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Epilepsy 
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Professor Carrie R. McDonald, Chair 

 

 

Temporal lobe epilepsy (TLE) is the most common form of focal epilepsy in adults. 

Anterior temporal lobectomy (ATL), i.e., the surgical removal of the anterior portion of the 

affected temporal lobe, is a common treatment for patients with focal, refractory TLE. ATLs 

require the severing of several key white matter tracts and may theoretically initiate a cascade of 

degenerative changes in frontotemporal networks. Nonetheless, structural factors that give rise to 

post-surgical changes in frontotemporal networks are rarely studied longitudinally. Indeed, ATL 

presents a prime experimental design opportunity where one can assess for post-surgical change 

and answer mechanistic questions of executive dysfunction in TLE. 

In this dissertation, we built on our past observations that a particular frontotemporal 

white matter tract, the uncinate fasciculus (UF), is critical to executive functioning in TLE. We 

tested the hypothesis that the severing of the temporal segment of the UF during ATL creates a 
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cascade of degenerative events in interconnected brain regions that may mediate executive 

function. We used a multi-modal imaging approach (i.e., diffusion tensor imaging, or DTI 

combined with magnetic resonance imaging, or MRI) to test whether patients with TLE who 

undergo ATL show diffusional changes in the frontal section of the UF consistent with Wallerian 

degeneration. We determined whether these changes correlate with performance changes in 

executive function tasks. Specifically, we quantified white matter microstructure in sections of 

the UF before and after surgery, and measured the association between the DTI changes with 

changes in patients’ executive abilities (i.e., task-switching, verbal fluency, inhibition). 

Our results showed that UF is a tract with distinct microstructural damage in both the 

frontal and temporal sections even before ATL. We also found that UF sections both exhibit 

statistically significant diffusivity changes following ATL on the side ipsilateral to surgery, and 

that the changes observed for frontal UF are concordant with Wallerian degeneration. 

Surprisingly, we found that patients undergoing ATL showed significant improvement on one 

aspect of executive functioning (i.e., task-switching), with no post-ATL changes in verbal fluency 

or inhibition at the group level. However, we found no correlations between changes in frontal 

UF diffusivity and task-switching performance. 
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1. Introduction 

1.1 Rationale 

A third of the patients with temporal lobe epilepsy (TLE) do not respond to anti-epileptic 

medications. Instead, they suffer from refractory seizures for years before being evaluated for the 

surgical removal of the epileptogenic tissue. During this time, a majority of patients with 

refractory TLE present with cognitive and emotional complaints (Hermann et al., 2007), 

including problems with language, memory, and executive functions. Along with the optimization 

of both seizure and cognitive outcomes associated with surgical intervention, well-informed 

decision-making prior to surgery is critical for both clinical practice and patient quality of life. A 

large amount of research has focused on characterizing the memory and language deficits that 

accompany refractory TLE before and after surgical treatments. However, executive function in 

TLE before and after epilepsy surgery remains much less characterized, despite ample evidence 

to support the likelihood of executive dysfunction in both adult and pediatric TLE patients 

(Shulman, 2000; Hermann et al., 2007; Stretton and Thompson, 2012; Longo et al., 2013).  

In this study, we built on our past cross-sectional research on the anatomical correlates of 

neurocognitive deficits that accompany TLE (Kucukboyaci et al., 2012; McDonald et al., 2008a, 

2008b, 2010). We studied the longitudinal changes that occur in the uncinate fasciculus (UF), a 

white matter association tract that connects the orbitofrontal cortex to the anterior temporal 

cortex. More specifically, we utilized within-subject analysis to model the contribution of UF 

neuroanatomy to executive dysfunction and, i) quantified and compared the postoperative 

changes in the integrity of the frontal (i.e., spared) and temporal (i.e., severed) portion of the UF 

using tractography, ii) compared our findings to diffusion tensor imaging (DTI) models of 

Wallerian degeneration using all available diffusion metrics iii) quantified the changes in aspects 
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of executive function and iv) determined whether or not the microstructural changes in the UF are 

associated with executive function changes. 

This clinical research focuses on longitudinal, within-subject changes in the UF, a tract 

that extends beyond the temporal lobes to critical frontal lobe structures that may be important for 

aspects of executive functions. Given extant research that shows strong associations between 

executive functioning and factors that mediate patients’ postoperative quality of life (e.g., driving, 

employment), this research aims to inform patients’ pre-surgical considerations and enrich their 

understanding of the expected postoperative sequelae with data that goes beyond postoperative 

seizure frequency improvements.  A better understanding of the extent of collateral white-matter 

damage that occurs with current techniques can have implications on the clinicians’ search for 

more selective, novel interventions that are becoming increasingly available and marketed as 

potentially mitigating more cognitive decline relative to standard ATL (e.g., stereotactic laser 

amygdalohippocampotomy, or SLAH). 

 

1.2 Background 

1.2.1 Uncinate anatomy 

The UF is a long association fiber that connects the frontal and medial temporal lobes 

within the same hemisphere (Martino & De Lucas, 2014). Unlike commissural fibers, its 

connections do not cross the midline; unlike projection fibers that reach in the subcortical ganglia, 

the majority of its connections are cortico-cortical and span multiple brain regions. Martino & De 

Lucas’ (2014) discuss probable connections to the amygdala (Broca’s areas 28, 34, 36), 

hippocampal formation, anterior temporal convexity, temporal and frontal poles, frontal basal 

area and inferior frontal gyrus. Both the UF and the adjacent external capsule are thought to carry 
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cholinergic fibers from Basal nuclei to cortical areas (Highley et al., 2002). Cadaver dissections 

by Peltier et al. (2010) describe three distinct UF subsections: a frontal extension (20mm in 

width), an intermediary segment, and a temporal segment (46mm in breadth) and note that the 

total length is about 45mm on average. Peltier et al. also report that the inferior fronto-occipital 

fasciculus (IFOF) and the basolateral nucleus of the amygdala are found adjacent to the frontal 

and the intermediary subsections, respectively. In addition, they report crossing fibers in dorsal 

UF called inferior callosal radiations that originate from Broca’s area 44 and pars opercularis; and 

some overlapping fibers with the Meyer’s loop at the extremities. Together with all of the white-

matter tracts that follow a similar trajectory, UF is a part of the “temporal stem” that connects the 

frontal and temporal lobes, and is hypothesized to play a prominent role in seizure propagation 

(Peltier et al., 2010). In Broca’s area terminology, fibers of the UF connect the orbitofrontal 

cortex (areas 11, 12 and 25) to anterior and mesial portions of the temporal lobe (areas 20 and 

38), which include the limbic structures (Highley et al., 2002). As a result, UF is routinely 

severed during standard anterior temporal lobectomy (ATL) surgery, during which a portion of 

the temporal segment is removed (Van Der Heide et al., 2013).  

The severing of the anterior temporal segment of the UF increases the likelihood of 

observing degenerative changes in the neighboring frontal segment of the UF as well. Preclinical 

studies have been successful in showing such distal, degenerative changes in the UF following 

surgical transections. These changes are part of a process known as Wallerian degeneration, 

which is marked by the degeneration of axons or their surrounding myelin sheath when they are 

disconnected from the cell body (i.e., the soma) as a result of neural injury (Blumenfeld, p. 328). 

Furthermore, mouse studies have contrasted acute vs. chronic changes in white matter, 

successfully differentiating between the markers of axonal vs. myelin damage (Song et al., 2003; 

Sun et al., 2008, Xie et al., 2011; Brennan et al., 2013). These studies are further discussed in 

section 1.2.3.  
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Ungerleider et al.’s (1989) study on UF transection in monkeys cites multiple 

observations of terminal degeneration in inferior frontal cortex and the UF following inferior 

temporal lesions, which are analogous to Wallerian degeneration. They also show that complete 

vs. partial severing of the UF can result in similar degrees of disconnection between the 

connected regions. Very recent results from DTI research in humans provide further support for 

Wallerian degeneration characterized by altered myelination following ATL in patients with TLE 

that is yet to be replicated (Winston et al., 2014). 

1.2.2 Uncinate function 

The UF has been implicated in various functions; however, the specific functions for 

which UF integrity is both necessary and sufficient are yet to be elucidated. For this reason, it is 

not surprising to find multiple references to UF function as “poorly understood” (Catani and 

Thiebaut de Schotten, 2008; Van der Heide et al., 2013). Multiple DTI review articles list 

multiple UF functions to encompass higher-level cognition, executive function, memory, 

emotional memory, language (especially naming and semantic processing), emotional and 

behavioral processing (especially anxiety), social cognition and behavior (Martino & De Lucas, 

2014; Van Der Heide et al., 2013; Wong & Gallate, 2012; Simmons & Martin, 2009; Blumenfeld, 

p. 846). As a result, neuropsychological debates on the UF function have revolved around 

language-specific (i.e., uncinate role in verbal fluency; Papagno et al., 2011a, 2011b) or generalist 

theories (i.e., emotion-based modulation of memory, language and executive functions). As 

illustrated below, the multiplicity of reported UF functions suggest that UF may be a tract that is 

sensitive to general brain and cognitive pathology, regardless of etiology. 

There is compelling evidence from various patient populations that link UF 

microstructure to executive function, making executive function a strong candidate for the “sine 

qua non” function of UF. Perry et al. (2009) reported strong associations between reduced 
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fractional anisotropy (FA) of UF and reduced performance in Trail Making Test (TMT), and 

noted that the association between lower FA and slower timed performance was specific to the 

set-shifting subtask (i.e., not observed for the simple sequencing visuomotor component). 

Psychiatric research has reported strong correlations between FA of UF and nearby structures 

(e.g., the cingulum) and executive function (Nestor et al., 2004; Nakamura et al., 2005; Sexton et 

al., 2012). Similar reports linking UF to executive function have been made outside the 

psychiatric literature as well. For example, Tartaglia et al. (2012) reported strong associations 

between number of errors made in TMT and FA of UF in patients with frontotemporal dementia; 

Smith et al. (2011) found correlations between executive function and volumes of prefrontal 

white matter hyperintensities near the UF using healthy controls and individuals with mild 

cognitive impairment. Similarly, Barbey et al. (2012) used voxel-based lesion–symptom mapping 

to present statistically significant evidence in favor of UF involvement in executive function, and 

argued for larger involvement for left UF for the Delis-Kaplan Executive Function System (D-

KEFS) TMT, Verbal Fluency (VF), Card Sorting and Twenty Questions subtests. Changes in 

executive function resulting from changes in frontal white matter microstructure have also been 

reported in various psychiatric and neurodegenerative conditions, including schizophrenia, TLE 

and frontotemporal dementia (Von Der Heide et al., 2013). Our own research on executive 

dysfunction in patients with TLE has found relationships between poor performance on the TMT-

B and reduced FA of the UF in healthy controls and patients with left TLE, further implicating 

the UF in executive function, as perhaps in task-switching specifically (Kucukboyaci et al., 

2012). These findings are summarized in Table 1 and described in more detail in section 1.2.4. 

Studies of the cortical regions connected by the UF further support the idea of the UF 

involvement in behavioral manifestations of a “dysexecutive” syndrome. Research that focuses 

on the orbitofrontal cortex posits that it plays a key role in impulse control and regulation and 

maintenance of set and of ongoing behavior in healthy individuals while damage to this region 
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can cause impulsive or disinhibited behavior and poor decision-making (Lezak, 2004, p.79). 

Lesions on orbital frontal cortex are also associated with problems in delay of gratification, 

impulsivity, and disinhibition (i.e., unstopping) of unwanted responses. Evidence from typically-

developing children also suggest that, consistent with reports of behavioral processing in the UF, 

higher FA in the nearby inferior frontal gyrus are associated with better response inhibition in a 

stop-signal task (Madsen et al. 2010).   

