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Abstract 

 

 

The investigation of structure and function in biological systems, specifically the brain, is 

paramount given the close relationship that they share with each other. Functional magnetic 

resonance imaging (fMRI) and Diffusion Tensor Imaging (DTI) are two non-invasive MR-based 

modalities which are popular for investigating function and structure, respectively. In this thesis, 

we present novel advances in fMRI and DTI post-processing which will likely hasten the 

widespread use of these modalities for understanding brain function. Specifically, in the first 

application, Activation Likelihood Estimation meta-analyses (a popular statistical method used 

for assimilating results across many fMRI studies) along with meta-analytic connectivity 

modeling and DTI were assembled in a novel analysis pipeline in order to identify the neural 

substrates underlying gender differences in all forms of suicidal behavior in an attempt to form 

specific new hypotheses which can be tested in future experimental studies. In the second 

application, DTI was used in a dog model for generating a voxel-specific atlas of tensor (and 

hence, axonal) orientations by adapting existing human pipelines to dog data. Further, 

probabilistic tractography was utilized to test the hypothesis that previously seen anterior-

posterior dissociation in the Default Mode Network (DMN) in dogs in a resting state fMRI study 

could have a structural basis. Contrasting anterior-posterior DMN connectivity in dogs with that 

in humans may help us understand the evolutionary role of the DMN.  
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Chapter 1: Introduction 

 

1.1 MRI 

Magnetic Resonance Imaging (MRI) is a non-invasive imaging technique to investigate 

anatomy and physiology of the body. It is nowadays extensively used to diagnose and treat 

medical conditions. MRI uses a powerful magnetic field. A large number of hydrogen nuclei 

(single protons) are present in our brain, continuously spinning around an arbitrary axis. These 

spinning protons possess magnetic moment according to the laws of physics. Under normal 

circumstances these moments have no fixed orientation so there is no net magnetic field (Fig. 

1.1B). But on application of an external static magnetic field B0 (Fig. 1.1A) such as during 

Magnetic Resonance Imaging, the majority of the protons begin to align themselves in the 

direction of the magnetic field and a few align themselves opposite to it and start to precess 

about this external field (Fig. 1.1C). This leads to a net magnetization in the direction of the 

external magnetic field B0. Radio frequency (RF) coils are used to transmit B1 magnetic field 

perpendicular to B0. The frequency of RF pulse is the resonant frequency of the hydrogen nuclei. 

If the pulse is applied for sufficient time, the spins are flipped from the longitudinal plane into 

the transverse plane towards the direction of the coil. The RF pulse is then turned off and the 

signal can be detected by the RF receiver coil. These spins then flip back into the longitudinal 

plane increasing the magnetization in the direction of B0 field. This recovery is called T1 

recovery. The decay of magnetization in the direction of B1 field is called T2 decay. The signal 

is at its peak at the point when RF pulse is switched off, but decays very quickly due to 

longitudinal relaxation or T1 recovery and transverse relaxation or T2 decay. The faster decay 

due to magnetic field inhomogeneities is called a free induction decay (FID) with a time constant 

T2
*
. In T2 decay, spins begin to dephase due to individual spins perceiving the local differences 
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in the magnetic field caused by interactions between them. Spins then begin to precess at slightly 

different rates (Fig. 1.1D). In order to recover this decayed signal, a refocussing RF pulse is 

applied to flip the spins 180
0
. Phase position of each spin is inverted such that the spins that were 

precessing faster are now behind the spins that were precessing slower. The precession rates still 

being the same, finally catch each other up after some finite time, resulting in a spin-echo. This 

spin-echo is attained at the echo-time, TE. The contrast of the MRI images is determined by the 

combination of T1, T2 relaxation times and pulse sequences such as spin echo and gradient echo 

sequences [1] [2] [3]. 

 
Figure 1.1 A. Static external magnetic field applied during MRI.  B. Protons randomly aligned 

in the absence of external magnetic field thus not producing any magnetic field analogous to a 

spinning top.  C. In the presence of external magnetic field protons begin to precess about the B0 

field. D. After removing the RF pulse, spins begin to dephase and begin to precess at slightly 

different rates  consequently resulting in an increased dispersed distribution around the clock 

face. [4] 

 

Gradient coils are used to obtain spatial information. The coils cause the gradient in the magnetic 

field causing the nuclei at different locations to rotate with different speeds, in turn providing the 

spatial information. MRI technique provides us with 3D high spatial resolution images without 

the use of harmful radiations. Hence, MRI is one of the promising diagnostic imaging techniques 

of this decade. 
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1.2 Functional MRI 

Functional Magnetic Resonance Imaging is an MRI technique used to map neuronal activity 

to investigate brain function over time [5]. fMRI is an indirect measure of neural activity as it is 

mainly based on the blood oxygenation level dependent (BOLD) contrast. fMRI utilizes the 

differences between magnetic susceptibities of oxygenated and de-oxygenated hemoglobin for 

the image contrast. Blood containing deoxyhemoglobin is more paramagnetic than the 

surrounding tissue whereas blood containing oxyhemoglobin is slightly more diamagnetic than 

water. Neuronal activation in a brain region causes increase in metabolic demand of that region. 

This leads to increase in blood flow to that region in order to fulfil the increased requirement of 

oxygen. Increased blood flow in the area triggers sudden increase in the oxygenated hemoglobin 

and relative decrease in deoxygenated hemoglobin concentration. This change in the 

concentration of oxygen in the blood induces small magnetic field variations in the blood as well 

as in the surrounding extra-vascular area. Hydrogen nuclei (protons) in these regions sense these 

field distortions, which are reflected in the signal decay process, characterized by T2 (spin echo) 

or T2* (gradient echo) decay [6]. MRI thus detects the differences in the oxygenation level of 

blood upon neural firing and depicts it in the form of image intensity in the MRI scans. The 

change in MR signal from neuronal activation is called hemodynamic response (HDR). HDR 

lags 1 to 2 seconds behind the neural activation that triggered it and peaks after around 5 

seconds. BOLD response is modelled by convolving the hemodynamic response with the series 

of impulses representing neuronal activity. BOLD was suggested for potential use in functional 

study of the brain [7]. fMRI offers a spatial resolution in the order of millimeters but has a poor 

temporal resolution usually between 1 to 2 seconds compared with some other neuroimaging 

techniques such as electroencephalography (EEG) and magnetoencephalography (MEG). Its high 
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spatial resolution is an interesting and beneficial characteristic and thus has been extensively 

used in both research and clinical applications. 

 

 

1.3 Diffusion Tensor Imaging 

Diffusion Tensor Imaging (DTI) is a recently developed Magnetic Resonance Imaging (MRI) 

method that can provide us with a description of microstructural changes or differences with 

neuropathology. DTI is a non-invasive method that measures the anisotropic diffusion of water 

molecules in biological tissue. This method is now widely used in research to investigate brain 

structure by mapping the water diffusion in brain at microscopic level. As DTI measures 

directional distribution of water diffusivity, it is being extensively used to investigate 

microarchitecture of the white matter (WM) fiber tracts in the brain which is not assessable with 

conventional MR imaging.  

1.3.1 Diffusion Weighted Magnetic Resonance Imaging 

Random translational motion of molecules that results from the thermal energy carried by 

these molecules is called Brownian motion [8]. In a homogeneous barrier-free medium, diffusion 

follows Brownian motion. Water molecules in brain tissue follow three types of diffusion – Free 

diffusion, Restricted Isotropic diffusion and Restricted anisotropic diffusion [9]. Free diffusion 

of water molecules primarily occurs in Cerebrospinal Fluid in the brain (Fig. 1.2A). Whereas 

within tumor at high cell density, reduced extracellular space and cell membrane act as a barrier 

to water movement. This results in restricted isotropic diffusion (Fig. 1.2B). The third type of 

diffusion i.e. restricted anisotropic diffusion (Fig. 1.2C) takes place due to obstacles created by 

certain structured tissues such as nerve fibers (bundles of axons running in parallel, with 

concentric layers of myelin restricting transversal diffusion) that orient the motion of water 
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molecules in certain specific spatial directions. Diffusion Weighted MRI (DWI) uses these 

differences in water molecule mobility to reveal microscopic details of tissue architecture.  

 
Figure 1.2 Black dots in (A) and (C) represent water molecules. Water molecules are present in 

extracellular space, intracellular space and intravascular space in the brain. The environment 

water molecules are present in, defines the type of diffusion the molecules undergo. A. Free 

diffusion of water molecules occurs in less cellular environment such as Cerebrospinal fluid. 

[10] B. Highly cellular environment restricts the motion of water molecules resulting in 

restricted isotropic diffusion. [10] C. Certain structured tissues such as nerve fibers allow water 

diffusion to occur only in certain spatial directions thus giving rise to restricted anisotropic 

diffusion. [11]  

 

 

Diffusion Weighted MRI provides image contrast that depends upon the random microscopic 

motion of water protons, which may be significantly altered by different pathological process. 

DW-MRI uses a T2-weighted pulse sequence with two extra gradient pulses of equal amplitude 

but opposite polarity. Stationary tissue gets rephased and dephased equally. However, the spins 

that moved during this interval of time suffer a net dephasing and signal loss [9]. So higher the 

water diffusion rate, the attenuation of signal is greater, in turn causing that region of the brain to 

appear darker in the DW image. Imaging is more sensitive to molecular motion in the direction 

of the additional applied gradients.   
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1.3.2 Diffusion Tensor 

Anisotropic diffusion of water occurs three to six times faster along the direction of the 

axonal tract than in the perpendicular direction [12]. Thus, in order to ascertain good contrast and 

to be able to discern anisotropy due to diffusion along certain structures or fibers, 6 combinations 

of gradient pairs [13] are essential to obtain a 3 dimensional depiction of diffusion by computing 

Tensor [14] [15]. Estimated tensor provides Apparent Diffusion Coefficients (ADCs) along the 

scanner’s coordinate system. Therefore, the estimated tensor for each voxel is diagonalized to 

acquire ADCs along a local coordinate system in each voxel, determined by the anatomy. 

D = [v1|v2|v3]
T[

𝜆1 0 0 

0 𝜆2 0 
0 0 𝜆3

]  [v1|v2|v3] 

Where D represents the estimated tensor, v1, v2 and v3 represent the eigenvectors that form the 

orthonormal basis for diffusion in each voxel and 𝜆1, 𝜆2, 𝜆3 denote the eigenvalues (ADCs) 

along these 3 directions [16]. V1 represents the principle eigenvector, direction of maximum 

diffusivity and 𝜆1 represents the diffusivity in that direction. Tensor derived metrics can be 

computed using the estimated diffusion tensor. The metrics include fractional anisotropy (FA) 

maps, mean diffusivity (MD) maps, axial diffusivity (AD) and radial diffusivity (RD) [17]. 

