PD, Head, K, Head, E, Milgram, NW, Muggenburg, BA, and Su, MY. Application of an automated voxelbased morphometry technique to assess regional gray and white matter brain atrophy in a canine model of aging. NeuroImage. (2006) 29:234–44. doi: 10.1016/j.neuroimage.2005.07.043 

 87. Hartmann, A, Sager, S, Failing, K, Sparenberg, M, and Schmidt, MJ. Diffusion-weighted imaging of the brains of dogs with idiopathic epilepsy. BMC Vet Res. (2017) 13:338. doi: 10.1186/s12917-017-1268-0 

 88. Hakulinen, U, Brander, A, Ilvesmäki, T, Helminen, M, Öhman, J, Luoto, TM , et al. Reliability of the freehand region-of-interest method in quantitative cerebral diffusion tensor imaging. BMC Med Imaging. (2021) 21:144. doi: 10.1186/s12880-021-00663-8 

 89. Hecht, EE, Smaers, JB, Dunn, WD, Kent, M, Preuss, TM, and Gutman, DA. Significant neuroanatomical variation among domestic dog breeds. J Neurosci. (2019) 39:7748–58. doi: 10.1523/JNEUROSCI.0303-19.2019 

 90. Ingalhalikar, M, Smith, A, Parker, D, Satterthwaite, TD, Elliott, MA, Ruparel, K , et al. Sex differences in the structural connectome of the human brain. Proc Natl Acad Sci USA. (2014) 111:823–8. doi: 10.1073/pnas.1316909110 

 91. Jung, M, Mody, M, Fujioka, T, Kimura, Y, Okazawa, H, and Kosaka, H. Sex differences in White matter pathways related to language ability. Front Neurosci. (2019) 13:898. doi: 10.3389/fnins.2019.00898 

 92. Madden, DJ, Bennett, IJ, and Song, AW. Cerebral white matter integrity and cognitive aging: contributions from diffusion tensor imaging. Neuropsychol Rev. (2009) 19:415–35. doi: 10.1007/s11065-009-9113-2 

 93. General Electric Company. MR systems: 25.0 operator manual/training tool, English General Electric Company. France (Buc): GE Medical Systems SCS (2014).

 94. Milne, M. Investigations on the pathophysiology of canine idiopathic epilepsy. Melbourne, Australia: The University of Melbourne (2018).

 95. Figley, CR, Uddin, MN, Wong, K, Kornelsen, J, Puig, J, and Figley, TD. Potential pitfalls of using fractional anisotropy, axial diffusivity, and radial diffusivity as biomarkers of cerebral white matter microstructure. Front Neurosci. (2022) 15:799576. doi: 10.3389/fnins.2021.799576 

 96. Leong, D, Calabrese, E, White, LE, Wei, P, Chen, S, Platt, SR , et al. Correlation of diffusion tensor imaging parameters in the canine brain. Neuroradiol J. (2015) 28:12–8. doi: 10.15274/NRJ-2014-10110 

 97. Wei, P, Leong, D, Calabrese, E, White, L, Pierce, T, Platt, S , et al. Diffusion tensor imaging of neural tissue organization: correlations between radiologic and histologic parameters. Neuroradiol J. (2013) 26:501–10. doi: 10.1177/197140091302600502 


Copyright
 © 2025 Kadler, zur Linden, Gaitero and James. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Diffusion tensor imaging for detecting biomarkers of idiopathic epilepsy in dogs



		1 Introduction



		1.1 Epilepsy



		1.1.1 Drug resistant epilepsy









		1.2 Diffusion tensor imaging (DTI)









		2 Diffusion tensor imaging in people with epilepsy



		3 Translation of DTI literature in people to dogs



		3.1 Selecting regions of interest for dogs with idiopathic epilepsy (IE)









		4 Diffusion tensor imaging in dogs



		4.1 Diffusion tensor imaging in dogs with IE









		5 Additional variables to consider for DTI research in dogs with IE



		6 Discussion



		7 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fvets-11-1480860-g001.jpg





OPS/images/fvets-11-1480860-g002.jpg





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Diuff sion tensor imaging for
detecting biomarkers of
idiopathic epilepsy in dogs












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