 

 

 

Table 1. Correlations between FA of Uncinate Fasciculus and Cognitive Task 

Performance (Source: Kucukboyaci et al., 2012) 

 

Note:  TMT-B = Trail Making Test, Part B. VFCS = D-KEFS Verbal Fluency Category 

Switching. Ss: scaled score. L/R = Left / Right. LH/RH = Left hemisphere/Right Hemisphere. * 

denotes p < .05 

 

  Uncinate Fasciculus (UF) 

  RH LH 

    R p r p 

TMT-B  

(ss) 

Controls .437   .016* .263 .161 

L-TLE -.586   .028* -.401 .156 

R-TLE .485 .131 .275 .442 

VFCS  

(ss) 

Controls .284 .128 .526   .003* 

L-TLE -.147 .647 .159 .622 

R-TLE .045 .879 -.276 .340 
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1.2.3 What DTI can measure in clinical and healthy-aging populations 

Diffusion-weighted images (DWI) use the motion of water molecules to generate 

magnetic resonance images. Despite the heavy computational power required, DWI’s (and 

MRI’s) ability to collect in-vivo, non-invasive information has made it a promising tool for 

clinical research. In DWI images, the intensity contrast at each voxel correlates with the rate of 

water diffusion of the selected location. The voxelwise information collected at each DWI 

acquisition spans multiple combinations of diffusion gradient strengths (i.e., b-values) and 

directions. DTI analyses extract diffusion magnitude and direction information from DWI 

contrasts to generate diffusion estimates for approximated tracts using a tensor, a mathematical 

construct that summarizes the linear relationship between different vectors. In doing so, DTI 

relies on scalars associated with different combinations of the eigenvectors approximated from 

the DWI. For better interpretation of our results, it is important to introduce what a number of 

common DTI scalars represent and how they are interdependent by definition before interpreting 

DTI research findings to date. Longitudinal diffusivity, or LD, denotes longitudinal, or axial 

diffusivity and corresponds to the scalar value of the main eigenvector (λ1) of the diffusion tensor 

for any given voxel. As such, it can be interpreted as a measure of diffusion along the main axis 

of the diffusion tensor, which is often considered to be along the length of an axon for white 

matter in the brain. Transverse diffusivity (TD) or radial diffusivity, is a scalar that equals the 

average of the two remaining eigenvectors of the diffusion tensor (λ2 and λ3) that are orthogonal 

to the main one (λ1). As such, changes in myelination, axonal diameter or axonal density in a 

given tract are often thought to affect TD, which is considered to be a measure of diffusion 

alongside the non-main axes of an axon for white matter. Mean diffusivity (MD), on the other 

hand, is the average diffusion of all 3 eigenvectors ((λ1, λ2 and λ3) of the tensor and can provide 

information on edema and necrotic processes and more acute changes in axonal structure 

following trauma. Finally, fractional anisotropy (FA), the most commonly used DTI metric, is a 
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scalar that ranges from 0 to 1 and denotes the evenness of diffusion eigenvectors (e.g., if all 3 are 

the same, FA = 0; if one eigenvector is driving all the diffusion when all other diffusion in 

orthogonal axes are zero, FA = 1). Mathematically, FA is computed as the ratio of λ1 to the λ2 and 

λ3. As such, FA is thought to be very sensitive to microstructural changes in axons yet less 

specific to the nature of the change that is occurring. Principle diffusion information implied by 

FA is the main driver of most DTI tractography methods that aim to reconstruct the white matter 

tracts in the brain. 

Numerous neuropsychology research groups who use DTI tractography have reported 

associations between the white-matter microstructure and executive function within patient 

populations and within healthy aging populations (e.g., Saghete et al., 2013; Metzler-Baddeley et 

al., 2011; Perry et al., 2009). Our team’s own research has shown FA changes in TLE to be more 

pronounced in left TLE patients and related to the side of seizure onset (Kemmotsu et al., 2011). 

DTI studies of subcortical white matter have shown that the diffusivity estimates described above 

are sensitive measures that concur with post-mortem dissections (Peltier et al., 2010) and have 

garnered special interest from clinicians who are interested in understanding the behavioral 

manifestations of white matter compromise in the brain (see Berman, 2009; Leclercq et al., 2011 

for recent reviews). Therefore, tractography is believed to be a sensitive and valuable tool for 

characterizing in-vivo subcortical pathology that is clinically meaningful in humans. 

Multiple mouse studies have differentiated between the quicker axonal vs. longer term 

myelin changes in DTI parameters. For example, Song et al. (2003) have used “slow Wallerian 

degeneration mutant mice” to study ischemic effects on optic nerves with DTI. They observed 

that LD decreases occur within a much shorter time frame and correlate with axonal damage 

confirmed by immunohistochemistry using phosphorylated neurofilament while TD increased 

after a longer delay and correlated with myelin changes confirmed by immunochemistry that tests 
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for basic proteins found in myelin. Sun et al. (2008) confirmed these findings in healthy mice and 

showed that the ischemic damage is more severe on the optic nerve than on the optic tracts, yet 

follows the same pattern of faster LD decreases with axonal damage along with slower TD 

increases with myelin damage. More recently, Brennan et al. (2013) expanded these DTI-

neuroimmunochemistry models to mice with spinal cord injury. Using ultra-high field DTI (16.4 

Tesla), they found that FA and LD changes are likely to be associated with changes in axonal 

integrity, Wallerian degeneration and presence of microphages while TD was related to changes 

in myelin content. While emphasizing the feasibility of human models of optic nerve changes 

using DTI, Xu et al. (2008) also pointed out that the LD and TD measures between regions 

ipsilateral vs. contralateral to ischemic damage consistently showed statistically significant 

differences in a longer time-window (i.e., after week 9) in mouse models. As a result, research 

has rapidly progressed towards confirming the DTI findings in human models while also 

generating mechanistic explanations that raise the possibility of curative interventions (Freeman 

et al., 2014).  

In addition to the mediating effects of time elapsed since neurologic insult, extant 

research has also found that age can be a confounding factor in longitudinal DTI analyses. Many 

white-matter tracts have been shown to have age-dependent variations in FA, MD and TD even in 

healthy individuals and the UF is no exception. For example, in a recent cross-sectional 

tractography study, Hasan et al. (2010) showed that FA and TD measures of most white-matter 

pathways are subject to age-related changes. They reported that the FA of the arcuate fasciculus, 

inferior longitudinal fasciculus, IFOF and UF follows an inverse-U pattern across the lifespan. 

Their data shows that slow, gradual increase in FA for the first 30 years in life is strongly 

associated with large decreases in TD and smaller changes in LD. The inverse-U shaped 

evolution in FA and the incidence of peak FA measures between the ages of 20-40 years old for 

all association tracts has been confirmed by other groups (Jernigan et al., 2011). Diffusion based 
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maturation models of UF have shown that UF maturation is the longest among the association 

fibers and is not complete until 28-35 years (Lebel et al., 2008, 2012) even though the peak 

volumes are reached at least a decade earlier at 21 years old on average  (Lebel et al., 2012). 

Hasan et al. (2010) also report evidence of left (L)  > right (R) asymmetry in FA 

measures of the UF both for their child and adult groups, which has been contradicted by other 

groups, who find R>L FA value in a smaller (N=10) healthy control sample (Rodrigo et al., 

2007). Anatomically, a R>L asymmetry has been reported, noting 1.3 times larger and more 

numerous fibers in the right hemisphere for 80% of the subjects (Peltier et al., 2010; Highley et 

al., 2002) based on fiber density measures. Consequently, it is important that longitudinal studies 

such as ours account for age and hemisphere-dependent changes that can take place over the 12-

18 month period in the patients’ lives. In this case, additional comparisons to the UF of the non-

epileptic hemisphere, or another tract that is expected to show minimal TLE-related change (e.g., 

corticospinal tract) may be necessary to rule out the effects of aging. 

1.2.4 Pre-surgical cognition and executive function in TLE 

As a result of the focus on memory and language impairment in TLE, the question of 

executive dysfunction in TLE has been much less studied until recently. Extant research has 

found some evidence for executive function deficits spanning fluency, working memory, set-

shifting, impulsivity and selective attention in patients with TLE (Cahn-Weiner et al., 2009; 

Stretton & Thompson, 2012). Among clinicians, frontal lobe dysfunction in TLE is seen as a 

“common occurrence” explained by the “indirect and often irreversible involvement of the 

respective nonfocal structures” (Helmstaedter, 2004, p.S49), concordant with epilepsy models 

that presume an increasing burden on wider regions of the brain with increased seizure burden 

and refractory disease duration.  Indeed, studies have been replicated to show that patients with 

TLE exhibit impaired performances in some neuropsychological tests that are associated with 
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executive function (Alvarez and Emory, 2006; Hermann & Seidenberg, 1995; Hermann et al., 

2007). EEG data also suggests the involvement of the orbitofrontal cortex both during and 

between seizures originating from mesial temporal lobes (Emerson et al., 1995; Lieb et al., 1991). 

Despite various mechanistic theories (Shulman, 2000), executive dysfunction research in TLE has 

not yet converged on a parsimonious explanation, which is best served by pre- and post-surgical 

studies of anatomy and executive function. 

Stretton & Thompson’s review (2012) shows converging evidence that supports the 

presence of frontal lobe dysfunction in TLE as demonstrated by problems in two related domains: 

executive dysfunction, as measured predominantly by Wisconsin Cart Sorting Test (WCST); and 

working memory dysfunction, as measured predominantly by delayed match-to-sample tasks. 

Specifically, impaired performance on WCST was observed in 25-75% of TLE patients, with 

increased impairment noted for left TLE patients and patients with mesial temporal sclerosis 

(MTS) by some groups. In addition to emphasizing the building evidence that increasingly 

supports functional frontal lobe impairment, Stretton and Thompson (2012) conclude that past 

research has not yet been able to answer if the observed frontal lobe dysfunction is better 

explained by seizure propagation from epileptogenic areas to the frontal lobe networks, focal but 

occult frontal lobe pathology, or the critical involvement of epileptogenic temporal lobe regions 

in certain frontal lobe functions. 

Our own research group’s cross-sectional study (Kucukboyaci et al., 2012) has shown 

significant group differences in switching performance with a moderate effect size. In this study, 

we compared the TMT– B and D-KEFS VF Category Switching (VFCS) performance between 

32 TLE patients (15 left TLE) and 30 controls. The groups were matched in age and education; in 

addition, the TLE subgroups (left vs. right TLE) did not significantly differ in terms of age of 

onset (appx. 15 years), duration (appx. 20.5 years), number of medications (appx. 2.3 
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medications), seizure frequency (appx 7 seizures per month) and the incidence of MTS (appx. 

70%). Using a scaled score cutoff of <7 for impairment (i.e., 1 SD), we observed that the 31% of 

left TLE patients and 20% of right TLE patients were impaired on TMT-B, while 42% of left 

TLE and 30% of right TLE patients were impaired on VFCS. While both left and right TLE 

performances were significantly impaired in comparison to healthy controls on VFCS, only left 

TLE performance was impaired in comparison to healthy controls on TMT-B. Therefore, our 

findings support the existence of executive dysfunction in patients with right or left TLE, and 

these deficits may be worsened after ATL. 

Preoperative executive dysfunction is likely to occur within the context of other language 

and memory impairments in patients with TLE. A majority of the TLE patients have “lateralized” 

memory deficits, where left TLE is associated with greater problems with verbal memory than 

with visuospatial memory compared to healthy controls while right TLE is associated with the 

opposite pattern (Hermann et al., 2006, 2007). Despite the existence of atypical cases (e.g., 

Gargaro et al., 2013), separate groups have replicated these findings, and proposed reliable 

clinical paradigms for using the verbal vs. visuospatial memory contrast as predictors of laterality 

of seizure focus and hippocampal damage for TLE patients (e.g., Keary et al., 2007, Jones-

Gotman et al., 2010). Language deficits, characterized by naming and fluency problems, have 

also been identified in patients with TLE (Baxendale et al., 2010; McDonald et al., 2008a). In 

follow-up studies, these neuropsychological impairments have shown significant associations 

with neuroanatomical MRI measures, including reduced hippocampal volumes, cortical thickness 

and/or white-matter integrity (Dabbs et al. 2009). Therefore, evidence supports lateralized 

temporal lobe damage in TLE, raising the possibility of lateralized damage even prior to surgery. 