Computing the mean of all eigenvalues provides us with mean diffusivity map (MD). Fractional 

anisotropy (FA) map is obtained by calculating the variance of three tensor eigenvalues, 

normalized to take values between 0 and 1 [18]. FA encodes the degree of anisotropy and tells us 

how strongly directional diffusion is. FA map contains higher values in white matter due to high 

anistropic diffusion in this region. Color FA map provides an improved visualization by using 

the principle eigenvector of the diffusion tensor and can be further used for diffusion-tensor 

tractography. Diffusion direction in this color map is coded by color.  



7 
 

1.3.3 Tractography 

DTI fiber tracking (DTI-FT) is utilized for quantitative assessment of specific neuronal 

pathways [19] [20]. It determines inter-voxel connectivity on the basis of the anisotropic water 

diffusivity. In each brain voxel, the dominant direction of axonal tracts is assumed to be in the 

orientation of primary eigenvector of the diffusion tensor. Fiber tracking (FT) uses the diffusion 

tensor of each voxel to follow an axonal tract in 3D from voxel to voxel. FT can be done using 

deterministic method such as FACT algorithm or probabilistic method. However probabilistic FT 

is preferred over deterministic tractography due to 3 major reasons: - (i) Deterministic FT entails 

harsh stopping criteria (ii) Diffusion tensor is utilized to indicate local diffusion direction (iii) 

Deterministic FT does not allow uncertainty of diffusion direction, consequently is unable to 

resolve crossing fibers [21]. Probabilistic method on the other hand incorporates the expected 

uncertainty into the tracking algorithm by computing probability density function (pdfs) of the 

orientation of a neuronal fiber estimated with an empiric function based on the FA and Bayesian 

model [22]. Multiple pathways arising from seed voxel are depicted and then probability of 

dominant streamline passing through any single region is computed. Samples are generated from 

local pdfs at each voxel. Thus, connectivity probabilities are estimated between seed and target 

voxels by repetitive sampling streamlines through the local pdf. Diffusion tensor imaging-FT is 

beneficial for surgical planning as well as for postoperative assessment [21]. With co-registration 

of DTI-FT to the high resolution anatomic images, we can use these techniques for surgical 

navigation. Tractography is a promising technique used to investigate neurological conditions 

that affect white matter integrity such as Multiple Sclerosis [23] and frequently used for 

modelling the structural connectivity in the brain. 
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1.4 Meta-analysis 

Activation likelihood estimation (ALE) algorithm [24] [25] [26] is a widely used 

probabilistic approach for co-ordinate based meta-analysis. Importantly, ALE accounts for the 

spatial uncertainties associated with different subjects and brain templates. In the ALE approach, 

every focus that is reported to be activated in an experiment yields an estimated 3D probability 

distribution with the center of distribution being at the focus. The ALE scores for each voxel are 

calculated by the union of activation probabilities for each voxel. The activation probability of a 

given focus at a voxel is calculated using a Gaussian probability function P.  

𝑃 =
𝑒

−𝑑2

2𝜎2

(2𝜋)0.5 𝜎
 

 

Where d is the Euclidean distance from center of voxel to particular focus, 𝜎 is the standard 

deviation of the probability distribution. The 𝜎 values are calculated using the Euclidean distance 

between the same focus in different subjects. After obtaining the ALE scores of all voxels 

present in the brain, they are then compared with a null-distribution. The null-distribution is 

obtained by calculating ALE scores of voxels when there is no biological activity in the brain. 

By comparing the activation-related ALE score of voxels with the null distribution, a thresholded 

activation map can be generated [24] [25] [26].  

 

1.5 Organization of Thesis 

fMRI is a neuroimaging technique using MRI technology for non-invasive mapping of brain 

activity at a spatial resolution in the order of millimeters within a matter of seconds. Therefore, 

fMRI is a powerful tool that is used for detecting functional activation within the brain and for 
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understanding human cognitive processes. Meta-analysis is a statistical method which is used to 

assimilate results from a multitude of such neuroimaging studies in the anticipation of 

identifying interesting patterns or relationships in the light of multiple studies. It is a popular tool 

for summarizing results across many fMRI studies. Diffusion Tensor Imaging (DTI) is another 

recently developed noninvasive Magnetic Resonance Imaging (MRI) method that is now widely 

used in research to investigate brain structure by mapping the water diffusion in brain at 

microscopic level, consequently allowing us to reconstruct axonal tracts in 3D.  

The aim of this thesis is to employ the powerful techniques of functional MRI-based meta-

analysis and diffusion tensor imaging to study the brain function in humans as well as canines in 

two separate studies. Chapter 2 presents the study conducted for investigating the relationship 

between the gender differences and all forms of suicidal behavior, fatal as well as non-fatal. Co-

ordinate based meta-analysis method namely; Activation Likelihood Estimation (ALE) was used 

in this chapter to explore and identify the neural substrates underlying fatal suicidal behavior and 

to distinguish between the neural activations for fatal and non-fatal suicide. Additionally, 

diffusion tractography was utilized in this thesis to investigate gender differences in the 

structural networks pertaining to fatal and non-fatal suicide in humans. Thus, both functional and 

structural networks corresponding to fatal suicidal behavior were analyzed in an attempt to form 

a basis for future experimental studies investigating gender differences relating to both forms of 

suicide. In chapter 3, diffusion tensor imaging and tractography was used to create a DTI-based 

atlas and explore the structural connectivity in the canine model between two major hubs of the 

Default Mode Network, namely Anterior Cingulate Gyrus (ACC) and Posterior Cingulate Gyrus 

(PCC). Chapter 4 summarizes the work in this thesis in the form of a conclusion. 
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Chapter 2: A Neural Basis for the Acquired Capability for Suicide 

 

My contribution to this study was performing the meta-analysis, generating and compiling 

the results and writing the bulk of the description of methods, results and discussion. I extend my 

acknowledgment to Dr. Witte for contributing her expertise in IPTS and ACS to guide the 

analysis as well as writing descriptions relevant to them. I acknowledge Dr. Robinson for 

initially performing DTI analysis and later guiding me for completing DTI analysis as well as for 

writing descriptions of DTI acquisition/analysis and meta-analysis. I also acknowledge Dr. 

Glahn’s contribution of DTI data used in this work and Dr. Deshpande for overall guidance 

regarding the idea as well as guiding me for writing the descriptions. 

Abstract 

The high rate of fatal suicidal behavior in men is an urgent issue as highlighted in the public 

eye via news sources and media outlets. In this study, we have attempted to address this issue 

and understand the neural substrates underlying the gender differences in the rate of fatal suicidal 

behavior. The Interpersonal-Psychological Theory of Suicide (IPTS) has proposed an 

explanation for the seemingly paradoxical relationship between gender and suicidal behavior, i.e. 

greater non-fatal suicide attempts by women but higher number of deaths by suicide in men. This 

theory states that possessing suicidal desire (due to conditions such as depression) alone is not 

sufficient for a lethal suicide attempt. It is imperative for an individual to have acquired the 

capability for suicide (ACS) along with suicidal desire in order to die by suicide. Therefore, 

higher levels of ACS in men may explain why men are more likely to die by suicide than 

women, despite being less likely to experience suicidal ideation or depression. In this study, we 

used activation likelihood estimation meta-analysis to investigate a potential ACS network that 

involves neural substrates underlying emotional stoicism, sensation seeking, pain tolerance, and 
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fearlessness of death along with a potential depression network that involves neural substrates 

that underlie clinical depression. Brain regions commonly found in ACS and depression 

networks for males and females were further used as seeds to obtain regions functionally and 

structurally connected to them. We found that the male-specific networks were widespread and 

diverse than the female-specific ones. Also, while the former involved motor regions such as the 

premotor cortex and cerebellum, the latter was dominated by limbic regions. This may support 

the fact that suicidal desire generally leads to fatal/decisive action in males while in females, it 

manifests as depression, ideation and generally non-fatal actions. The proposed model is a first 

attempt to characterize the neural networks underlying gender differences in suicidal behavior. 

Future studies should examine the proposed network to better characterize and refine this 

network using tasks specifically targeted toward constructs underlying ACS. 

2.1 Introduction 

Each year in the United States, over 40,000 individuals die by suicide [27]. These figures do 

not include non-fatal suicide attempts, which are estimated to occur 25 times more frequently 

than fatal suicide attempts [27]. One of the most well established, and yet paradoxical findings 

with regard to the epidemiology of suicidal behavior is that men are far more likely to die by 

suicide than women are [28], despite the fact that they are significantly less likely to experience 

depression (e.g., [29] [30]), suicidal ideation [31], and nonfatal suicide attempts [31]. Although 

men tend to choose more lethal methods than women do [32] [33], a recent study has 

demonstrated that even among those who choose the same method, men are more likely than 

women are to have a fatal outcome [34]. Thus, method selection alone cannot explain the 

observed gender differences in fatal suicidal behavior. 
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2.1.1 Neural Mechanisms of Suicide.  

The neural basis of suicidal behavior has been explored using structural [35] [36] [37], 

functional [38] [39], and metabolic imaging [40] [41]. However, research on this topic often does 

not provide a satisfactory explanation for the observed sex differences in both non-fatal and fatal 

suicidal behavior.   

One conclusion from the existing literature is that prefrontal hypo-activity [42], which is 

modulated by decreased serotonin binding in the prefrontal cortex [43], is implicated in suicidal 

behavior. However, hypo-activity in the prefrontal cortex is associated with a range of 

psychopathology, including depression [44], posttraumatic stress disorder [45], and 

schizophrenia [46]. Thus, the specificity of this risk factor for suicidal behavior is unclear. 