Such widespread damage, inclusive of frontal lobes, is predicted by network-level connectivist 

theories (O’Muircheartaigh & Richardson, 2012). 
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1.2.5 Understanding Anterior Temporal Lobectomies 

Surgical removal of the epileptogenic tissue is a treatment option for patients with 

epilepsy whose seizures are not well-controlled with drug therapy. For patients with seizures 

originating from the temporal lobes, standard ATL, including the excision of the hippocampus 

and the amygdala, is the surgery of choice for many patients and in many health centers due to 

the high comorbidity of unilateral MTS (i.e., neuronal loss and gliosis) with TLE. There are more 

selective and tailored approaches that remove smaller amounts of cortical tissue (e.g., selective 

amygdalohippocampectomy, hippocampectomy, anteromedial temporal lobectomy, stereotactic 

ablation). However, despite some evidence for slightly improved naming outcomes following 

these more selective surgeries (Drane et al., 2014), research has found only equivocal evidence 

for the incremental benefit of the selective amygdalohippocampectomies in terms of seizure and 

neurocognitive outcomes (Sagher et al., 2012, Mansouri et al., 2014). As reviewed by Al-Otaibi 

et al. (2012), medical risks and complications involved with ATL and other epilepsy surgeries 

include infection, superior quadrantanopsia, hemianopsia, postsurgical hematoma, hemiparesis, 

oculomotor and trochlear nerve palsy. Cognitively complications of ATL commonly include 

transient language problems (dysphasia, dysnomia) in the first few weeks after surgery; and 

language and verbal memory dysfunction for ATLs performed on the language-dominant 

hemisphere. Emotional and psychiatric disturbances, including post-operative depression and de-

novo psychosis have also been reported in 10-20% of the patients. 

In our study, we focus on the patients who undergo ATL, with and without MTS, where 

the treatment goal is to surgically remove all of the temporal cortex tissue involved in the 

generation of refractory temporal lobe seizures and achieve seizure freedom following surgery. 

All patients in our study underwent standard ATL by the same neurosurgeon. The operative target 

in almost all cases but one included the mediobasal temporal lobe, whose inadequate resection 
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has been previously linked to a decreased likelihood of seizure control following ATL (Wyllie, p. 

1121).  ATL was performed with the patient in the supine position. Upon the partial removal of 

the skull at the temporal bone and the outer layers of the meninges (i.e., the dura and the 

arachnoid layers), removal of the cortical tissue is carefully performed using a Penfield 

dissectors, and an ultrasonic aspirator using an approach via the sylvian fissure and incisions 

through the middle temporal gyrus. The anterior, mesial and inferior portions of the temporal 

lobes, including portions of the entorhinal, perirhinal cortex, the hippocampus (all until level of 

the superior colliculus), the parahippcampal cortex (at the uncus and adjacent to the sclerotic 

structures), the temporal pole and most of the amygdala are removed in standard ATL. (Wylie, 

p.1121). The order of the resection in standard ATL is described as follows (Al-Otaibi, 2012): 

first, the temporal stem is resected; then, the temporal neocortex is removed, followed by the 

further resection of the mesial structures (i.e., uncus, amygdala, hippocampus, entorhinal and 

parahippocampal cortex). As also observed in our ATL cohort, surgical teams often resect 

slightly smaller portions of the anterior temporal lobe in the dominant hemisphere (i.e., 4.5cm 

from the temporal pole) than in the non-dominant hemisphere (i.e., 4.5-5.5cm from the temporal 

pole; Clusmann et al., 2002) and also attempt to preserve the superior temporal cortex as much as 

possible to minimize post-operative language problems.  

1.2.6 Post-surgical cognition and executive function in TLE 

There are limited and divergent findings on the pre vs. post-operative changes in 

executive function and functional capacity in TLE that suggest improvement, no change or mean-

reversion are all possible outcomes (Stretton & Thompson, 2012; Alvarez & Emory, 2006; 

O’Muircheartaigh & Richardson, 2012; Maehara et al., 2013). As summarized by Stretton and 

Thompson, results from the six studies that rely on WCST to measure executive dysfunction can 

be categorized into two distinct categories with divergent implications. Hermann et al. (1988) and 
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Trenerry and Jack (1994) both reported fewer perseverative responses post-surgically, and 

Hermann et al. replicated their findings in a subsequent study (1995), which supports the theory 

of the “nociferous cortex.”  The nociferous cortex theory posits that it is the spread of the seizure 

activity from the epileptogenic temporal lobes to the prefrontal cortex that is responsible for 

executive dysfunction in TLE, and that once seizure activity remits following ATL, executive 

functioning improves.  In contrast, Martin et al. (1999, 2000a, 2000b) found no post-operative 

change in perseveration errors, no correlation between clinical variables and pre-operative 

performance and no perseveration error difference between those seizure-free and not seizure-free 

after ATL. Consequently, this group argued against the idea that seizure propagation can explain 

executive dysfunction in TLE and argues that mesial temporal lobes play minimal role in 

executive impairment in TLE.   

Our team’s own observations have also generated evidence to support both temporal and 

extra-temporal structural and functional pathology in patients with TLE (Kucukboyaci et al., 

2012, 2013; McDonald et al., 2008b, 2010). Therefore, we expect that the surgical removal of the 

epileptogenic anterior temporal lobe is likely to result in brain changes that are not limited to the 

temporal lobes. Indeed, extant research has shown extensive anatomic connections that extend 

from the MTL to the prefrontal cortex. Some of these structures like the UF are routinely severed 

during surgery, triggering a cascade of degenerative events in adjacent regions. Distant yet 

analogous (i.e., contralateral) structures may also undergo changes that demonstrate the plasticity 

of the brain structure and function as observed in studies of functional MRI (Bonelli et al., 2004). 

Our team’s past research reports differences in pre- to post-operative changes in FA that correlate 

with visual field deficits, which further supports the idea that widespread changes induced by 

ATL can be tracked using DTI (see Figure 1). In particular, one can see in Figure 1 that the UF 

showed significant reductions in FA following ATL that were mostly ipsilateral to seizure focus. 

However, this study did not test whether reductions in FA were driven by frontal or temporal 
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sections of UF, precluding an analysis of the extent of damage and likely Wallerian degeneration 

set off by surgical intervention. 
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Figure 1. FA changes following ATL (Source: McDonald et al., 2010) 

Notes: Mean FA change values (e.g., negative values represent post-surgical decline) for tracts 

that are ipsilateral and contralateral to the surgical site. * denotes significant time x side 

interaction. Fibers with significant main effect of time are shown with “+”. CING: Superior 

portion of Cingulum; CST: Corticospinal Tract, FORX: Fornix; IFOF=Inferior Fronto-Occipital 

Fasciculus; ILF: Inferior Longitudinal Fasciculus; PHC: Parahippocampal Cingulum; SLF: 

Superior Longitudinal Fasciculus, THAL: Anterior Thalamic Radiations; UNC: Uncinate 

Fasciculus. Adopted from “Changes in fiber tract integrity and visual fields after anterior 

temporal lobectomy” by McDonald, C.R. et al. (2010). Neurology, 75(18), figure 3.
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Based on these findings, we hypothesized that the cognitive changes following ATL are 

not limited to temporal lobe-related functions. Based on UF anatomy, the post-surgical changes 

may as well include executive dysfunction secondary to anatomical or functional damage or 

reorganization following ATL. We further hypothesized that the TLE patients who undergo ATL 

show changes in their frontal lobe structures anatomically, and theorized that these changes will 

correlate with performance on cognitive tasks of executive function. The specific aims tested are 

detailed further in section 2. 

1.2.7 AtlasTrack as a DTI tractography approach 

Multiple automated tractography methods have shown good convergence with manual 

DTI tractography results (Wakana et al., 2007 and Mori et al., 2008 and Hagler et al., 2009 vs. 

Verhoeven et al., 2010 vs. Nucifora et al., 2012). In our analysis, we rely on a custom, automated 

algorithm called AtlasTrack that is developed in-house at the UCSD Multi Modal Imaging Lab 

(MMIL) by Donald Hagler et al. (2009). This custom method closely aligns with the methods 

introduced by the Susumu Mori group and is therefore highly replicable for scientific use. The 

algorithm uses a probabilistic atlas of fiber tract locations and orientations estimated from the T1-

weighted and diffusion-weighted MRI of 42 individuals (21 healthy controls and 21 patients with 

TLE) to automatically label 23 white matter fiber tracts in each subjects. FA estimated by this 

method was validated against manual, computer-based fiber tracking and demonstrated very high 

correlation with manual-tracking estimates (R2 = 0.98).  

It’s important to note that this method (i.e., AtlasTrack) is notable for its spatial accuracy, 

reproducibility and robustness to noise generated by stray fibers on the extremities of the tracts, 

and the fact that it has been well-validated for use in patients with TLE (Hagler et al., 2009). 

Another advantage of automated tractography is that it can reduce the scan-rescan variability of 

the conventional, manual tractography by about 50% (Reich et al., 2010). On the other hand, the 
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automated AtlasTrack method’s FA estimates are expected to be slightly lower than the manual-

tracking estimates on average (Hagler et al., 2009). In terms of the specific validity for the UF, 

AtlasTrack estimates were again highly correlated with the manual-tracking estimates and 

appeared to overestimate the left vs. right TLE vs. control group differences in FA observed in 

both methods in the left UF. In follow-up studies (Ahmadi et al. 2009; Perry et al., 2009; 

McDonald et al., 2010; Kucukboyaci et al., 2012; Fjell et al., 2012; Kemmotsu et al., 2012; 

McEvoy et al. 2015), the AtlasTrack method was found to be sensitive to white-matter changes in 

both healthy and clinical populations where the identified white-matter changes showed 

associations with behavioral, cognitive and/or clinical deficits. 
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2. Specific Aims and Hypotheses 

Our work aims to provide longitudinal, within-subject analyses of the anatomical (i.e., 

UF diffusivity) and cognitive (i.e., aspects of executive functioning) changes experienced by 

patients with TLE who undergo standard ATL. More specifically, this work strives to find 

previously undocumented changes in the frontal section of the UF. To achieve this aim, it uses 

data collected from both patients and healthy individuals, and relies on diffusivity comparisons 

along portions of the UF between the surgically operated (ipsilateral) hemisphere vs. unoperated 

(contralateral) hemisphere as well as diffusivity comparisons between patients and a small 

number of healthy controls. For neuropsychological data, it relies on longitudinal, within-subject 

changes observed in patients with TLE within the approximately one year window following 

ATL. 

Specific Aim: To show that standard ATL yields to chronic changes in sections of the 

UF and that these changes span downstream effects on spared portions of the UF. To accomplish 

this aim, we identified, characterized and compared the pre and postoperative DTI measures of 

white matter microstructure (i.e., MD, LD, TD and FA) along temporal and frontal sections of the 

UF. We tested for postoperative changes in the UF, showing the anatomical connectivity of the 

temporal lobes to the prefrontal cortex, using longitudinal, within-subjects designs. 

Hypothesis 1a: Given the reduced FA of the UF observed in the diseased hemisphere of 

patients with TLE in our past cross-sectional study (Kucukboyaci et al., 2012) and previous 

findings showing small reductions in FA in the UF (McDonald et al., 2010), we expected that the 

uncinate FA would decrease over time ipsilateral to the surgery site and equally across the 

frontal and temporal sections of the UF. To test the statistical significance of FA differences 

observed ipsilateral to the resection site, we conducted both a matched t-test procedure and a 

mixed-effect ANOVA. Both of these models compared and contrasted FA differences for the UF 

sections between the surgical and non-surgical regions and tested the null hypothesis of “no 
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change” while controlling for the expected interdependence of all diffusivity measures within 

each patient (i.e., the random effects factor). Diffusivity metrics for the side contralateral to ATL 

were used as primary controls. Covariates (i.e., patient age and UF tract size) were evaluated for 

inclusion in the model. Bonferroni correction was used to maintain a familywise alpha of p=.05 

across the domains of statistical evaluation, and balance Type I and II errors. 