Additionally, there is evidence that women have decreased serotonin binding in the prefrontal 

cortex compared to men (e.g., [47] [48] ). This pattern suggests that prefrontal hypoactivity may 

explain the elevated risk for non-lethal suicidal behavior in women. However, this risk factor 

does not provide a satisfactory explanation for the elevated risk for lethal suicidal behavior in 

men. It is not surprising that the identified neural substrates for suicidal behavior are plausible 

explanations for female vulnerability, as virtually all of the existing research has focused on non-

fatal suicidal behavior. In a recent review of functional and structural brain studies of suicidal 

behavior [43], 21 of the 22 articles included were comparisons between non-fatal suicide 

attempters and controls. Given the association between female gender and non-fatal suicide 

attempts, conclusions from these research studies are not particularly informative regarding 

neural substrates that may explain the association between male gender and fatal suicide 

attempts.  
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Research on the neural substrates of fatal suicidal behavior is hampered by the difficulty of 

conducting research on individuals who die by suicide. Indeed, brain imaging research on suicide 

decedents is impossible, unless pre-morbid imaging data are available, as was the case in the sole 

imaging study that has examined suicide decedents [49]. To date, this difficulty has been 

addressed by using non-fatal suicide attempts as a proxy for fatal suicidal behavior. This is 

problematic, as this approach will not uncover neural activations that distinguish fatal versus 

non-fatal suicidal behavior, which may explain the gender paradox in suicidal behavior that was 

presented above.  

As an alternative to using non-fatal suicide attempts as a proxy for fatal suicide attempts, 

some have proposed the investigation of endophenotypes for suicidal behavior (i.e., discrete, 

measurable traits that mediate the link between genetic risk and a particular form of pathology; 

[50]. Given the heterogeneity of various forms of suicidal behavior, the complex interplay 

between biological and environmental risk factors and the difficulty in conducting research on 

fatal suicidal behavior, focusing on endophenotypes may prove promising in elucidating 

biological risk factors for suicide. Several endophenotypes for suicide have been identified to 

date (e.g., impulsive aggression, disadvantageous decision making; [50] ). However, [50]  state 

the need for research that investigates gender differences in the neurobiology of suicidal 

behavior, an aspect that has not been thoroughly investigated.  

2.1.2 The Interpersonal-Psychological Theory of Suicide.  

Although [50] propose some promising endophenotypes for suicide, the existing literature on 

this topic is atheoretical. The benefits of grounding empirical research in theory are numerous; in 

this particular case, we propose that using a comprehensive account of suicide as a theoretical 

framework would integrate what is already known while fostering novel predictions. One theory 
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that appears promising in this regard is the interpersonal-psychological theory of suicide (IPTS), 

which was formulated to explain the manifestation of suicidal behavior and prompt empirical 

investigation [51] [52]. Perhaps more so than any other suicide-related theory to date, the IPTS 

proposes a plausible explanation for the seemingly paradoxical relationship between gender and 

all forms of suicidal behavior. According to the IPTS, even individuals who experience intense 

suicidal desire will not die by suicide without the fearlessness about death and pain tolerance 

necessary to endure the act of making a lethal suicide attempt. Together, fearlessness about death 

and physical pain tolerance comprise a novel construct first introduced by [51], known as the 

acquired capability for suicide (ACS). Once developed, the ACS is proposed to remain fairly 

stable over time [51]. Therefore, an individual who has developed this capability is at high risk 

for making a lethal suicide attempt, should he or she develop a desire for suicide at a later point 

in time.   

According to the IPTS, suicidal desire stems from the simultaneous presence of thwarted 

belongingness (i.e., loneliness and lack of reciprocal care) and perceived burdensomeness (i.e., 

feeling like a liability on others and self-hatred). It is only when a desire for suicide 

simultaneously occurs with the acquired capability for suicide that a lethal suicide attempt is 

even possible. As articulated by [53], one can acquire the capability for suicide regardless of the 

presence of suicidal desire. Thus, the ACS is distinguishable from suicidal ideation. Expanding 

upon this point, it is possible that vulnerabilities for acquiring the capability for suicide are 

distinct from vulnerabilities for developing suicidal desire.  

The IPTS offers the following explanation for gender differences in non-fatal and fatal 

suicidal behavior: women are more likely to experience perceived burdensomeness and/or 

thwarted belongingness, and men are more likely to acquire the capability for suicide. Regarding 
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the first point, [54] propose that women are more likely than men to experience interpersonal 

difficulties (e.g., [55] ), and they may be more likely than men to experience decrements in self-

esteem (c.f., self-hatred) stemming from interpersonal difficulties. This may make women more 

vulnerable to experiencing both perceived burdensomeness and thwarted belongingness, and 

therefore, suicidal desire. In contrast, although men may be less likely than women to experience 

suicidal desire, they are proposed to be more likely to acquire the capability for suicide [51] [52] 

– a proposition that has borne out in behavioral literature [56] [57]. Consequently, men who 

experience suicidal desire are more likely to have a fatal outcome than women with similar 

levels of suicidal desire.  

There are two main explanations for why men may have higher acquired capability for 

suicide than women do. According to the IPTS, the capability for lethal self-harm is acquired 

primarily through exposure to life experiences that are painful and provocative, which result in 

habituation to fear of death and/or physical pain. Examples of experiences that are proposed to 

serve this function include impulsive/aggressive behaviors and combat exposure, both of which 

are positively associated with measures of acquired capability for suicide [58] [59] and death by 

suicide (e.g., [60] [61]). These experiences are also more common among men, which is 

consistent with [51] proposition that men may be more likely to encounter experiences that 

habituate them to fear of death and physical pain over the course of their lifetime.  

Although exposure to painful and provocative experiences is proposed as the primary 

mechanism by which one acquires the capability for suicide, it is not the only one. The IPTS 

allows for the possibility that various neurobiological and temperamental factors may make an 

individual more likely to fully acquire the capability for suicide over the course of his/her 

lifetime [52]. A recent study [57] examined sensation seeking and emotional stoicism as 
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potential temperamental characteristics that explain the relationship between gender and both 

facets of ACS. Across two large, independent samples, sensation seeking accounted for the 

relationship between gender and fearlessness about death, and stoicism fully accounted for the 

relationship between gender and physical pain insensitivity. Thus, these temperamental 

characteristics may explain the observed gender differences in the ACS, and therefore, greater 

likelihood of death by suicide among men.  

Findings in [57], when viewed within the purview of IPTS, suggest a possible brain network 

that may explain the biological basis for the gender differences in lethal suicidal behavior (SB). 

We hypothesize that this network would involve neural substrates that underlie emotional 

stoicism, sensation seeking, pain tolerance, and fearlessness about death, all of which may be 

considered endophenotypes for fatal suicide attempts. Our proposed brain network is based on a 

body of literature suggesting that these constructs are interconnected. Numerous studies have 

demonstrated an association between male gender and both stoicism and sensation seeking [62] 

[63] [64] [65]. Additionally, several studies have established the link between stoicism and pain 

tolerance (e.g., [66] [67] [68] [57] [69] ). Likewise, sensation seeking has been found to be an 

important correlate of acquired capability for suicide, as two studies have demonstrated  

associations between sensation seeking and the acquired capability for suicide (ACS; [58] [57] ). 

Given the overlapping theoretical constructs, the current study represents the first investigation 

of the neural substrates that may underlie gender differences in lethal SB.  

As noted above, the existing research on the neural basis of suicidal behavior is limited, and 

is largely focused on factors that explain the increased risk for non-fatal suicidal behavior seen in 

women, without providing an adequate explanation for the increased risk for death by suicide 

seen in men. By parsing out suicidal desire and capability for suicide, the IPTS offers a useful, 
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theoretically driven framework suggesting the possibility of separate neural substrates underlying 

the theoretical constructs. In this study, we hope to address the two aforementioned challenges in 

this area of research by distinguishing the neural substrates for ACS from neural substrates 

relevant to suicidal desire, and attempting to explain the higher suicide mortality seen in men in 

terms of gender differences of underlying neural substrates. In order to do so, we conducted two 

separate activation likelihood estimation meta-analyses. The first focused on our proposed 

acquired capability for suicide brain network by finding brain regions commonly activated by at 

least two of the four tenets of ACS: emotional stoicism, sensation seeking, pain tolerance and 

fearlessness of death. Our second meta-analysis focused on brain regions activated by clinical 

depression since it is intricately linked to suicidal desire. The intersection of these two followed 

by meta-analytic connectivity modeling provided us with an ACS-Depression network which 

may underlie lethal suicide attempt and which is distinct in males and females. Further, we 

performed structural connectivity analysis using diffusion tensor imaging (DTI) for 

demonstrating that this ACS-Depression network has different structural connectivity patterns in 

males and females. We show that the meta-analyses coupled with insights from DTI leads to 

testable hypotheses regarding the neural basis of IPTS. 

 

2.2 Methods 

2.2.1 Activation Likelihood Estimation 

Activation likelihood estimation (ALE) algorithm [24] [25] [26] was used to investigate brain 

regions mediating gender differences underlying ACS and depression. We searched the 

BrainMap database for papers coded with specific search criteria, described below, using the 

Sleuth search portal [70] [71] [72]. The BrainMap database archives whole-brain coordinates 
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from functional neuroimaging studies using a rigorous coding scheme [72] [73]. Coordinates of 

activation from contrasts meeting our criteria were then downloaded, and meta-analytic statistics 

were computed using GingerALE software [24] [25] [26] to determine regions of convergence 

amongst our search set using the ALE algorithm described in the previous chapter. Resultant 

ALE maps were thresholded with a minimum cluster size of 100 mm
3
 and a p-value of 0.05, 

corrected for false positives using false discovery rate [74].  All searches had the basic criteria of 

including only activations for both ACS and Depression and only normal subjects in the case of 

ACS whereas only depressed in the case of Depression. All searches were performed for males 

and females separately.  In order to form a functional neural network for ACS, different ALE 

meta-analyses were performed using search criteria related to (i) emotion (i.e., all 

aforementioned search criteria plus ‘Experiments – Behavioral domain – Emotion – All 

subtypes’  giving us for males: 446 experiments, 2145 subjects and for females: 355 

experiments, 149 subjects to be used for ALE meta-analyses) (ii) pain processing (i.e., all basic 

search criteria plus ‘Experiments – Behavioral domain – Perception – Somesthesis Pain’, giving 

us for males: 79 experiments, 372 subjects and for females: 34 experiments and 178 subjects to 

be used for ALE meta-analyses); (iii) sensation seeking (i.e., all basic search criteria and 

experiments with paradigm class as reward, given the intimate association between sensation 

seeking and the brain’s reward system, giving us for males: 127 experiments and 621 subjects 

and for females: 35 experiments and 174 subjects to be used for ALE meta-analyses); (iv) fear 

(i.e., all basic search criteria in addition to ‘Experiments – Behavioral domain – Emotion – Fear’, 

giving us for males: 54 experiments and 318 subjects and for females: 32 experiments and 231 

subjects to be used for ALE meta-analyses). Each of these searches was run separately. The 

above search criteria are motivated by the four main constructs underlying IPTS as outlined in 
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the introduction, i.e. emotional stoicism, sensation seeking, pain tolerance, and fearlessness of 

death. It is noteworthy that using these exact terms in the Sleuth search would give very few or 

no relevant papers. Therefore, we searched for broader concetualizations of these constructs. For 

example, we believe that the extent of activation in the fear-related regions might be an 

important factor modulating fearlessness of death, and hence, we used ‘Experiments – 

Behavioral domain – Emotion – Fear’ as the search criterion. The ACS was proposed with two 

constructs, fearlessness of death and pain tolerance. However, a recent study [57] examined 

sensation seeking and emotional stoicism as potential temperamental characteristics that explain 

the relationship between gender and both facets of ACS. Therefore, as the prevalence of at least 

2 of the 4 constructs underlying IPTS might account for acquired capability for suicide, we 

deemed all voxels that were activated by 2 or more of the search conditions to represent the 

functional neural network in males and females separately for ACS (we will call this “ACS 

network”).  