Hypothesis 1b: Given past literature that characterizes the in-vivo, diffusion models of 

Wallerian degeneration, we expect that FA changes in the frontal section of the UF are consistent 

with these models and are due to significantly increased TD. This hypothesis was addressed by 

the simple inclusion of TD and LD in both of our within-subject analyses for the UF sections. We 

expect these comparisons to show significant increases in TD following ATL consistent with 

myelin damage that is characteristic of Wallerian degeneration in humans. We understand that the 

absence of LD changes would also rule out axonal changes in favor myelin changes more 

consistent with Wallerian degeneration. Statistical approach used was same as above. 

Hypothesis 1c: Data from a limited number of healthy individuals served as secondary 

controls. This data, while limited in size, allowed us to approximate the magnitude of the 

diffusivity changes that can be expected for all individuals between rescans separated by 

approximately a year. We expected the diffusivity changes observed in patients with TLE to be 

much greater than changes observed in controls over time, if they are at all clinically meaningful. 

Statistical approach used was limited to matched-t tests and descriptive analyses. 

Exploratory Aim: To show that the observed DTI changes are meaningful cognitively, 

we analyzed the association between these changes and the patients’ performance on tests of 

executive function. For this aim, we first characterized the longitudinal, within-subject changes in 

performance on cognitive tests that address aspects of executive functions (i.e., task-switching, 
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verbal fluency, inhibition). We then used correlation analyses to probe significant associations 

between changes in UF diffusivity and aspects of executive function. 

Exploratory hypothesis: Within the context of inconsistent reports of executive function 

changes following ATL surgery driven by pre-surgical levels of structural, functional and 

cognitive impairment, we will test the null hypothesis that the patients with TLE do not show any 

changes in their executive functioning after ATL with a matched t-test. Given their utility in 

longitudinal analysis, we will rely on raw scores of the patients from the TMT, VF and Color 

Word Interference (CWI) tests and use reliable change indices (RCIs), when available, to assess 

the significance of the postoperative changes in performance. We will then use correlation 

analyses to see if the changes in patients’ performances on measures of task-switching, verbal 

fluency or response inhibition can be explained by the variation in DTI metrics in UF sections.
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3. Methods 

The neuropsychological and neuroimaging data analyzed in this project were collected 

under Dr. Carrie McDonald’s current NIH-funded research (R01) on the language and memory 

impairments in TLE. Cross-sectional analyses’ results from a subset of the patients have already 

been discussed in a previous publication (Kucukboyaci et al., 2012). 

3.1 Participants  

Adult participants with TLE were recruited for this study from 2009-2015. Right-handed 

participants of all races and ethnicities, whose native language is English, were eligible. Inclusion 

criteria for patients were defined as follows: i) patients need to have previously completed 

preoperative evaluation, including a multidisciplinary patient case conference, at the UCSD 

Epilepsy Center, where clinical and neuroimaging findings were discussed ii) patients were 

diagnosed with TLE by a board-certified neurologist (E.S.T. and V.J.I.) with expertise in 

epileptology iii) information was available on the focality and the laterality of seizures based on 

ictal recordings in a video-EEG monitoring unit (with scalp and/or foramen ovale electrodes, if 

available), seizure semiology, and/or neuroimaging results iv) patient passed the MRI screening 

questionnaire administered over the phone and expressed interest in research. Patients with and 

without MTS were included in the study. Exclusion criteria consisted of the following clinical 

and/or demographic characteristics or MRI limitations i) dual pathology on MRI (e.g., tumors), 

with contralateral temporal lobe structural abnormalities ii) structural abnormalities found on 

MRI other than MTS iii) past or present neurological or psychiatric conditions iv) non-native 

speakers of English v) refusal or inability to enter in the scanner due to claustrophobia or other 

reasons (e.g., weight). While not an exclusion criterion per se, availability of feasible patient 

transportation options also impacted patient recruitment and follow-up. Minimal levels of 

depressive symptoms as measured by the BDI (<19), or the seizure outcome after surgery did not 

form a basis of exclusion. Written informed consent was obtained from all patients in accordance 
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with the UCSD IRB guidelines. Female patients of childbearing age were only included if they 

passed the fMRI safety requirements (i.e., indicate with certainty that they are not pregnant, are 

free of IUD). Patients completed the study in 2-4 sessions, depending on patient availability and 

fatigability, with pre-surgical MRI scan and neuropsychological testing occurring in one full day 

or in two sessions within a 2-week window. Post-surgical MRI scans and testing took place in 1 

or 2 sessions within a 2-week window in the 10-18 month period following ATL. In total, 23 

patients with TLE completed the neuroimaging portion of the study with DTI data available at pre 

and post-surgical time points. Complete pre and post-surgical neuropsychological data were not 

available for all of the patients since the patient batteries were tailored to the current clinical 

needs and time-pressures at each administration. As a result, neuropsychological data availability 

for the patients varied by specific tests. Demographics and the clinical attributes of the 

participants are provided in Table 2. 

 

Table 2. Participant characteristics 

 Patients (N=23) Controls (N=6) 

Age M = 36.6 (SD = 11.8) 34.7 (SD=11.3) 

Education M = 13.9 (SD = 1.5) 15.2 (SD = 1.3) 

Male vs. Female 8 vs. 15 3 vs. 3 

Non-Caucasian origin 8 1 

Clinical status   

   Left vs. Right TLE 11 vs. 12  

   MTS + on MRI 15  

   Duration M = 19.8 (SD = 15.5)  

   Number of medications (median) 2.5  

   Seizure frequency (median) 5 seizures per month  

Note: MTS = Mesial temporal sclerosis 
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3.2 Neuroimaging methods 

3.2.1 Data acquisition 

Majority of the MRI sessions took place at the UCSD Radiology Imaging Laboratory 

(RIL) on a General Electric 1.5T EXCITE HD scanner with an 8-channel phased-array head coil 

(General Electric, Waukesha, WI, U.S.A.) Staff trained and experienced in the standard safety 

procedures, including the author, acquired the scans and ensured patient safety. Volumetric T1 

scans were used for the longitudinal registration of data to a patient-specific template and also 

yielded automated cortical thickness and volume estimates. DWI scans were used in conjunction 

with the structural data for DTI tractography. Time to complete all the scans was approximately 

60 minutes with the following protocol of sequences: a conventional 3-plane localizer; two T1-

weighted 3D structural sequences (TE = 3.8 ms, TR = 10.7 ms, TI = 1 s, flip angle = 8 deg, 

bandwidth = 31.25 Hz/pixel, field of view (FOV) = 25.6 cm, matrix = 256 × 256, slice thickness 

= 1.0 mm),  DWI sequences (single-shot echoplanar imaging; isotropic 2.5 mm voxels, TR = 

12.3sec, TE = 75.6msec, matrix size = 96 × 96, FOV = 24 cm, slices=47, slice thickness=2.5 mm, 

acquisition=partial k-space), covering the entire cerebrum. For a small subset of the participants, 

MRI were acquired on a General Electric 3T EXCITE HD scanner at the Keck Center with an 8-

channel phased-array head coil. 3.0T image acquisitions included a conventional 3-plane 

localizer, a T1-weighted 3D structural sequence (TE = 3.16 ms, TR=8.08 ms, TI = 600ms, flip 

angle= 8°, FOV=25.6 cm, matrix=256 x 192, slice thickness=1.2mm), and a diffusion-weighted 

sequence with single-shot echo-planar imaging and isotropic 2.5 mm voxels (matrix size=96x96, 

FOV=24 cm, 53 axial slices, slice thickness=2.5 mm, TE = 80.8 msec, TR = 8sec), covering the 

entire cerebrum and brainstem without gaps. For use in nonlinear B0 distortion correction, 

additional b=0 volumes were acquired, with either forward or reverse phase-encode polarity. The 

imaging protocol was identical for all participants, and all patients were seizure-free for a 
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minimum of 24 hours prior to the MRI scan. Only the participants who have data from the same 

scanner both pre- and post-surgery were included in the statistical analysis. 

3.2.2 Data processing and analysis 

Structural and DTI data: The preprocessing streams used structural MRI and DTI data in 

DICOM format as inputs and processed then using a custom, automatic processing stream 

combining MATLAB and C++ commands. T1 weighted images were reoriented into a common 

space that is roughly similar to alignment based on AC-PC line. The images were then corrected 

for non-linear warping, i.e., an artifact caused by the non-uniform fields resulting from the use of 

gradient coils in data acquisition. Next, the images were intensity corrected to account for the 

spatial sensitivity inhomogeneities introduced to data acquisition by the head coil. Structural MRI 

data was then processed with the Freesurfer image analysis suite, which is documented and freely 

available for download online (http://surfer.nmr.mgh.harvard.edu/). This software allowed for the 

automatic parcellation of the cortical structures into 32 ROIs in each hemisphere in line with the 

Desikan-Killiany cortical atlas (Desikan et al., 2006). DWI scans were pre-processed via the 

following 5-step procedure before fiber tracking: 1) Minimization of image distortion in the DWI 

volumes caused by eddy currents 2) Removal of within-scan head motion, synthesizing of DWI 

volumes from those tensors, and rigid body registration of each data volume to its corresponding 

synthesized volume. 3) Removal of head motion between scans 4) Minimization of image 

distortion caused by magnetic susceptibility artifacts (Holland et al., 2010). 5) Resampling of 

images to 1.875 mm3 isotropic voxels. Next, fiber tracts were derived using a probabilistic 

diffusion tensor atlas (i.e., AtlasTrack), using our custom, in-house methodology (Hagler et al., 

2009), which generated separate FA, MD, LD and TD maps for 23 tracts, including the UF. We 

applied this method to generate tract-level maps that show the scalar MD, LD, TD and FA values 

separately for pre- and postoperative images for each individual. Figure 2 shows the structural 

http://surfer.nmr.mgh.harvard.edu/
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(T1), FA, MD, LD and TD whole brain maps for a TLE patient during the segmentation of the 

frontal UF (shown in yellow) using AMIRA. 
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Figure 2. AMIRA whole brain maps 

Notes: Panels showing the various full brain maps used during the visualization and the 

segmentation of the UF in AMIRA. Top to bottom (left): Structural (T1), FA, MD; top to bottom 

(right): LD and TD maps. Yellow (unfilled) region on the axial slices represent the frontal UF in 

process of being segmented. Yellow (frontal) and red (temporal) sections of the UF are also 

visible in the oblique view 3-D rendering, made available by AMIRA. Different levels of zoom 

were available for both the 2-D slices and the 3-D renderings.  

 



29 

   
 

At this point, in order to probe the specific hypothesis of this project, we appended the 

existing DTI pipeline by segmenting the UF to its frontal and temporal sections using Amira 5.4 

(http://www.fei.com/software/), a commercial data visualization and analysis software for life 

sciences with trial licenses available. For each subject, the T1-weighted volumetric image 

resampled to the DTI-space (2x2x2 voxel size; 120x120x70) was used to guide the 

subsegmentation of the UF as identified by AtlasTrack. A probability map corresponding to the 

location of the UF in the right hemisphere was then visualized in Amira’s Object Pool view, and 

converted to a region-of-interest label that can be further segmented using the software’s 

computational toolbox. The resulting binary file label and the T1-weighted image was then 

visualized using Amira’s Segmentation Editor. Axial T1 and the label file were used to identify 

the frontal vs. temporal section of the UF, given the clear depiction of the tracts’ traversal from 

the anterior temporal lobes to the anterior frontal lobes in this view. The labeling started at the 

most superior axial slice (e.g., slice 40-41 in most subjects) in which the UF was observed and 

continued inferiorly, reviewing and marking all of the traversed label slices for belonging to the 

frontal lobes as guided by the underlying T1-image. When this procedure reached intermediate 

regions, ranging between to 1-3 axial slices in each patient, where it is harder to assign to frontal 

vs. temporal sections, the following algorithm that capitalized on the co-alignment of all of the 

patients in prior preprocessing was used 1) if the axial label slice is clearly overlaid on a white-

matter structure as seen on the T-1 that is axially contiguous with a frontal (or temporal) white-

matter region, that axial slice was labeled as frontal (or temporal) 2) if the axial label slice 

consisted of 2 portions (i.e., islands) that are disconnected, the portion that is more anterior and 

mesial was marked as the frontal section while the more posterior and lateral island was marked 

as the temporal section 3) if the axial label consisted of a single portion that was not clearly 

overlaid on any other identifiable white-matter region AND appeared to be traversing both frontal 

and temporal lobes AND had an oblique orientation AND the inferiorly flanking axial slice 
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belonged to the temporal lobes, it was also marked as frontal. Otherwise, the axial label was 

marked as the temporal section, with all slices inferiorly also marked as the temporal UF 

contingent on T1-overlay. We reviewed the resulting segments visually by overlaying them on 

each patient’s post-surgical T1 (volumetric) image to minimize the possible confounding effects 

of the nearby surgical cavity (e.g., McDonald et al., 2010) and ensured that the post-surgical 

lesion is contained within the temporal section for each patient and that the frontal section has no 

overlap with the post-surgical lesion. For the frontal and temporal UF sections, ROI-level means 

and standard deviations were computed for each diffusion-weighted metric, i.e., MD, LD, TD and 

FA. An estimate for the number of voxels tagged for each segment and the corresponding 

volumes were also available for each UF segment. For this computation, we used Amira’s 

“Material Statistics” menu, which allows users to specify different diffusion images as data on 

which the metrics within a specific area can be tabulated. The process was repeated for the 

opposite (left) hemisphere of the pre-operative MRI scan. The entire process encompassing both 

right and left UF segmentation was then repeated for the post-operative scan. These figures were 

then imported into statistical software for analysis. Statistics for UF segments were contrasted pre 

and post-surgically and interpreted within the context of neuropsychological data. Within-subject 

analysis was only performed for patients who have MRI data from the same scanner, since the 

locally variable effects of field strength differences on white matter measures can be problematic 

(West et al., 2013; Jovicich et al., 2009). FreeSurfer-based cortical thickness and volume 

estimates for the orbitofrontal cortex, connected to the temporal lobes by the UF, were also 

derived. The approximate regions that encompass the frontal and temporal sections of UF 

following the superior-inferior traversal of the subcortex in a patient brain using our specific 

method, are highlighted in Figure 3. An Amira visualization showing the UF segment as it is 

being partitioned is presented in Figure 4.
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Figure 3. Frontal UF delineation in AMIRA 

Notes: AMIRA screenshots showing the 3-D T1 (structural MRI) renderings from axial, oblique, 

coronal and sagittal views that indicate the relative positions of the frontal (yellow) and the 

temporal (red) segments of the left UF in a post-op left TLE patient. Surgical cavity/lesion is 

visible. 
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Figure 4. Screenshots showing manual segmentation of the frontal UF in AMIRA in a 

postoperative patient with TLE (inferior to superior traversal). 
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3.3 Neuropsychological data acquisition 

Following screeners where demographic information was confirmed, patients completed 

all neuropsychological tests in at least two visits (i.e., one pre-surgical, one post-surgical). 

Pertinent clinical history and responses to self-report surveys were also obtained during both 

visits. Test battery used was the expanded version of the language- and memory-oriented clinical 

research battery used for Dr. McDonald’s ongoing R01 project with the addition of TMT, VF and 

Color-Word Interference (CWI) tests from D-KEFS when feasible and clinically relevant. 

Patients took about 3-3.5 hours to complete the battery with minimal breaks and were able to 

tolerate it both pre and post-surgically. 

3.3.1 Characteristics of the executive function tests used 

D-KEFS is a battery of tests designed to measure a broad range of executive functions, 

but it does not adhere to any specific theory of frontal lobe function (i.e., Baddeley, 1998; 

Shallice and Burgess, 1996). Instead, the tests in this battery are built on experimental and clinical 

studies that demonstrated the sensitivity of certain tasks in the detection of frontal lobe damage. 

Tests in the D-KEFS battery help generate a “executive function profile” of participants and are 

inspired by the process approach (Kaplan, 1988) where multiple measures that correspond to 

different aspects of a given test performance (i.e., types of errors) are preferred over single, 

unitary measures that summarize scores on a given task (Delis, Kaplan and Kramer, 2001).  These 

process-dissociation measures allow one to dissociate lower-level functions (e.g., speed) from the 

higher-level components of executive functioning (e.g., set-shifting). 

D-KEFS’ VF and CWI tests both measure cognitive flexibility in their more challenging 

conditions. This cognitive skill, also known as set-shifting or task-switching, is a hallmark 

executive dysfunction in patients with frontal lobe damage and has been proven to be a common 

factor across the most sensitive traditional tests of executive function, the TMT-B and Wisconsin 
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Card Sorting Test (Delis, Kaplan and Kramer, 2001). In pilot studies, the increased task-demands 

of CWI that combines both mental inhibition and flexibility in the final condition have been 

found to reveal subtle executive-function deficits that may otherwise go unmeasured. Normative 

data for D-KEFS uses more than 1,700 adults and children and provides age-corrected scaled 

scores for ages 8 to 89. Scaled scores, age-corrected T-scores, as well as raw scores that are 

meaningful for test re-test comparisons, were available for our analysis. 

The TMT of the Halstead-Reitan Battery (HRB; Reitan & Wolfson, 1993) includes 2 

subtests, A and B, with different task demands. Test scores with normative data are based on 

completion times while error counts and types (i.e., set loss, sequencing) can also be calculated 

for process analysis. Based on scaled scores, impaired performance on the switching (B) subtest 

in the absence of impairments in the motor speed (A) condition is regarded as a sensitive marker 

of executive dysfunction. We will use the revised comprehensive norms for the HRB (Heaton et 

al., 2004), based on more than 600 participants in the validation sample and available for 

individuals ages 20-85 for various educational-attainment brackets. Scaled scores and sex, age 

and education-corrected T scores, as well as raw scores that are meaningful for test re-test 

comparisons, were available for our analysis. 

Normality (i.e., Shapiro-Wilk) tests for the neuropsychological measures of executing 

function suggested that normality assumptions are likely to be consistently violated (i.e., both 

before and after surgery ps < 0.05) for the raw scores on TMT A and B (n = 18) but not for D-

KEFS Letter and Category Fluency Tests (n = 18 and n = 19, respectively). Normality tests 

results were not used for D-KEFS Verbal Fluency Switching (n = 11) and Color Word 

Interference Tests (n = 5), since we assumed that the normality was violated in these cases due to 

small sample size. Post-surgical change scores were found to follow a normal distribution for all 

of the raw scores for both TMT and D-KEFS Fluency Tests. Means, standard deviations, 
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medians, kurtosis and skewness statistics for these tests are presented in Table 6 along with p-

values corresponding to the Shapiro-Wilk Test.  

3.3.2 Assessment of reliable change in repeat administrations of cognitive tests 

Like most neuropsychological tests, the executive function tests of interest present some 

challenges for quantifying longitudinal change since baseline (T0) scores can account for more 

than two thirds of the variance in post-surgical (T1) performance (Temkin et al., 1999). Moreover, 

past reports of strong practice effects (Chelune et al., 1993; Dikmen et al., 1999) in 

comprehensive batteries that measure intelligence and memory functioning (e.g.,WAIS-R, 

WAIS-III, WMS-III, HRB) with subtests that partially task frontal-lobe function (e.g., working 

memory, attention, planning), necessitates some modeling of test-retest effects in our analysis 

before making any attributional claims. Models for quantifying these effects have already been 

proposed (Temkin et al., 1999) and are likely to be useful even when the measures used show 

more limited test-retest effects within TLE patient samples (e.g., TMTtest-retest r = 0.41; WCST 

Persev Resptest-retest r = 0.56, from Hermann et al., 1996) as opposed to within healthy control 

samples (e.g., TMTtest-retest r = 0.89, from Dikmen et al., 1999). 

To this end, two slightly different methods are available for identification of meaningful 

longitudinal change: 1) Dikmen et al.’s (1999) reliable change index (RCI) calculation, where 

changes in scores that exceed 1.64 x SD(ScoreT1-ScoreT0) are considered significant change and 

2) Chelune et al.’s (1993) “RCI + practice” correction, where the changes in scores that exceed 

[1.64 x SD(ScoreT1-ScoreT0) ] + M(ScoreT1-ScoreT0) are considered significant change. The “RCI 

+ practice” correction often shows comparable specificity and sensitivity as well as more 

complex, regression-model based estimates, especially if the group averages used are 

representative of the patient population of interest (Heaton et al., 2001). Given the limited 

research on the degree and direction of practice effects in TLE patients (compared to controls, 
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where more data exists), the more conservative approach of deriving RCIs using Chelune et al.’s 

(1993) method. 

3.4 Statistical analysis 

3.4.1 Experimental design and statistical methods 

Each patient’s data was collected at two time points: data collected at time zero (t0) that 

quantifies neuroimaging and neuropsychological parameters prior to ATL; data collected at time 

one (t1) that quantifies the same parameters following ATL. Given these repeated measures for 

each patient x variable combination, the DTI effects of the surgery were probed using two 

complementary statistical procedures. First, we used the matched t-test procedure in SPSS 

(version 23), where each tract x side x DTI scalar combination was tested (e.g., frontal UF, 

ipsilateral to the surgery side, mean FA) for significant pre vs. post-surgery differences. This 

simple design offered the advantage of increasing the power of the statistical test by lowering the 

MSE(error) by separating out the variance attributable to subjects’ means levels of the measures. 

For this test, the test statistic was calculated using the hypothesis and statistical formula: 

(1) H0: MEASURE(t1) – MEASURE(t0) = 0  

(2) t = MSE(time) / MSE (error);  where  

a. MSE(time) = SS(time) / df (time)  

b. MSE (error) = [SS(within subjects) – SS(between subjects)] / 

df(error) 

Based on our experimental design with two time points and 23 patients, df(time) =  1 and 

df(error) = 22. We also tabulated the data prior to the matched t-tests so that we could compare 

across patients’ UF ipsi vs. contralateral to the site of surgery. Despite the limited sample size, we 

repeated the matched t-test procedure for the six healthy controls who also underwent DTI scans 
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at 2 time points. We also quantified mean change both in percentile and absolute terms, in 

addition to the standard error of the mean change, to provide a basis of comparison for our patient 

data. 

Next, we used a 3-way (2x2x2) mixed-effects linear model with two covariates using 

SPSS (version 23) Linear Mixed Models procedure. In this model, subjects were entered into the 

model as random effects variables, allowing for subject-level variability in our DTI scalars. This 

specification, allowing for subject-level clusters, was the main reason for employing a mixed 

model approach in addition to the matched t-test analysis. We defined time (i.e., pre vs. post 

surgery), UF segment (i.e., frontal vs. temporal) and segment location with respect to surgery site 

(i.e., ipsilateral vs. contralateral) as the fixed effect variables. We performed three iterations of 

the model with varying degrees of constraints for the covariance matrices (i.e., unstructured, 

variance components, compound symmetry) and selected the best fit using the smallest Akaike’s 

Information Criterion (AIC) among the three candidate models. We used a full factorial design to 

fully account for all of the interactions and their statistical significance in all iterations. To 

follow-up the robustness of our findings, we repeated the analysis with age and tract size (i.e., 

number of voxels) as covariates, which are supported by the extant literature in support of age-

specific patterns in diffusivity for the former and by the novelty of our AMIRA implementation 

that allows for minor variations in tract estimates between scans (i.e., before and after). 