In order to obtain the functional neural network for depression, ALE meta-analyses were 

performed using search criteria related to depression. Two Sleuth searches were performed, one 

for males and the second for females. Common search criteria used for both of the searches were 

subjects diagnosed with depression (Subjects – Diagnosis – Depression) and experiments 

showing only activations as results (Experiments – Activations only), giving us for males: 31 

experiments and 112 subjects and for females: 29 experiments and 149 subjects to be used for 

ALE meta-analyses. Additional criterion used for the first search was only male subjects 

(Subjects – Gender – Males only) and the second search was for only female subjects (Subjects – 

Gender – Females only). The resultant ALE map from this search was interpreted as a 

representation of the functional neural network in males and females, separately, underlying 
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depression (we will call this “depression network”). Fig.2.1 describes the steps involved in 

forming the ACS and depression networks.  

 

 

Figure 2.1 A schematic illustration of the entire procedure involving ALE meta-analysis, meta-

analytic functional connectivity modeling and structural connectivity analysis.  

 

2.2.2 Meta-analytic Connectivity Modeling: An ALE Meta-Analysis 

Robinson and colleagues [75] [76] coined the term “meta-analytic connectivity modeling” 

which is based on the assumption that voxels that are statistically co-activated by a given 
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condition across many different experiments must be functionally connected [75] [76]. Here, we 

used this concept to find functional networks underlying ACS and Depression in males and 

females.  

ACS and depression networks were examined to identify overlapping voxels, which may be 

indicative of common neural substrates underlying ACS and depression in males as well as 

females. These common voxels (we will call these “ACS-Depression network seeds”) were then 

used as ROIs in a subsequent ALE-based meta-analysis wherein these seed locations were used 

for obtaining voxels co-activated by them, and hence by inference, functionally connected to 

them. Further, we investigated whether the functional network obtained by ACS-Depression 

network seeds using meta-analytic connectivity modeling (we call this “ACS-Depression 

network”) were different in males and females.  

2.2.3 Structural Connectivity using Diffusion Tensor Imaging 

To investigate the structural basis of the functional networks derived through meta-analysis, 

diffusion tensor imaging (DTI) techniques were used. White matter axonal tracts, from the ACS-

Depression network seed voxels identified previously, were calculated using diffusion weighted 

data in order to determine the regions structurally connected to them. Diffusion-weighted data 

were acquired from forty-nine healthy individuals (age: 40.94 years±8.38; education: 12.47 

years±2.69; 16 males, 33 females) who were recruited into an Institutional Review Board 

approved neuroimaging study at the Research Imaging Institute, University of Texas Health 

Science Center at San Antonio, Texas [76]. All individuals included in the analysis were 

screened for psychiatric illness and neurological conditions, and had never lost consciousness. 

Data were acquired on a Siemens 3T scanner with a standard 8-channel head coil. Diffusion 

weighting was isotropically distributed along 55 directions (b-value=0, 700; repetition time 
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(TR)/Echo time (TE)=7800/88ms, base resolution=128mm, voxel size=1.72mm × 1.72mm × 3 

mm; 50 slices acquired; total scan time=7 min 40 sec). In each subject, a high-resolution T1-

weighted scan was obtained for registration purposes (Magnetization-prepared Rapid Gradient 

Echo or MPRAGE, TR/TE=2200/3.04ms, flip angle=13°, voxel size=0.8 mm3, 208 slices, base 

resolution=320 mm, field of view in phase-encoding direction = 70%, field of view in readout 

direction = 256 mm). All images (diffusion-weighted and T1-weighted) were skull-stripped using 

tools provided in FSL software [77], and manually checked to ensure accuracy. Probabilistic 

diffusion tractography was carried out as described previously [78] [22] [79], using a probability 

density function that was created at each voxel on the principal fiber direction. Connectivity 

probabilities were estimated between the seed voxels and target voxels (i.e., the rest of the brain) 

by repeatedly sampling connected pathways through the probability distribution function. The 

differences in the white matter pathways originating from ACS-Depression network seeds in 

males and females were examined. Fig.2.1 illustrates the entire analysis procedure. 

2.3 Results 

2.3.1 The ACS and Depression Networks 

The thresholded ALE maps obtained from conducting ALE meta-analysis on the 

aforementioned four tenets of ACS: emotional stoicism, pain tolerance, fearlessness about death 

and sensation seeking were overlaid on the same anatomical image for males and females 

separately. The regions that were commonly activated by at least two of the four conditions were 

hypothesized to represent the ACS network for males as well as females (Fig.2.2). Similarly, 

regions constituting the functional network underlying depression, obtained from ALE based 

meta-analysis performed for depression are shown in Fig.2.3 for males and females.  Table 2.1 

provides list of the major regions in the ACS network in males and females, separately showing 
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regions of overlap as well as gender-specific activations. The regions that were common to the 

functional networks underlying depression in males and along with those that were specific to 

males or females are listed in Table 2.2. Note that ALE values are provided in Table 2 and not in 

Table 2.1 as the latter is an intersection map obtained from four different primary ALE analyses. 

 

Figure 2.2 The ACS network for males (A) and females (B). The color bar illustrates the color 

scheme used for depicting the regions that were commonly activated by just one, two, three or 

four of the following conditions – emotion, pain processing, sensation seeking and fear. Voxels 

activated by any one of the above mentioned four conditions are shown in blue, by any two of the 

above conditions are shown in aquamarine and by any three of the four conditions in yellow, 
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respectively. Regions represented by aquamarine and yellow colors together form the ACS 

network. 

 

Table 2.1 Activation statistics in males and females corresponding to the ACS network. BA: 

Brodmann Area 

 

Lobe Region BA Males Females 

   

x y z x Y z 

Convergent Seeds 

        

Sub-lobar Right Caudate Caudate Body 8 10 4 8 12 6 

 

Right Putamen (Lentiform 

Nucleus) 
 

21 4 4 17 6 6 

 

Right Claustrum 

 

29 16 4 33 20 3 

 

Right Insula  

 

41 14 4 36 19 3 

 

Left Putamen (Lentiform 

Nucleus) 
 

-18 6 2 -25 -3 -9 

 

Left Claustrum 

 

-29 17 2 -30 12 6 

 

Left Insula 13 -40 13 2 -36 11 6 

 

Right Thalamus 

 

8 2 4 3 -14 2 

         
Male specific network 

        

Sub-lobar Left Caudate Caudate Body 

 

-9 

 

11 

 

2 

         
Frontal Right Precentral Gyrus 44 

 

48 

 

12 

 

4 

 

Left Precentral Gyrus 6 

 

-42 

 

0 

 

35 

 

Right Mid Frontal Gyrus 10,9 

 

35 

 

41 

 

13 

    

40 

 

17 

 

25 

         
Posterior Right Cerebellum Declive 

  

33 

 

-71 

 

-17 

 

Left Cerebellum Declive 

  

-33 

 

-63 

 

-18 

         
Limbic Right Anterior Cingulate 32 

 

6 

 

45 

 

3 
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Right Cingulate Gyrus 23 

 

5 

 

-28 

 

26 

         
Occipital Right Lingual Gyrus 17 

 

21 

 

-87 

 

8 

 

Left Lingual Gyrus 

  

11 

 

-63 

 

2 

         
Female specific Network 

        

Sub-Lobar 
Left Lat Glob Pallidus 

(Lentiform Nucleus) 
  

-19 

 

-4 

 

-9 

 

Amygdala 

  

-20 

 

-7 

 

-13 

 

Right Lat Glob Pallidus 

(Lentiform Nucleus) 
  

18 

 

1 

 

-10 

         
Limbic Left Cingulate Gyrus 32,24 

 

-3 

 

12 

 

42 

    

-3 

 

9 

 

42 

 

Left Anterior Cingulate 32 

 

-12 

 

39 

 

0 

 

Right Anterior Cingulate 24 

 

7 

 

37 

 

4 

         
Parietal Left Postcentral Gyrus 40 

 

-54 

 

-27 

 

20 

         
Occipital Right Inf Temporal Gyrus 37 

 

48 

 

-69 

 

2 
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Figure 2.3 The Depression network for males (A) and females (B) 
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Table 2.2 Activation statistics in males and females corresponding to the Depression network. 