Significant results were further analyzed using the Generalized Linear Mixed Models (GLMM) to 

quantify the coefficient estimates for the model parameters. The GLMMs predicted the DTI 

metrics, showed good convergence after 100 iterations and allowed for random effects and 

intercepts for each patient as well as fixed effects for the full factorial 2x2x2 model tested. 

For the neuropsychological data with large enough samples (i.e., n > 15), we first 

characterized the distribution of the measures and explored their normality using Shapiro-Wilk 
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Test and Normal Q-Q plots. We then performed the matched t-test using SPSS for each variable 

with large enough samples, regardless of normality, matching each patient’s pre vs. post-surgical 

results, using bootstrapping (10,000 iterations). For the subset of variables that likely followed a 

non-normal distribution and for variables with small samples (n ≤ 15), we repeated the analyses 

using the one-sample sign test, which is robust to normality violations. We followed up 

significant findings by post-hoc analysis of the results split by relevant clinical characteristics 

(e.g., disease/surgery laterality; history of MTS). All the patients whose neuropsychological data 

were subjected to statistical testing had repeat neuroimaging data. However, some of the 

participants did not have a complete set of neuropsychological tests results (i.e., both before and 

after surgery). Therefore, missing values were excluded on a “per-analysis” basis and sample 

sizes were reported separately for each analysis. 
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4. Results 

4.1 DTI findings 

Matched T-tests for patients (hypotheses 1a and 1b): Matched t-tests comparing DTI 

scalars FA, MD, LD and TD for the frontal and temporal subsections of the UF showed 

significant longitudinal, within-subject changes in the diffusion patterns of this tract in patients 

following ATL. 

 

Table 3. Matched t-test results 

  FA MD 

 

Post - Pre 

diff. t-value (p) Post - Pre diff. t-value (p) 

Frontal UF     

Ipsilateral -0.035326 -5.242 (0.000029) 0.0000453 1.962 (0.062487) 

Contralateral -0.014483 -2.128 (0.044781) 0.0000446 1.879 (0.073522) 

Temporal UF     

Ipsilateral -0.128356 -14.853 (0.000000) 0.000722 9.227 (0.000000) 

Contralateral -0.016257 -2.014 (0.056357) 0.00004 2.746 (0.011805) 

     

 LD TD 

 

Post - Pre 

diff. t-value (p) Post - Pre diff. t-value (p) 

Frontal UF     

Ipsilateral 0.0000277 0.868 (0.394546) 0.0000403 2.805 (0.010313) 

Contralateral -0.0000345 -0.503 (0.620061) 0.0000542 2.044 (0.053090) 

Temporal UF     

Ipsilateral 0.000674 8.244 (0.000000) 0.000747 9.709 (0.000000) 

Contralateral 0.00004 2.444 (0.023004) 0.00004 2.824 (0.009881) 
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Table 3 summarizes these findings. For the temporal section ipsilateral to the ATL site, 

we detected statistically significant increases in both LD (t = 8.244, p < .000001) and TD (t = 

9.709, p < .000001), along with a concomitant increase in MD (t = 9.227, p < .000001) and a 

concomitant reduction in FA (t = -14.853, p < .000001). For the temporal UF contralateral to the 

ATL site, the pattern of the results were the same (i.e., increase in LD, TD and MD coupled with 

a reduction in FA). However, within-subject changes over time were not significant (all p-values 

> .005) after correcting for multiple comparisons, except for a trend-level increase in TD (t = 

2.824, p = 0.0988).  

For the frontal section ipsilateral to ATL site, we detected a significant reduction in FA (t 

= -5.242, p < .00005) for each patient over time with no significant changes in MD (p > 0.05). 

Further analysis showed that the FA change was driven by a trend-level increase in TD (t = 2.805, 

p < .00103). LD did not show within-subject significant changes (p > 0.05) ipsilateral to the ATL 

site. For the frontal UF contralateral to the ATL site, we did not detect any within-subject 

significant changes in FA, MD, LD or TD over time, despite similar patterns of change in terms 

of directionality for FA (i.e., decrease), MD and TD (i.e., increase).  
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Figure 5. Longitudinal Changes in UF diffusivity (patients vs. controls, subject-level) 

Note: Boxplots depict the subject level distribution of the diffusion metrics across time, 

location and side (ipsilateral vs. contralateral to surgery). Shaded boxes indicate the Q1-Q3 

(i.e., 25%ile – 75%ile) range for each distribution; whiskers denote the full range of the values, 

with the exception of outliers (i.e. filled dots; >2 SD). 
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Matched T-tests for controls (hypothesis 1c): Matched t-tests comparing the DTI scalars 

FA, MD, LD and TD for the frontal and temporal subsections of the UF showed no significant 

changes in the diffusion patterns  when measured approximately one year apart in healthy 

controls. Table 4 provides further information on the magnitude of the statistically insignificant 

changes observed in healthy controls. For the frontal section, FA values changed 1.5% on the left 

UF and 0.2% on the right UF on average. For the temporal section, the change was 0.6% on the 

left UF and 1.2% on the right UF on average. TD changes were all less than 0.4% in either 

direction for both subsections. A summary of FA and TD changes observed by patients vs. 

healthy controls is provided on Figure 5 (subject level) and Figure 6 (group aggregates) for visual 

comparison. 
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Figure 6. Longitudinal changes in the frontal UF diffusivity (patients vs. controls, group-level) 

Note: Bar graphs that depict group averages for the FA and TD in the frontal UF for the mean and 

the standard deviation of the change before and after ATL. 
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Table 4. Mixed Model Results for DTI (patients with TLE) 

 
Fixed effects (F-values) 

Mixed 

effects 

(Wald Z) 

 Op. 

Status 
Sect. Side 

OpStatus 

*Section 

OpStatus  

*Side 

Section  

*Side 

OpStatus 

*Section  

*Side 

Subject 

FA 105.4  425.6  114.6  25.1  49.3  33.0  23.22  3.32 

MD 132.3  155.8  121.6  82.4  84.9  106.01  84.5  4.99 

LD 45.4  49.3  59.3  47.1  43.9  39.4  29.6  3.38 

TD 146.8  213.5 141.6 90.6 98.0 112.5 90.6 5.30 

Note: Op. Status = pre vs. post surgery; Section = frontal vs. temporal; Side: Ipsi vs. 

contralateral.  In the column headers, * denotes interactions between variables. F-values provided 

in the table; all F-values were p < 0.0001. 

 

Mixed Models Analyses for patients (hypotheses 1a and 1b): Comparison of the AIC 

across different covariance structures for mean FA indicated that the “variance components” 

model that specifies a moderate degree of covariance between the fixed effect variables is the best 

fit for the data (i.e., generated the lowest AIC (AIC = -679.488). Results for the fixed effects for 

the 4 DTI scalars (i.e., FA, MD, LD and TD) are summarized in Table 4 above. The results 

showed minimal change between the iterations with and without the covariates (i.e., age, tract 

size). As such, we present the results for the full model with covariates. For mean FA, results 

show that the main effect of surgery (i.e., OpStatus) was significant (F(1,158)=105.401, p < 

.001). In addition, main effect of UF subportion (i.e., temporal vs. frontal) and location with 

respect to surgery site (i.e., ipsi vs. contralateral) was also significant (F(1,158)=425.595 and 

F(1,158)=114.602, respectively; both p < .001), along with significant 2-way and 3-way 

interactions between these variables (all p < .001). The effects for mean MD followed a similar 

pattern, with all of the main effects and interactions effects significant, where minimum F(1,96) = 
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82.731, p < .001. For mean LD, the pattern observed was similar with smaller F-values, where 

minimum F(1,144) = 29.624, p < .001. For mean TD, the pattern was again preserved but the F-

values observed were much higher, i.e., minimum F(1,96) = 90.636, p <.001. The random effects 

for each subject were also significant for mean FA (Wald Z = 3.317), mean MD (Wald Z = 

4.987), mean LD (Wald Z = 3.380), and mean TD (Wald Z = 5.304), indicating significant 

subject-level effects for our DTI measures. 

Post-hoc analyses estimating model parameters (i.e., b-values) were performed on mean 

FA without covariates, which was the only mixed model that yielded the largest F-values with 

robust model convergence. This analysis yielded the regression parameters for the fixed effects 

variables shown in Table 5 below. After correcting for multiple comparisons (α = .005), results 

showed that the main effects of surgery (pre vs. post), and UF section (frontal vs. temporal) were 

significant. Moreover, the interaction effects of surgery with subsection, surgery with location 

(ipsi vs. contralateral) and surgery with subsection and location were also significant. Remaining 

coefficient estimates were not significant (p > .005). 

Table 5. Regression Coefficients for GLMM 

Predictor Variables Y = Mean FA 

Intercept 0.294* 

Op. Status (Post) -0.128* 

Section (Frontal) 0.078* 

Location (Contra) 0.022 

Op. Status x Section 0.093* 

Op. Status x Location 0.112* 

Section x Location -0.009 

Op. Status x Section xLocation -0.091* 
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4.2 Neuropsychological findings (exploratory hypothesis) 

Means, standard deviations, medians, kurtosis and skewness statistics for these tests are 

presented in Table 6 along with p-values corresponding to the Shapiro-Wilk Test.  

Table 6. Summary of neuropsychological data 

Pre-Surgery 

Test Subtest M (SD) Median Skew Kurtosis 

Sig. 

(S-W) 

Trail Making Test TMT-A 29.5 (10.0) 29 1.32 3.41 0.028 

Trail Making Test TMT-B 95.9 (49.7) 75 1.50 2.21 0.006 

D-KEFS Verbal Fluency Letter 30.4 (11.6) 31 0.59 0.31 0.419 

D-KEFS Verbal Fluency Category 26.9 (9.8) 31 -0.72 -0.83 0.035 

D-KEFS Verbal Fluency Switching 10.9 (2.0) 12 -1.53 1.24 n/a 

Color Word Interference Reading 24.9 (9.3) 22 1.84 3.52 n/a 

Color Word Interference Naming 32.7 (14.6) 28 1.88 3.66 n/a 

Color Word Interference Switching 69.2 (27.8) 69 0.94 55 n/a 

Color Word Interference Inhibition 53.6 (18.3) 43.7 0.87 -1.28 n/a 

Post-Surgery 

Test Subtest M (SD) Median Skew Kurtosis 

Sig. 

(S-W) 

Trail Making Test TMT-A 32.5 (17.5) 29.5 2.66 9.43 < .001 

Trail Making Test TMT-B 77.3 (43.8) 66.1 2.17 6.3 0.001 

D-KEFS Verbal Fluency Letter 31.3 (13.4) 28 0.40 -0.30 0.676 

D-KEFS Verbal Fluency Category 27.3 (8.9) 28 -0.71 -0.36 0.146 

D-KEFS Verbal Fluency Switching 11.2 (2.4) 11 0.57 0.17 n/a 

Color Word Interference Reading 25.7 (6.9) 24.8 1.33 2.41 n/a 

Color Word Interference Naming 33.8 (17.3) 27 1.97 4.06 n/a 

Color Word Interference Switching 66.8 (23.9) 61.2 0.93 0.02 n/a 

Color Word Interference Inhibition 60.4 (25.4) 52.5 1.03 1.15 n/a 

Note: S-W = Shapiro-Wilk test. Sig = Statistical significance. 