BA: Brodmann Area 

 

Lobe Region BA Males Females ALE 

 

   

x y Z x y Z 

  

Convergent Regions 

          

Sub-Lobar 
Right Putamen(Lentiform 

Nucleus) 
 

28 -4 8 22 8 2 0.015 0.020 

 

Left Putamen(Lentiform 

Nucleus) 
 

26 -2 8 24 -4 10 0.014 0.024 

      

22 -2 -6 

 

0.012 

      

26 10 6 

 

0.009 

 

Left Claustrum 

 

24 20 4 28 8 -8 0.012 0.014 

 

Right Insula 13 40 18 16 44 38 18 0.025 0.010 

   

38 18 4 

   

0.015 

 

   

38 4 10 

   

0.008 

 

 

Left Insula 13 50 18 24 36 6 4 0.012 0.010 

 

Right Caudate Caudate Head 14 16 0 2 16 2 0.019 0.009 

           
Limbic Left Cingulate Gyrus 23 -6 32 28 -8 12 30 0.014 0.013 

           
Female specific 

Network 
          

Frontal Right Inferior Frontal Gyrus 47 

 

40 

 

32 

 

0 

 

0.013 

    

18 

 

20 

 

-16 

 

0.011 

    

18 

 

30 

 

-2 

 

0.009 

    

24 

 

30 

 

-4 

 

0.008 

 

Left Mid Frontal Gyrus 9 

 

50 

 

14 

 

26 

 

0.010 

           
Limbic Left Anterior Cingulate 32 

 

-4 

 

20 

 

-8 

 

0.012 



28 
 

 

Left Cingulate Gyrus 23 

 

-8 

 

12 

 

30 

 

0.013 

 

Right Posterior Cingulate 23 

 

4 

 

28 

 

22 

 

0.024 

 

Right Anterior Cingulate 24,32,25 

 

6 

 

32 

 

4 

 

0.015 

    

2 

 

26 

 

-8 

 

0.013 

    

2 

 

2 

 

-4 

 

0.010 

 

Right Cingulate Gyrus 31,24 

 

12 

 

40 

 

28 

 

0.010 

    

12 

 

8 

 

26 

 

0.014 

 

Right Parahippocampal Gyrus 35,36 

 

24 

 

20 

 

-18 

 

0.018 

    

28 

 

28 

 

-10 

 

0.014 

 

Left Parahippocampal Gyrus 28,19 

 

20 

 

18 

 

-14 

 

0.013 

    

24 

 

42 

 

-2 

 

0.010 

           
Temporal Left Middle Temporal Gyrus 39 

 

44 

 

62 

 

22 

 

0.010 

           

Anterior 
Right Cerebellum Anterior 

Lobe: Dentate 
  

12 

 

52 

 

-22 

 

0.009 

           

Sub-Lobar 
Left Lat Glob Pallidus 

(Lentiform Nucleus) 
  

20 

 

-3 

 

6 

  

           
Male specific 

network 
          

Frontal Left Precentral Gyrus 9,6 

 

36 

 

8 

 

38 

 

0.023 

    

37 

 

5 

 

35 

  

 

Right Precentral Gyrus 6 

 

38 

 

2 

 

34 

 

0.011 

           

 

Right Mid Frontal Gyrus 46,8,9 

 

42 

 

28 

 

18 

 

0.014 

    

28 

 

12 

 

38 

 

0.013 

    

39 

 

18 

 

23 

  

 

Left Inferior Frontal Gyrus 45 

 

32 

 

24 

 

4 

 

0.010 

           
Parietal Left Supramarginal Gyrus 40 

 

38 

 

44 

 

34 

 

0.020 
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Left Inferior Parietal Lobule 40 

 

46 

 

42 

 

28 

 

0.017 

 

Right Inferior Parietal Lobule 40 

 

42 

 

34 

 

34 

 

0.015 

           
Sub-Lobar Left Caudate Caudate Head 

 

16 

 

16 

 

2 

 

0.016 

           

 

Right Caudate Caudate Body 

 

16 

 

18 

 

26 

 

0.011 

 

Right Claustrum 

  

36 

 

-4 

 

-4 

 

0.011 

           

           

 

Right Thalamus 

  

4 

 

-4 

 

6 

 

0.011 

           
Temporal Left Superior Temporal Gyrus 13 

 

36 

 

26 

 

8 

 

0.011 

           
Occipital Right Lingual Gyrus 30 

 

18 

 

42 

 

0 

 

0.009 

           
Limbic Right Cingulate Gyrus 23 

 

5 

 

28 

 

28 

  

 

2.3.2 The Overlap between ACS and Depression Networks  

The voxels identified in the ACS and Depression networks in males and females from Figs 

2.2 and 2.3 respectively, were overlaid on a single anatomical image as shown in Fig.2.4 to 

investigate common neural substrates underlying ACS and depression. The overlap between 

ACS and Depression networks in males comprised of left precentral gyrus, bilateral putamen, 

left claustrum, bilateral caudate, right cingulate gyrus, right Insula, right midfrontal gyrus and 

right thalamus. Likewise, the overlap between ACS and Depression networks in females 

consisted of bilateral putamen, left lateral globus pallidus and left insula. These activations in the 

males and females form the ACS-Depression network seeds which were subsequently used in 

order to determine meta-analytic functional connectivity and DTI-based structural connectivity. 

As noted before, since the Depression network was assumed to represent a network that may 
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underlie suicidal desire, the overlap between ACS and Depression networks may form a basis for 

lethal suicidal behavior. Putamen was commonly activated in ACS-Depression Network in males 

as well as females. The ACS-Depression network seeds organized by lobes and weighted centers 

of seeds that were obtained in males and females are enlisted in Table 2.3. 

 

A. Males       

 

B. Females 
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C. ACS-Depression Network Seeds 

 

 

Figure 2.4 A: ACS and Depression networks identified in males, both overlaid on same 

anatomical image. B: ACS and Depression networks identified in females, both overlaid on same 

anatomical image. C: Voxels commonly found in the ACS and Depression networks identified in 

males and females, overlaid on a single anatomical image. These form the ACS-Depression 

network seeds. 
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Table 2.3 Seeds corresponding to ACS-Depression network (Fig. 2.4C) 

 
Lobe Region BA Males Females 

   

x y z x y z 

Convergent Seeds 

        

Sub-lobar Left Putamen (Lentiform Nucleus) 

 

-19 14 4 -26 9 7 

 

Right Putamen (Lentiform Nucleus) 

 

24 1 7 17 7 4 

         
Female specific 

Seeds 
        

Sub-Lobar Left Insula 13 

 

-37 

 

7 

 

5 

 

Left Lat Glob Pallidus (Lentiform 

Nucleus) 
  

-21 

 

0 

 

6 

         
Male specific 

Seeds 
        

Sub-lobar Left Claustrum 

  

-27 

 

21 

 

4 

 

Left Caudate 
Caudate 

Body 
 

-16 

 

15 

 

4 

 

Right Caudate 
Caudate 

Body 
 

14 

 

15 

 

4 

 

Right Insula 13 

 

37 

 

18 

 

5 

 

Right Thalamus 

  

5 

 

-2 

 

6 

         
Frontal Left Precentral Gyrus 6 

 

-40 

 

2 

 

35 

 

Right Middle Frontal Gyrus 9 

 

40 

 

18 

 

23 

         
Limbic Right Cingulate Gyrus 23 

 

4 

 

-28 

 

28 
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2.3.3 Functional and Structural Connectivity 

We obtained voxels co-activated by the ACS-Depression network seeds (Fig.2.4) separately 

in males and females using ALE-based meta-analytic connectivity modeling. The corresponding 

results, shown in Fig.2.5 and Fig.2.6, indicate that even though the ACS-Depression network in 

males and females underlie a common neurophysiological framework, there are both 

commonalities and differences in their underlying neural substrates. Major brain regions which 

were commonly co-activated by the ACS-Depression network seeds in males and females are 

listed in Table 2.4, while gender specific co-activations are listed in Table 2.5. This provides an 

exploratory model for differentiating the neural basis of lethal suicide attempts between males 

and females.  

 

A: Males 
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B: Females 

 

Figure 2.5 ACS-Depression network in males (A) and females (B) obtained by finding voxels co-

activated by the ACS-depression network seeds found in Fig.2.4. 
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Figure 2.6 ACS-Depression network, which was obtained separately in males and females, is 

overlaid on a single anatomical image. Green represents the ACS-Depression network in 

females, red in males and yellow represents their overlap. Only regions of overlap are labeled in 

the figure while Table 2.5 provides labels of regions which were exclusively co-activated with 

ACS-Depression Network seeds only in males and females  
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Table 2.4 Major regions that demonstrated meta-analytic functional connectivity to the ACS-

Depression seeds in both males and females 

 

Lobe Region BA X y z 

Sub-lobar 
Left Putamen (Lentiform 

Nucleus) 
 

-19 4 4 

 

Left Lat Glob Pallidus 

(Lentiform Nucleus) 
 

-19 -3 4 

 

Left Insula 13 -38 10 4 

 

Left Thalamus 

 

-10 -16 4 

 

Right Putamen 

(Lentiform Nucleus) 
 

23 5 4 

 

Right Lat Glob Pallidus 

(Lentiform Nucleus) 
 

18 0 4 

 

Right Insula 13 42 8 4 

 

Right Caudate 
Caudate 

Body 
13 8 4 

 

Right Thalamus 

 

15 -15 4 

 

Right Claustrum 

 

31 24 -7 

      
Frontal Left Precentral Gyrus  44 -51 8 4 

 

Left Med Frontal Gyrus  6,32 -3 3 58 

   

-2 13 43 

 

Right Med Frontal Gyrus 6,32 4 5 58 

   

6 15 43 

 

Right Midfrontal Gyrus  6 28 -3 60 

 

Right Inf Frontal Gyrus  44 54 11 15 

      
Limbic Right Cingulate Gyrus  32,24 2 16 41 

   

2 14 45 

 

Left Cingulate Gyrus 32,24 -2 23 41 

   

-3 10 38 
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Parietal Right Inf Parietal Lob 40 39 -46 50 

      
Anterior Left Cerebellum Culmen 

 

-29 -60 -26 

 

Table 2.5 Male and Female specific major regions exclusively co-activated with ACS-

Depression network seeds: Regions that contained some overlapping area between males and 

females but also were observed to contain some area specific to male/female network are 

mentioned in red, regions consisting of ACS-Depression seeds are mentioned in violet and 

regions satisfying both the aforementioned criteria are mentioned in green. 