Matched t-tests for TMT-A  indicated a small, statistically insignificant decline in 

performance after ATL, since raw scores indicated the total time it takes to complete the 

visuomotor task, t (17) = -0.785. TMT-B results indicated a statistically significant improvement 

in completing the switching task after ATL, t (17) = 2.951. For Letter Fluency, t (17) = -0.469 

and Category Fluency, t (17) = -0.143, we observed a statistically insignificant improvement in 
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performance, since the raw scores indicated the total number of words generated within the time 

limits. One sample sign test showed that the improvements observed in TMT-B were statistically 

significant even after accommodating for the non-normality of the distributions (p = .008). 21 % 

of the patients showed a significant change that exceeded the RCI of 35.48 seconds (see Figure 

6). Changes observed for D-KEFS Verbal Fluency Switching and Color Word Inhibition tests, 

where small sample sizes also necessitated the use of non-parametric statistics, were not 

statistically significant. These results are summarized in Table 7.  

Significant improvements in TMT-B performance were subjected to further analysis 

using Spearman’s Rho to test whether the observed improvement is correlated with any of the 

observed changes in DTI measures (i.e., mean FA and TD). While we observed that both the 

post-surgical TMT-B performance (rho = 0.617, p = .006) and the change in TMT-B performance 

(rho = 0.638, p = .004) showed a significant positive correlation with the pre-surgical 

performance, we did not find any significant correlations between TMT-B performance and DTI 

measures of the frontal UF (i.e., FA, TD). For the temporal UF, the only correlation that showed a 

trend towards significance after correcting for multiple comparisons was a significant negative 

correlation between pre-surgical TMT-B performance and the post-surgical ipsilateral mean FA 

(rho = -.500, p = .035). Correlations were not statistically significant for all other TMT-B 

measures and ipsi-contra DTI variable pairings. These correlations showed that worse pre-

surgical performance on TMT-B (i.e., longer time to completion) was associated with worse post-

surgical TMT-B performance and larger change in performance across test administrations. 

Change on change correlations showed no significant correlations between postoperative 

improvement in TMT-B performance and postoperative decline in FA. 
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Table 7. Significance of test score changes after ATL 

    Non-Parametric Parametric 

Test N 

Change 

(-/+/tie) 

Exac Sig. 

(Sign Test) Pre-post t-value p-value 

TMT-A 18 9/7/2 0.804 -3.08 -0.785 .443 

TMT-B 18 3/15/0 0.008 18.57 2.951 .009 

VF - Letter 18 10/7/2 0.629 -0.89 -0.469 .645 

VF - Category 19 12/5/1 0.143 -0.33 -0.143 .888 

VF - Switching 11 4/5/2 1.000    

CWI - Reading 5 4/1/0 0.375    

CWI - Naming 5 3/2/0 1.000    

CWI - Switching 5 3/2/0 1.000    

CWI - Inhibition 5 4/1/0 0.375       
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Figure 7. Reliability of TMT-B change 

Note: Bins represent the reliable change index (RCI = 35.48 seconds) for TMT-B. Figure shows 

that the majority of refractory TLE patients (>80%) improved in task-switching (TMT-B) 

following ATL. No patients showed a significant decline. 21% of the patients showed 

improvements that exceeded the RCI.
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Figure 8. Correlations between TMT-B and select DTI metrics (FA and TD) 

Note:  Scatterplots show correlations between DTI metrics of the frontal UF (X-axes) and TMT-B 

performance, in seconds (Y-axes). None of the correlations were significant. 
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5. Discussion 

The main goal of this study was to identify, characterize and contrast the chronic 

diffusivity changes that take place within the first year following standard ATL in sections of the 

UF for patients with TLE (i.e. Hypotheses 1a-b). We then performed additional analyses and 

comparisons to test whether the observed changes in the frontal portion of the UF are specific and 

indicative of any mechanistic processes (e.g., Wallerian degeneration). We used data from the 

non-lesional (i.e., contralateral to ATL) hemisphere from the same subjects as well as data from a 

small number of healthy controls to evaluate the specificity of the effects we observed 

(Hypothesis 1c). As past literature had already shown changes in both anatomical and functional 

connectivity in the temporal lobes primarily affected by TLE, we sought to go beyond the 

localization models that focus on temporal lobe abnormalities and we looked beyond the diseased 

temporal lobes to capture any chronic, indirect effects of lesions induced by ATL. To address our 

specific aims that focus on a section of the UF that lies strictly within the frontal lobes, which 

remain physically “untouched” during ATL, we used a novel, within-subject segmentation 

approach using AMIRA. To address our exploratory aims that test whether the observed DTI 

changes are behaviorally meaningful, we used non-parametric correlational approaches.
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Table 8. Summary of Mean FA for TLE patients 

Time Section 
Ipsi vs. 

Contra 
Mean 

Std. 

Error 
df 

95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

post 

Frontal 
contra 0.371 0.006 22 0.358 0.384 

ipsi 0.337 0.006 22 0.325 0.350 

Temporal 
contra 0.300 0.005 22 0.290 0.310 

ipsi 0.166 0.006 22 0.153 0.179 

pre 

Frontal 
contra 0.385 0.009 22 0.368 0.403 

ipsi 0.372 0.006 22 0.359 0.385 

Temporal 
contra 0.316 0.008 22 0.299 0.332 

ipsi 0.294 0.006 22 0.281 0.307 

 

Findings with respect to the specific aims:  

Pre-surgically, our results were congruent with the diffusivity patterns (i.e., temporal UF 

lower ipsilateral to disease), in line with the white-matter processes previously described for 

patients with TLE (e.g., Concha et al., 2007; Pustina et al., 2014; ; Leyden et al., 2015). The mean 

FA was lower in the temporal UF ipsilateral to the disease (and therefore the ATL), and showed 

significant decline following surgery; mean FA was higher in the contralateral temporal UF and 

showed an insignificant decline after surgery. Despite higher levels of mean FA pre-surgically, 

the pattern of change was similar for the frontal section. The frontal section of the UF ipsilateral 

to the disease and the surgical lesion exhibited a significant decline in FA after the surgery; 

frontal UF contralateral to the surgery did not exhibit a significant decline in FA (see Table 8). 

These results suggested that the impact of ATL on white matter tracts in unlikely to be limited to 

the temporal lobes and that the frontal section of the UF, considered not harmed by any surgical 

lesions, is also impacted by ATL, though to a lesser degree compared to the temporal section.  
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Using within-subject data for comparison, we also observed that the significant declines 

in mean FA were observed specifically ipsilateral to surgery and not in the contralateral side 

(Hypothesis 1a). As such, our data provides some evidence to the specificity of our findings to a 

certain ATL-related process. Moreover, we were also able to establish that the observed changes 

are above and beyond the changes that introduce the variability to DTI estimates in healthy 

controls between scanning sessions about one year apart. As such, the observed decreased in 

mean FA are unlikely to reflect the slight bias introduced by healthy aging or the noise introduced 

by repeat scanning. 

Observed FA changes cannot be directly attributed to “white matter integrity” if other 

mediating factors are ignored by the study design, data processing and analysis (Jones et al., 

2013). In order to further delineate the diffusivity patterns associated with the observed decline in 

mean FA and to be able to make more specific claims on the presence of Wallerian degeneration 

in the frontal UF, we performed similar within-subject analyses for other DTI variables (i.e. mean 

MD, mean LD and mean TD). This analysis showed that the observed FA decreases are likely to 

be driven by post-surgical increases in mean TD, or diffusivity that is perpendicular to the main 

diffusion vector.  We observed that the increased TD is the likely culprit for the higher mean MD 

and the lower mean FA along the frontal UF in patients undergoing ATL, suggestive of Wallerian 

degeneration (Hypothesis 1b).  

As ATL is likely to sever the connection between the soma and the distal portions of the 

axons that comprise the UF, the set-up of our experiment provided the pre-requisite “axonal 

injury” that has been found to trigger Wallerian degeneration in animal models (Neukomm & 

Freeman, 2014). Within this context, our DTI findings provide strong support for the occurrence 

of Wallerian degeneration in the frontal UF. First, the significant FA decreases observed 

ipsilateral to ATL preclude other mechanistic explanations like axon retraction that posit the 
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maintenance of axonal integrity during this process. Second, research suggests that both acute 

axonal degeneration and Wallerian degeneration share similar phases, e.g., “beading” and 

“fragmentation” of the axons prior to removal by the nearby glia, yet they both encompass a time 

frame that is shorter than the 1-year window we obtained for our post-operative imaging results. 

Findings from mouse models (Song et al., 2003; Sun et al., 2008; Brennan et al., 2013) also 

suggest that chronic FA and TD changes are correlated with myelination reductions and 

Wallerian degeneration during recovery from ischemic injuries. As such, our observations were 

expected to reflect the chronic end-state of a degenerative process, which would be characterized 

by the presence of the more spherical (i.e., lower FA) axonal fragments and demyelination 

(higher TD) in the transected UF. Our observations of increased TD in the presence of decreased 

FA were therefore in line with the presence of a Wallerian degeneration process in the white 

matter comprising the frontal UF (hypothesis 1b).  

Thanks to its longitudinal design, our study offered the unique ability to make pre- and 

postoperative within-individual DTI comparisons between the UF located on the side ipsilateral 

to surgical lesion and the UF located on the opposite hemisphere of the surgical lesion. As such, 

our pre-surgical DTI estimates were likely to reflect the effects of twenty years refractory seizures 

on both hemispheres, despite a likely intensification of the effects on the side ipsilateral to seizure 

focus. The significance of all of the interactions in our mixed-effects models suggest that the 

diffusion changes we observed post-operatively is not uniformly distributed. Indeed, our findings 

suggest that these changes are associated with the variable impact of ATL on frontal vs. temporal 

UF, as well as different levels of ATL impact on these UF sections depending on location 

(ipsilateral vs. contralateral). In other words, we found that the ATL impact was variable and that 

it depended on which UF section and hemisphere one is considering. Other groups have made 

similar observations (Pustina et al., 2014) in TLE. Within this context, one should note that the 

lower FA – higher TD coupling we observed came close to achieving statistical significance even 
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within the hemisphere contralateral to surgery. Though the effect sizes appear much larger for the 

side ipsilateral to surgery, these results still indicate the possibility of subtle changes in diffusivity 

even in more remote regions of the brain. As such, the inclusion of a small sample of healthy 

controls for further comparison has allowed us to further challenge the robustness of our 

observations and has been a meaningful addition to our approach. 

The longitudinal variability of the DTI measures for the six healthy controls used in our 

analysis appeared congruent with past estimates on DTI data reproducibility, which reduces the 

likelihood of a strong sampling bias for our dataset, which served as secondary controls and aided 

the interpretation of our results. In other words, our control findings suggest that the DTI changes 

observed in our patients are specific (hypothesis 1c). More specifically, the maximal change 

observed in UF mean FA in our controls was around 1.2-1.5% between the two scans about a 

year apart. This number appeared relatively congruent with Pfefferbaum et al.’s (2003) estimates 

for within-scanner scan-rescan reproducibility using coefficient of variation (CV), which ranged 

about 1.9% for the corpus callosum. Lin et al. (2013) suggested a similar range for (CV=[1.13-

2.19%]) of FA measured in the corticospinal tract. Danielian et al.’s (2010) high (i.e., > 80%) 

estimates for intraclass correlation coefficients (ICCs) for FA, MD and TD measured in 4 healthy 

individuals up to one year apart similarly suggests high reproducibility of results across scans 

obtained a year apart, especially for FA and TD, whose differences were critical for our 

interpretation of our findings. 

Analyses of our DTI data also revealed novel patterns of diffusivity that have not been 

described in the literature before. First, we were able to establish that diffusivity of the UF shows 

variability within the tract, with frontal section exhibiting higher FA than the temporal section. 