 

Male specific regions 

  

Lobe Regions BA 

Sub-Lobar Left Claustrum 

 

 

Left Putamen (Lentiform Nucleus) 

 

 

Left Caudate Caudate Body 

 

Right Thalamus 

 

 

Right Putamen (Lentiform Nucleus)  

 

 

Right Insula  13 

 

Right Caudate Caudate Body 

 

Left Thalamus 

 

 

Left Insula 13 

 

Right Caudate Caudate Head 

 

Right Claustrum 

 

   
Frontal Left Precentral Gyrus  6 

 

Right Mid Frontal Gyrus 9 

 

Left Precentral Gyrus  44 

 

Left Mid Frontal Gyrus 6,9,46 

 

Left Inf Frontal Gyrus 9,45,13 
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Right Inf Frontal Gyrus 9 

 

Right Precentral Gyrus 6,9 

 

Right Med Frontal Gyrus 6,8 

 

Right Sup Frontal Gyrus 6 

 

   
Limbic Right Cingulate Gyrus 32,24,23 

   
Parietal Left Inf Parietal Lob 40 

 

Left Angular Gyrus 39 

 

Left Precuneus  7,19,39 

 

Left Sup Parietal Lob  7 

 

Left Supramarginal Gyrus  40 

 

Right Sup Parietal Lob  7 

 

Right Precuneus 7 

 

Right Inf Parietal Lob 40 

   
Temporal Left Fusiform Gyrus 37 

 

Left Sup Temporal Gyrus  22 

 

Left Mid Temporal Gyrus  21 

 

Right Sup Temporal Gyrus  41,22 

 

Right Mid Temporal Gyrus  21 

 
  

Anterior Right Cerebellum Culmen 

 

 
  

Posterior Right Cerebellum Pyramis 

 

 
  

Occipital Left Mid Occipital Gyrus 37 

 
  

Female specific regions 

  

Lobe Regions BA 

Sub-Lobar Left Putamen (Lentiform Nucleus)  
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Left Lat Glob Pallidus (Lentiform 

Nucleus) 
 

 

Left Claustrum  

 

 

Right Putamen (Lentiform Nucleus) 

 

 

Right Insula 13 

 

Right Claustrum 

 

 

Left Insula  13 

 

Left Thalamus 

 

 

Left Caudate  Caudate Body 

 
 

 
Frontal Left Precentral Gyrus  44 

 

Right Med Frontal Gyrus  6 

 

Right Mid Frontal Gyrus 6 

 
 

 
Temporal Right Sup Temporal Gyrus 42 

 

Right Transverse Tem Gyrus  41 

 

 

Further we performed axonal fiber tractography using the ACS-Depression network seeds to 

demonstrate the distinct structural connectivity likely involved in the ACS-Depression network 

in males and females. The axonal trajectories derived from the ACS-Depression network seeds in 

males and females are shown in Fig. 2.7. 
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A: Males 
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B: Females 

 

   

Figure 2.7 The axonal trajectories derived from the ACS-Depression network seeds defined by 

co-activated voxels from ACS and Depression networks in males (A) as well as females (B). The 

four panels in (A) and (B) are the different views of the same figure. A: Yellow – Fibers from 

Right Thalamus, Green - Fibers from Left Precentral gyrus, Dark Blue - Fibers from Right 

Caudate, Purple - Fibers from Right Cingulate gyrus, Light blue - Fibers from Right Insula, Pink 

- Fibers from Right mid frontal gyrus, Red- Fibers from Right Putamen, Orange - Fibers from 

Left putamen, claustrum, caudate. B: Red - Fibers from Right Putamen, Green - Fibers from Left 

Insula, Blue - Fibers from Left Putamen, Purple - Fibers from Left Globus Pallidus.  

It can be observed from Fig.2.4, Fig.2.7 and Table. 2.3 that ACS-Depression network seeds 

in the left and right putamen are present in both males and females. Given the role of putamen in 

the hate circuit [80] it may mediate gender differences in lethal suicidal behavior (more on this in 

the discussion).  In order to better understand and demonstrate the differences in structural 
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connectivity between males and females involved in ACS-Depression network, just the fiber 

trajectories from these seeds in both males and females were overlaid on the same anatomical 

image in Fig. 2.8. The fiber trajectories from the left putamen seed in males, projected towards 

left insula, medial frontal gyrus, thalamus and premotor cortex. Whereas in females, the fiber 

projections from left putamen did not travel farther while that from the right putamen seed 

projected to the anterior cingulate and thalamus. The structural connectivity analysis depicts that 

the ACS-Depression network in males might cover a vast expanse of cortical and sub-lobar brain 

regions compared to females.  

 

 

Figure 2.8 Fibers from seeds in Left and Right Putamen in Males and Females both overlaid on 

a single anatomical. Red – fibers in males, Green – fibers in females. Both panels represent 

different views of the same figure. 

 

2.4 Discussion and Conclusion 

One of the most well established findings with regard to suicidal behavior is that men are far 

likelier to engage in fatal suicidal behavior, whereas women are far likelier to engage in non-fatal 
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suicidal behavior. Most existing functional and structural studies of suicide are focused on non-

fatal suicidal behavior [43]; as such, they do not necessarily provide information about neural 

substrates involved in fatal suicidal behavior and therefore cannot explain the so-called gender 

paradox of suicide. The goal of this study was to address this limitation in the literature. Given 

the challenges inherent in studying the neural basis for fatal suicidal behavior, we used the 

interpersonal-psychological theory of suicide (IPTS) [51] [52] as a theoretical foundation for 

identifying potential endophenotypes of fatal suicidal behavior. On the basis of prior research 

[57], we investigated several psychological constructs relevant to the ACS (i.e., emotional 

stoicism, sensation seeking, pain tolerance, and fearlessness about death). Gender differences in 

neural networks that underlie these endophenotypes may eventually help to explain the gender 

paradox of suicidal behavior. To accomplish our goal, we conducted an exploratory investigation 

of the neural mechanisms that are differentially activated by the psychological/psychiatric 

constructs in the ACS and depression in males and females. As noted before, since the 

Depression network was assumed to represent a network that may underlie suicidal desire, the 

overlap between ACS and Depression networks may form a basis for lethal suicidal behavior. 

Here, we have demonstrated that meta-analysis and meta-analytic connectivity modeling can 

be used to develop neural models and testable hypotheses regarding the gender paradox of 

suicidal behavior.  

Our research has identified a preliminary network of regions commonly activated by two or 

more psychological constructs underlying the ACS in males and females separately. Given that 

most functional and effective connectivity models require the definition of a priori ROIs, 

identifying the neural nodes associated with ACS in a sensitive and robust fashion represents a 

key advancement for future experimental studies that can examine gender differences in the 
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neural connectivity of these networks. Secondly, we found that the regions corresponding to 

both the ACS and Depression networks have significantly different foci in males and females, 

which implies potential for distinct functional and structural connectivity differences. The 

proportional contribution of each of the regions in the ACS and Depression networks to the 

individual psychological constructs of the IPTS may provide a gender-specific, 

multidimensional, imaging biomarker of suicidal behavior. As such, this study provides a 

foundation for futures studies examining the neural substrates of the ACS, allowing for 

integration of previous findings of higher male vulnerability for death by suicide and higher 

female vulnerability for non-fatal suicidal behavior. Importantly, since the ACS is a 

multidimensional construct, identification of neural regions involved in each of the individual 

constructs provides the basis for their underlying biosignatures.  

 

2.4.1 ACS Network 

Several brain regions demonstrated consistent activation during imaging studies examining 

psychological constructs thought to be related to the IPTS dimensions. While no previous meta 

analyses exist that combine all these constructs of the ACS, some studies have reported ALE 

analyses of individual constructs. For example, a meta-analysis of gender differences in 

emotional processing has been reported before [81] and is consistent with what we found. There 

were no regions commonly activated by all four conditions. Fearlessness about death and pain 

tolerance were not correlated with one another in [57] and thus could be said to develop 

somewhat independently. Thus, it stands to reason that distinct neural areas might be associated 

with some of the constructs that contribute to acquired capability 
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Our data demonstrate that males and females exhibited similar sub-lobar neural network 

consisting of bilateral putamen, bilateral claustrum, bilateral insula, right caudate and right 

thalamus identified under two or more of the IPTS dimensions. This network of brain regions 

represents a sub-lobar nucleus of regions at the crossroads of emotion and cognitive processing, 

with functional contributions to both systems. Even so, there were notable differences in the 

functional network identified for males and females. The primary motor cortex and premotor 

cortex pertaining to bilateral precentral gyrus and right mid frontal gyrus along with regions in 

cerebellum were activated exclusively in males, whereas females exhibited activations restricted 

to limbic system regions such as the amygdala and cingulate cortex, commonly known to be 

involved in emotion formation and processing [82]. The utilization of motor areas in the ACS 

network in males may imply that if the ACS network is activated in males, there are greater 

chances of them executing the action as intended, in contrast to females. The inclusion of 

emotionally reactive regions in the ACS network in females supports suicidal ideation but lack of 

motor regions engaged in the network might be the reason of females having lower chances of 

implementing a lethal attempt. Additionally, while males demonstrated bilateral caudate 

activation, females demonstrated right caudate utilization.   

2.4.2 Depression Network. 

Several meta-analysis studies have been previously conducted to investigate depression [83] 

[84] [85] and our results are in general agreement with them. However, to the best of our 

knowledge, ALE meta analyses on gender differences in depression have not been reported 

before and hence is a contribution of the present work. In our meta-analysis study, the depression 

network identified for both males and females comprised of bilateral putamen, left claustrum, 

bilateral insula, right caudate and left cingulate gyrus. In spite of the commonly activated 
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regions, depression also exclusively activated some regions specific to either males or females. 

For males, the caudate that has been known for its involvement in reward processing was 

identified not only in the right, but also the left hemisphere. For females, we identified the right 

inferior frontal gyrus, which has been notably linked to depression in several research studies, 

and serves as a target for transcranial magnetic stimulation [86]. Additionally, females 

demonstrated activations in numerous regions such as anterior and posterior cingulate cortex 

which have been implicated to be the neural substrates underlying the vulnerability to suicidal 

behavior or suicidal ideation [87]. This might explain females being at a higher risk of 

depression, suicidal ideation and non-lethal suicidal behavior than males. 

2.4.3 Neuro-functional Network Supporting Both ACS and Depression.  

Regions common to ACS and Depression network were designated as ACS-Depression 

seeds, separately in males and females. Using meta-analytic connectivity modeling, we obtained 

regions co-activated by these seeds in males and females, which we designate as the ACS-

Depression functional network. Although this network contained some regions that were 

common to both males and females, there were noteworthy differences in the regions activated in 

males and females. Such regions (Table. 2.5) were found to contain voxels common to both 

males and females but also had voxels which were exclusive to the male or female networks. 

This indicates some level of functional parcellation/differentiation in these brain regions.  The 

notable amount of premotor, primary motor and cerebellar regions engaged in the ACS-

Depression network in males might point towards the existence of a neural substrate supporting 

motor action. This could possibly result in higher probability of a fatal outcome in men on 

account of experiencing suicidal desire compared to women. Males also engaged a larger ACS-
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Depression functional network than women, which might be a factor responsible for higher lethal 

suicidal behavior in men.  

2.4.4 Structural Network for ACS-Depression 

The putamen was the only brain region commonly present in the ACS-Depression network 

seeds for males and females. Therefore, this may be a region of particular importance in 

understanding suicidal behavior across men and women. This result is consistent with a recent 

meta-analytic finding that individuals with a history of suicidal behavior had decreased volumes 

in the putamen compared to individuals with a history of psychiatric disorders [87]. Upon 

investigation of the fiber trajectories from the putamen seeds in males and females, differential 

structural connectivity patterns were observed between males and females. The trajectories from 

the left putamen seed in males projected up to the premotor cortex, medial frontal gyrus, left 

insula and thalamus. Premotor cortex (involved in motor planning), medial frontal gyrus (known 

to play a role in executive mechanisms [88] ) and left insula have been previously shown to form 

a part of the hate circuit [80] that is engaged while experiencing hate towards an individual, 

which may be relevant to self-hatred. Engaging a large portion of hate circuit and more 

importantly direct structural connections amongst the regions in the hate circuit might strengthen 

the intent of suicide and its execution in males, especially given the involvement of the premotor 

cortex. While the projections from the left putamen in females were localized, females had 

projections from the right putamen seed extending up to the anterior cingulate and thalamus. The 

anterior cingulate has been implicated in a previous study [87] to be a neural substrate 

underlying suicidal ideation. This might be a reason for higher vulnerability of women for 

suicidal ideation and non-fatal attempts. The regions identified in the functional ACS-Depression 
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network and the structural connectivity of the ACS-Depression seeds may be the key to 

understanding gender differences in the rates of fatal and non-fatal suicidal behavior.  

The results of this study have important implications for the construct validity of ACS. The 

vast majority of research on ACS has utilized either self-report measures or assessments of 

physical pain tolerance; to our knowledge, this is the first investigation of neural substrates that 

may underlie ACS. By constructing a layout of the neural networks, research will also be 

enhanced as efforts are directed toward answering more complex questions about how neuronal 

networks contribute to suicidal behavior.  

2.5 Limitations 

Some limitations of the current study are noteworthy. First, and perhaps most importantly, 

we did not investigate suicidal behavior as an outcome variable. Thus, future research is needed 

to demonstrate a link between the proposed ACS network and fatal suicide attempts as an 

outcome. Second, there are few imaging studies investigating the specific constructs of ACS, i.e. 

emotional stoicism, sensation seeking, pain tolerance, and fearlessness of death. Therefore, we 

performed meta-analyses on emotion, reward, pain, and fear, respectively (since they represent a 

super-set of the original constructs of ACS), with the assumption that the voxels activated in 

more than two of the four conditions would be related to ACS. This illustrates one of the 

weaknesses of meta-analyses. Nevertheless, it is useful to make this assumption as an attempt to 

generate a hypothesis about the underlying neural substrates of ACS so that future experimental 

studies may perform experiments to confirm or deny the hypotheses generated by this initial 

attempt. Similarly, our definition of the ACS network is not ideal (i.e., greater than 2 of the IPTS 

dimensions), and as the databases become larger, we may be able to refine this definition. Third, 

we did not investigate all components of the IPTS. Thus, although our results demonstrate that 
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the ACS network is distinct from the depression network, future research is needed to investigate 

whether distinct neural substrates underlie ACS versus thwarted belongingness and perceived 

burdensomeness. Fourth, deactivations were not considered in these meta-analyses for the 

following reasons: a) deactivations are not as frequently reported as activations, and b) the neural 

basis of fMRI-based deactivation is yet unclear, i.e. there is still a debate whether deactivations 

in fMRI are indeed caused by GABAergic inhibition [89] [90]. Finally, the limitations of ALE-

based meta-analysis, which have been discussed before, also apply to this study [91] [75] [76] 

[26]. Despite these limitations, this study provides a useful foundation for future studies of 

gender differences in the neural basis of suicidal behavior. 
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Chapter 3: Characterization of Structural Connectivity of the Default Mode Network in 

Dogs using Diffusion Tensor Imaging 

My contribution to this study was creating tensor-based atlas for canine model, performing 

tractography, generating and compiling the results and writing the entire description. I would like 

to acknowledge Dr. Robinson for guiding me through the tractography technique and Dr. 

Deshpande for overall guidance regarding the idea as well as writing the description of the study. 

I also acknowledge Dr. Salibi, Dr. Beyers & Dr. Denney for contributing the DTI data 

acquisition, and Dr. Waggoner, Dr. Morrison & Dr. Vodyanoy for their contribution towards 

canine handling, canine physiology and experimental design. 

Abstract 

Diffusion tensor imaging (DTI) provides us an insight into the micro-architecture of white 

matter tracts in the brain. This method has proved promising in understanding and investigating 

the neuronal tracts and structural connectivity between the brain regions in primates as well as 

rodents. Canines being cognitively higher than rodents but not as advanced as primates, fit 

somewhere in the middle of the evolutionary ladder rendering them quite useful to be used as 

animal models in translational research. In this study, we acquired diffusion data from 

anaesthetized dogs and created a DTI-based atlas for a canine model which could be used to 

investigate various white matter diseases. We illustrate the application of this atlas by calculating 

DTI tractography based structural connectivity between the anterior cingulate cortex (ACC) and 

posterior cingulate cortex (PCC) regions of the default mode network (DMN) was investigated in 

dogs. The white matter connectivity was investigated to provide structural basis for the 

dissociation of anterior and posterior parts of DMN found in a recently conducted resting state 

fMRI study.  A comparison of the integrity of long range structural connections (such as in the 
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DMN) between dogs and humans is likely to provide us with new perspectives on the neural 

basis of evolution of cognitive functions across the evolutionary hierarchy.  

 

 

3.1 Introduction 

Diffusion tensor imaging (DTI) is a magnetic resonance imaging technique that measures the 

anisotropic diffusion of water molecules in tissues providing useful structural information about 

white matter and indicating the orientation of neural tracts. DTI first came into existence in the 

mid-1980s [92] [93] [94] and has been rapidly developing ever since. This technique is 

noninvasive and is now widely used for studying structural connectivity in healthy populations 

as well as in psychiatric and neurological diseases traditionally characterized by white matter 

deficits. Researchers have been using DTI to study human and monkey brains and more recently, 

to study rodent brains such as mice [95].  However, there have been only a handful of studies 

applying this powerful method to canines, despite the increased use of these animals in research 

[96] [97].  . In the evolution hierarchy,canines take a position in the intermediate rung on the 

evolutionary ladder above rodents such as rats, and below cognitively developed species such as 

monkeys and humans. . Studying the canine model might thus give us a perspective into the 

evolution of cognitive functions in the upper stages of the evolutionary hierarchy. Additionally, 

dogs serve as a large animal model, critical for translation of quantitative MRI methods to 

clinical populations [98], share common environment with their owners until their old age, and 

receive a good level of healthcare [99]. Furthermore, Rabies has a long history of association 

with dogs and is almost never known to infect or to be transmitted to humans by small rodents 

such as rats, chipmunks or rabbits [100]. Dogs also display joint attention with humans and 

respond to human pointing and gesturing making them an excellent animal model for human 
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social cognition [101] [102] [103] [104]. This makes them an interesting species worth studying 

as animal models in translational research to study aging and its effect on disease progression as 

well as to investigate human diseases that affect white matter integrity such as neurological 

demyelinating conditions (e.g., Multiple Sclerosis) [98] , GM1 gangliosidosis, a fatal 

neurodegenerative lysosomal storage disease [105] and Rabies, a virtually incurable disease 

[106]. Thus non-invasive imaging of neural white matter tracts in the dog brain by using DTI 

could prove to be very useful.  

There have been a few DTI studies conducted on canine models including an ex-vivo study 

that was conducted on euthanized canine brains to study the white matter fibers by analyzing the 

fractional anisotropy (FA) and directional maps computed using the DTI images acquired within 

first 2 hours after death [96] and an in vivo study investigating feasibility of diffusion tensor 

tractography in a canine model for studying the cerebral white matter in dogs [97]. However, to 

our knowledge, ours is the first study to date, to have investigated in vivo diffusion images of 

dog brains to provide us with group-wise FA color maps. Therefore in this study, we aimed to 

build a canine DTI-atlas, and demonstrate the utility of the atlas by testing a hypothesis derived 

from previous work in our lab [107] .   

With regard to the second aim of our study based upon a resting state fMRI study recently 

conducted on dog brains in our lab [107], we aspired to test the hypothesis that the functional 

connectivity dissociation between the anterior and posterior parts of the DMN in the canine 

model possesses a structural basis.  

To accomplish the aims of our study, we first acquired diffusion-weighted images (DWI) in 

anesthetized dogs to develop a DTI-based atlas of the dog brain for use in future studies by 

giving an insight into the structural connectivity inside the dog brain. Second, we illustrate the 
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utility of the dog DTI atlas to test a specific hypothesis arising from our previous resting state 

functional magnetic resonance imaging (fMRI) study as mentioned previously [107]. 

Specifically, in our previous study we observed that the anterior and posterior parts of the default 

mode network (DMN) seem to be dissociated, unlike in monkey and human brains [108] [109]. 

Therefore, we hypothesized that DTI tractography could provide a structural basis for this 

dissociation in the form of weaker structural connection between these regions in dogs as 

compared to humans.  

The DMN is an interconnected network of brain regions that is active when an individual is 

at rest and becomes less active when performing attentionally demanding tasks [110] [111] The 

network preferentially activates when an individual is daydreaming, engaged in self-

retrospection and self-introspection [112]. The core brain regions of DMN, consist of the medial 

prefrontal cortex (MPFC), posterior cingulate cortex (PCC), inferior parietal cortex (IPC), 

inferior temporal cortex (ITC) and (para) hippocampal formation. The main hubs of the DMN 

are within the MPFC and along the posterior midline including PCC [112]. In DMN, PCC has 

been proposed to be of special interest as it is the only region that directly interacts with all other 

DMN nodes [113].The anterior regions (ACC/MPFC) upon interacting with medial temporal 

lobe, facilitates flexible use of the episodic memories and associations to construct self-relevant 

mental simulations and has also been implicated in judgment of others [114]. Above mentioned 

two subsystems converge on important nodes of integration including PCC. PCC is commonly 

associated with episodic memory retrieval [115] [116]. Therefore, DMN is believed to be 

responsible for consciousness and self-referential processing and has been linked to human 

cognition [112] [117] [118]. Studies have demonstrated the existence of DMN in humans and 

monkeys [108] [109], however there are conflicting reports on whether they exist in rodents 
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[119] [120] [121]. Our resting state fMRI study conducted on dog brains indicated that the 

anterior and posterior parts of the DMN are dissociated in dogs [107]. Previously conducted 

research has illustrated that the DMN exhibits highest overlap in its structural and functional 

connectivity [122]. Therefore, we believed that there might be a significant possibility of the 

existence of a structural basis for the observed dissociation in the DMN in dogs. We thus decided 

to investigate it in the anticipation of attaining an insight into the evolution of cognitive functions 

across the evolutionary ladder. 