Second, we showed that the FA differences were driven by an overall lower mean diffusivity 

driven by lower LD and TD observed in the frontal section. This pattern of increased 
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directionality of diffusion in the frontal lobes is likely to be associated with true anatomical 

differences. Given the overall anterior-posterior organization of the temporal lobes, which is 

home to other tracts like the inferior longitudinal fasciculus, and a gyri/sulci structure 

subdivisions that extend in the same anterior-posterior axis, it may be more likely that the 

temporal section of the UF is indeed more unidirectional in its axonal organization. In contrast, 

the frontal lobes’ global sphericity and the directional multiplicity in which various gyri/sulci 

extend within the frontal lobes (e.g., superior, middle and inferior frontal gyri vs. orbitofrontal 

gyrus vs. premotor and motor cortex) may indeed give rise to an axonal organization pattern in 

the frontal UF that is less unidirectional.  

Findings with respect to the exploratory aim: 

As an exploratory aim, we assessed whether patients who undergo ATL and consequently 

acquire a severed UF ipsilateral to the surgery site also experience changes in their executive 

function. This research question was primarily driven by the scarcity of executive function 

research in ATL (e.g., Shulman, 2000; Hermann et al., 2007) as well as the long-standing, 

inconclusive debate on frontal lobe dysfunction following ATL, measured primarily by 

performance on the Wisconsin Card Sorting Test (Stretton & Thompson, 2012). The three tests 

that we evaluated characterized slightly different aspects of executive functions.The  TMT is 

known to be a sensitive, yet often non-specific measure for cognitive dysfunction while the 

“switching” ability measured in part B is often regarded as a hallmark frontal lobe function 

(Alvarez and Emory, 2006). Verbal Fluency subtests are also thought to be sensitive to frontal 

lobe dysfunction, with stronger frontal lobe involvement assumed for phonemic (letter) fluency 

than semantic (category) fluency. D-KEFS Color Word Interference relies on the Stroop test 

algorithm where slowing down during the switching and inhibition subtests are thought to be 

signs of frontal lobe impairment. Our results suggest that patients with TLE experience little 

change in visuomotor performance following ATL, as suggested by their stable TMT-A, Stroop 
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Reading and Naming scores. They also exhibit subtle, statistically insignificant improvements in 

verbal fluency after ATL. Their ability to perform a visual, cognitively complex switching task 

however, appears to improve significantly following ATL. 

Longitudinal design of our study also rules out the confounding effects of age and 

education across all of the tests we analyze, while the one year gap between test sessions appears 

to minimize the practice effects for both the Trail Making Test and the Letter Fluency tests 

(Basso et al., 1999). Given the pattern of results in our sample, we infer that the improvement 

observed in TMT-B performance is not due to changes in visual scanning and visuomotor 

tracking abilities, as estimated by TMT-A. Instead, the results suggest that the patients with TLE 

are likely to have experienced improvements in divided attention, complex conceptual tracking 

and cognitive flexibility/switching (Lezak et al., 2004).  

In terms of the changes in verbal fluency, our findings appear to be a weaker version of 

the findings noted by Loring et al. (1994), who reported acute decline in verbal fluency following 

temporal lobectomy, followed by significant improvement. However, statistically significant 

improvements were not observed in D-KEFS Verbal Fluency and Color Word Inhibition, which 

approximate other aspects of executive function in more verbal domains, like word retrieval, 

verbal switching, and inhibition. As is the case for TMT-B, naming fruits and furniture during D-

KEFS Verbal Switching similarly requires keeping track of two sub-task categories, dividing 

attention and monitoring progress and errors for both subtasks simultaneously, and switching 

between the tasks while possibly suppressing erroneous responses. However, despite 

complementary improvements observed in Verbal Switching with a much smaller sample (n = 

11), the statistically significant improvements we observed are lacking for D-KEFS Verbal 

Fluency and are specific to TMT-B, which makes it difficult to conclude that cognitive switching 

and complex attention (i.e., divided, complex sustained) attention improves following ATL. We 
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were also able to ascertain that the TMT-B performance after surgery and the change in TMT-B 

scores (i.e., time to completion) were also significantly correlated with pre-surgical performance. 

Thus, it is possible that our sample included some patients whose performance showed reversion 

to the mean performance in the second, post-surgical neuropsychological testing.  

The mechanistic underpinnings of the specific pattern of TMT-B improvement we 

observed remains unclear, since our data cannot differentiate between competing theories. For 

example, Hermann & Seidenberg’s (1995) theory that the nociferous effects of epileptogenic 

temporal lobe regions support the idea that the removal of this diseased cortex may remove the 

deleterious effects it had on frontal lobes. Cognitively, this theory would explain the 

improvement we observed in TMT-B as a removal of the “holding back” effect of the 

epileptogenic cortex and the uncontrolled seizures. However, novel theories (Pustina et al., 2014) 

also suggest the potential of neuroplasticity in the human cortex, whose compensatory changes 

following ATL may also contribute to some improvement in cognition. Moreover, extant research 

underlines the high sensitivity of TMT-B to overall cognitive dysfunction and aspects of 

executive function (i.e., task switching, multitasking), and questions the specificity of the 

relationship between TMT-B performance and specific frontal lobe dysfunction. As such, our 

observation of significant improvements in TMT-B may also have more to do with its sensitivity 

to overall improvements in cognitive function after ATL than specific improvements in frontal 

lobe function. 

Our detection of significant DTI changes in both temporal and frontal subsections of the 

UF following ATL, and our inability to find significant correlations between TMT-B 

improvement and DTI changes in frontal UF do not differentiate between these cognitive 

theories. We found evidence that the chronic changes that occur within the year following ATL 

are not limited to the resected temporal lobes and include the frontal section of the UF, located in 
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the adjoining frontal lobes. In addition, our results posited that the extent of chronic diffusivity 

abnormalities (i.e., lower FA, higher TD) are still likely to be greater in the temporal UF than the 

frontal UF. As such, the subcortical changes we characterized were widespread and were not 

specific to the frontal lobes. Our neuropsychological results were more consistent with a pattern 

of “no significant change” across tests of switching, fluency and inhibition, with observed 

changes appearing much smaller than the reliable change indices for all tests, except for TMT-B. 

Comparison of each patient’s TMT-B improvements with reliable change indices based on 

Chelune et al. (1993) further indicate that all of our patients showed either a “reliable 

improvement” or “no reliable change” in their performance, and no patients showed a “reliable 

worsening.” As such, most of our findings point towards non-specific effects of ATL on both DTI 

and cognition, but remain inconclusive in terms of mechanistic explanations for cognitive change. 

We also failed to find any significant associations between TMT-B performance and the 

Wallerian-degeneration related diffusivity abnormalities observed in frontal UF (Figure 7). 

Instead, we found a somewhat unexpected, weak correlation between worse TMT-B performance 

prior to ATL and lower post-surgical FA in temporal UF on the same side as ATL, which is likely 

to be spurious. Taken together, our DTI and neuropsychological findings do not suggest a clear 

brain-behavior relationship, i.e., one between the structural integrity of a frontotemporal white-

matter tract and the switching behavior. Instead, our findings suggest that i) chronic worsening in 

particular aspects of executive functions (e.g., switching, fluency) are unlikely following ATL, ii) 

significant, long-term improvements observed in TMT-B are not related to the loss of integrity of 

the UF severed during ATL. Therefore, it is likely that the improvements we observe in TMT-B 

are driven by an overall improvement in cognitive function in our patients. 

Within the context of the epilepsy literature, our findings are congruent with Hermann et 

al. (1988) and Trenerry and Jack (1994), who found decreases in perseverative behavior 



60 

 

following standard ATL. As such, our data are congruent with Hermann et al.’s theory that the 

spread of the seizure activity from the “diseased” temporal lobes are responsible for executive 

dysfunction in TLE, and that their surgical removal results in improvement in executive functions 

in many patients. With regards to the novel therapies that more selectively target the 

epileptogenic regions, like the selective amygdalahippocampectomy or the SLAH (i.e., the laser 

ablation of the amygdalohippocampal complex), our findings suggest that collateral white matter 

damage is seen in both the temporal and the frontal UF following ATL. As such, these techniques 

may indeed provide alternative methods for minimizing white matter damage in the surrounding 

tissue. However, we also find no evidence for deterioration in aspects of executive function that 

would be expected to be related to such frontotemporal white matter compromise, i.e., task 

switching and verbal fluency. Therefore, it is difficult to predict the degree and extent of 

“cognitive” sparing introduced by the novel therapies in comparison to ATL, since the 

“structural” sparing may not be associated with the observed behavioral changes, at least with 

regard to executive functioning. 

For patients with refractory TLE who are in the process of understanding the possible 

risks of ATL surgery, these results are certainly reassuring since they emphasize the unlikelihood 

of worsening in many key aspects of executive functioning following ATL. As findings converge 

on the high ecological validity of TMT-B and emphasize its strong ability to predict functional 

success in various contexts of daily living (e.g., employment, driving), patients with TLE may 

find that a successful ATL with reductions in seizure frequency is likely to also to facilitate their 

return to work and driving, and therefore improve overall quality of life. 

Conclusions and Limitations 

In conclusion, our research established that the UF is a tract with different diffusion 

characteristics for its frontal and temporal sections. We also showed that these sections both 
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exhibit pathological changes following ATL, and that the changes observed for frontal UF are 

concordant with a Wallerian degeneration process. Interestingly, despite a reduction in the 

structural connectivity of their temporal and frontal lobes as quantified by UF diffusivity, patients 

with TLE showed a significant improvement on task-switching but not on verbal fluency or 

inhibition measures. These findings suggest that DTI methods that focus on smaller sections of 

white-matter tracts, and consider the within tract variability of diffusion properties in addition to 

the variability between tracts, may provide valuable information on the patterns of structural 

impairment in subcortical structures.  

Our longitudinal design had multiple limitations. First, adequate sample sizes for the 

neuropsychological analyses were limited, and made it difficult to capture any small or medium 

effect sizes. Larger sample sizes for DTI analyses would also make it possible to draw some 

conclusions on the subtler neural changes that occur contralateral to the disease and the surgical 

lesion and allow researchers to expand the scope in probing structure-function relationships by 

more fully considering the neuroplasticity of the contralateral hemisphere. For projects that are 

able to recruit larger patient samples, it would also be extremely valuable to collect fMRI data on 

the recruited patients both before and after surgery. By including fMRI, researchers may be able 

to better account for the set of variables that may explain improved cognitive performance after 

ATL, since our findings suggest that DTI changes are only a small portion of the story. 

Second, our region of interest approach elucidated important changes in frontal vs. 

temporal UF. However, inclusion of other tracts that abut the anterior temporal regions, like the 

IFOF, or controlling for its white-matter integrity, would have created a richer analysis. 

Especially within the context of our findings for TMT-B, it would be valuable to further consider 

the role of visual pathways in assessing change in a visual switching task. While our results from 

the Trails A test rule out visual scanning and visuomotor difficulties underlying the TMT-B 
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performance, the ability to rule out the same effect from a purely neuroanatomical standpoint 

would further boost the validity of our conclusion. Moreover, our tract localization algorithm was 

limited in terms of ability to capture the more anterior regions of the frontal UF where the tracts 

fan out further to reach the cortical structures. For this reason, our methodology is likely to have 

some bias in terms of more accurately capturing the diffusivity of the frontal UF that is closer to 

the frontotemporal juncture, where one is more likely to find crossing fibers, whose presence is 

likely to add noise to the diffusion estimates for the UF and bias the FA estimates downwards 

when the crossing fibers cannot be accurately differentiated from UF. Future research that 

employs different DTI methods that are better equipped at resolving crossing fibers may be 

especially useful in improving our understanding of changes in tract integrity near critical 

junctions in ATL. 

Lastly, our battery of tests available for exploring executive dysfunction in TLE were part 

of a larger battery that was designed to mainly assess language and memory impairment in these 

patients following TLE and meet a certain clinical need with a time-limited battery. As such, it 

did not include a wide range of executive function tests (e.g., other D-KEFS tests, WCST) on a 

consistent basis. Even the neuropsychological tests that are part of the core battery (i.e., D-KEFS 

Verbal Fluency, CWI) could not always be reliably administered to the patients due to language, 

education/reading level or acculturation concerns. 
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