 

3.2 Methods 

All methods and experiments were approved by the Auburn University Institutional Animal 

Care and Use Committee. DWI data were acquired using a 3T MAGNETOM Verio (Siemens 

Healthcare, Erlangen, Germany) MRI scanner from 23 anaesthetized Labrador retriever dogs 

using a human knee coil (serving as a dog head coil) and an EPI (Echo Planar Imaging) based 

diffusion sequence with the following parameters: TR=3.6 s, TE=95 ms, flip angle=90˚, 

128×128 acquisition matrix, 30 diffusion directions, b=0 and 1000, voxel size=3×3×3 mm
3
. 

Dogs were sedated and lightly anesthetized with intramuscularly administered xylazine (2.2 

mg/kg) and ketamine HCL (11 mg/kg,), respectively. Data were preprocessed using the standard 

FMRIB’s Diffusion Toolbox (FDT, which is part of the FMRIB software library (FSL) [123] 

[124] [125] . Data were first brain extracted, and then corrected for eddy current induced 

distortions.    
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3.2.1 DTI-based Atlas 

Following eddy current correction [126], diffusion tensors were fit to the corrected data, 

creating tensor and fractional anisotropy (FA) maps for each dog [123]. Individual FA maps 

were then registered to a high-resolution canine ex vivo template created in a previous study 

[127] using FMRIB’s linear registration tool (FLIRT) [128] [129] [130]. The resulting 

transformation matrix, computed while registering FA maps to the template, was applied to the 

tensor maps for each dog, thus obtaining the vector data of each subject in the same standard 

space using the “vecreg” command line tool in FSL as described in [131]. By averaging FA 

maps as well as vector data in the template space for all the dogs, an average FA map and 

average color-coded tensor map were computed to reduce the inter-subject variability in canine 

brain.  

3.2.2 Diffusion Tractography 

Diffusion parameters were modeled using the BEDPOSTX tool in FSL for the eddy 

corrected data, and then probabilistic tractography was implemented as described previously [78] 

[22] [79] using the PROBTRACKX tool in FSL to estimate the likely connections between two 

regions of interest (ROIs). The ROIs were defined as 4mm radius spheres in the posterior 

cingulate cortex (PCC) and in the anterior cingulate cortex (ACC). Probabilistic tracking was 

achieved by a creating probability density function at each voxel on the principal diffusion 

directions. Connectivity probabilities were estimated between the ROIs by repetitive sampling of 

the streamlines through the probability distribution function. The ROIs were registered to each 

subject using the inverse of the previously computed transformation matrix. In this way, fiber 

tracts were calculated in the subject space, and then transformed to the template space by 

applying the appropriate transformation computed earlier. ACC-PCC tracts of each subject were 
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then binarized and compiled to create a group level probability map of the tracts for dogs with a 

subject count threshold in which the value of each voxel represents the number of subjects that 

had a tract passing though that voxel. The group level probability map of the ACC-PCC tracts 

was binarized and overlaid on the group-wise mean FA map computed earlier. A group-wise 

mean FA value was extracted from the ACC-PCC tracts by averaging the FA values for the 

voxels constituting the ACC-PCC group-level connectivity map. 

 

3.3 Results 

Average FA and tensor-based maps computed for individual dogs using the diffusion tensor 

computed from the acquired DWI data (Fig 3.1A), and a group-wise average FA map with 

associated color map representing the first principal vector (i.e., the main diffusion direction) are 

shown in Fig. 3.1B. This provides a robust atlas void of disproportionate influence from any one 

subject. Fractional anisotropy values in the group FA map ranged from 0 to 1, with values closer 

to 1 in regions with higher anisotropy and more directional diffusion of water such as white 

matter, and closer to 0 in the areas of the brain with isotropic diffusion such as cerebrospinal 

fluid (CSF).  Group mean FA was extracted from the ACC-PCC tract which was found to be 

0.32 which is much lower compared to the mean FA previously calculated for humans (young 

adults) [132], which was 0.57 (the caveats associated with this comparison are discussed in the 

next section). Additionally, the group level probability map of the tracts is shown in Fig 3.2. The 

map shows the number of dogs having a tract passing through each voxel. Tracts connecting 

ACC to PCC were detected in only 9 out of 23 dogs. Even though, the tracts were detected in 9 

of 23 dogs, the probability maps show voxel values less than 9 due to the inter-subject variability 

in the precise fiber pathways from one voxel to the next.  
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Figure 3.1. A: FA map and Tensor based color map for one individual dog. B: Average FA map 

and color map atlas using a group of 23 dogs. Color map represents left-right tracts in Red, 

anterior-posterior in Green and superior-inferior in Blue. 

 

A 

B 
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Figure 3.2. Group level probabilistic map of ACC-PCC tracts. The color scale indicates number 

of subjects that had a tract in a given voxel. 

 

3.4 Discussion and Conclusion 

The average color map gives a qualitative characterization of the neural tracts in the white 

matter of a canine brain. The group-wise average FA map and tensor based map provides us with 

a DTI-based atlas for dogs by accounting for the inter-subject variability. This atlas can be 

utilized in future studies in both veterinary medicine and translational research.  

As previously discussed, studying canines as animal models in translational research could 

prove promising, keeping in mind that canines lie at an intermediate stage between primitive 

species (e.g., rodents) and highly advanced species (e.g., primates) in the evolution hierarchy. 

Further, given their co-evolution with humans [101] [103]and capabilities such as joint attention 

[133] [104] [102], they are an interesting species worth studying to investigate the cognitive 

evolution (especially social cognition) in humans. One brain network that has been implicated in 

cognition in general (as well as in social cognition) [134] [135] is the default mode network. It is 
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also known to underlie self-referential processing, consciousness, self-awareness and higher 

cognition in humans [112] [117] [118].  

A previous resting state fMRI study investigating the existence of DMN in dogs, 

demonstrated disconnected ACC and PCC, the anterior and posterior regions of DMN [107]. 

There is evidence that suggests that DMN has strong correlation between its structural and 

functional connectivity [122]. Therefore, in this study we tested the hypothesis that the 

functional finding about the anterior-posterior dissociation of the DMN in canines possesses a 

structural basis. The group mean FA for the ACC-PCC tracts identified in the dog brain was 

notably low and also comparably lower than that observed in humans [132]. Additionally, a 

maximum of only 9 dogs out of 23 had the same tract which indicates significant individual 

variability in the ACC-PCC tracts. As previously reported in a study conducted with humans 

[136], tracts connecting MPFC/ACC to PCC were detected in 22 of 23 subjects. Low FA values 

in ACC-PCC tracts in dogs leading to probable less number of fibers might have contributed to 

increased individual variability. This finding, although not statistically characterized, seems to 

lend support for our hypothesis that the weaker resting state functional connectivity found 

between ACC and PCC in dogs compared to humans may have a structural basis. This might 

also suggest that evolution of higher cognitive functions in humans is supported by stronger 

functional and structural connectivity between anterior and posterior regions of the DMN. 

 

3.5 Limitations 

While creating a DTI atlas for the dog brain is a clear contribution of the paper, direct 

comparison of FA values between dogs and humans for testing our specific structural hypothesis 

regarding the DMN involves certain caveats: (i) the size of the brain in dogs is smaller than in 
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humans, but the spatial resolution of diffusion data acquired was not proportionally higher in 

dogs, (ii) the exact placement of seed ROIs in humans is likely to be more accurate than in dogs 

given that labeled atlases are available in humans, (iii) the anatomy of dog and human brains, 

especially the frontal cortex, may not be exactly comparable, and (iv) we have assumed in this 

study that low FA values in the ACC-PCC region in dogs might suggest probable less number of 

fibers. However, FA values can be influenced by a number reasons such as density of fiber tracts 

or integrity of the tracts. FA values measure the degree of anisotropy or directionality of 

diffusion of water molecules along different axes. Thus it is only an indirect measure and not an 

accurate measure of fiber density. Notwithstanding these limitations, our preliminary results 

regarding the anterior-posterior structural (as well as functional) dissociation in the canine DMN 

is worth exploration in the future for understanding the evolutionary significance of the DMN as 

well as for understanding the position of dogs in the evolutionary hierarchy. 
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Chapter 4: Conclusion 

The aim of this thesis was to investigate brain function and structure given their close 

relationship, by utilizing the non-invasive techniques of functional MRI-based meta-analysis and 

diffusion tensor imaging. In this thesis, two major research issues were explored: (i) the gender 

paradox in fatal as well as non-fatal suicidal behavior as most prior studies have mainly aimed 

towards investigating non-fatal suicide. (ii) the possibility of structural basis to the previously 

found anterior-posterior dissociation in the Default Mode Network (DMN) in dogs in a resting 

state fMRI study as well as voxel-specific atlas of tensor (and hence, axonal) orientations by 

adapting existing human pipelines to canine model.  

Suicidal death being a growing problem in today’s society, especially amongst men has led to 

an urgent need to investigate the neural substrates distinguishing fatal and non-fatal suicidal 

behavior and explaining the gender differences. Therefore, first goal of this thesis was to identify 

neural networks underlying fatal suicidal behavior and gender differences in both fatal and non-

fatal suicidal behavior in an attempt to form specific new hypotheses which can be tested in 

future experimental studies. To accomplish this goal, we conducted an exploratory investigation 

of the neural substrates underlying the psychological constructs in the ACS (i.e., emotional 

stoicism, sensation seeking, pain tolerance, and fearlessness about death) and depression in males 

and females using meta-analysis and meta-analytic connectivity modeling. Existence of both 

ACS and depression (suicidal desire) being essential in an individual for lethal suicidal behavior 

according to IPTS, preliminary network containing regions corresponding to both ACS and 

Depression networks was identified. Diffusion tractography was implemented to identify the 

structural network underlying fatal suicidal behavior. Significant differences were found in ACS, 
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Depression and ACS-Depression functional as well as structural network between males and 

females.  

Second goal of this thesis was to study canine model as they lie at an intermediate stage in 

the evolutionary hierarchy between primates and rodents and serve as a large animal model, 

critical for translation of MRI results to humans. Group-wise DTI based atlas was computed to 

account for inter-subject variability which can subsequently be utilized in future studies in 

translational research. Additionally, the hypothesis that functional finding regarding the anterior-

posterior dissociation of the DMN in a previous study on canines might possess structural basis 

was tested. Low FA values found in the cingulate cortex (along the ACC-PCC axis) in dogs and 

extremely sparse fiber connections between ACC and PCC supported our hypothesis. Default 

mode network being implicated in self-referential processing and higher cognition in humans, 

might also suggest that evolution of higher cognitive functions in humans was supported by 

stronger functional and structural connectivity between anterior and posterior regions of the 

DMN. 
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