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Abstract

The internalizing psychopathologies (IP) are a highly prevalent group of disorders for which little 

data exists to guide treatment selection. We examine whether graph theoretical metrics from white 

matter connectomes may serve as biomarkers of disease and predictors of treatment response. We 

focus on the uncinate fasciculus subnetwork, which has been previously implicated in these 

disorders. We compared baseline graph measures from a transdiagnostic IP cohort with controls. 

Patients were randomized to either SSRI or cognitive behavioral therapy and we determined if 

graph theory metrics change following treatment, and whether these changes correlated with 

treatment response. Lastly, we investigated whether baseline metrics correlated with treatment 

response. Several baseline nodal graph metrics differed at baseline. Of note, right amygdala 

betweenness centrality was increased in patients relative to controls. In addition, white matter 

integrity of the uncinate fasciculus was decreased at baseline in patients versus controls. The SSRI 

and CBT cohorts had increased left frontal superior orbital betweenness centrality and left frontal 
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medial orbital clustering coefficient, respectively, suggesting the presence of treatment specific 

neural correlates of treatment response. This study provides insight on shared white matter 

network features of IPs and elucidates potential biomarkers of treatment response that may be 

modality-specific.
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1. Introduction

Internalizing psychopathologies (IPs) are characterized by disordered emotion processing 

(Kovacs & Devlin, 1998), and encompass a combined prevalence of at least 20% in the US 

(Kessler et al., 2005). Diseases that fall in this category are often comorbid with each other 

and include major depressive disorder (MDD), generalized anxiety disorder (GAD) and 

other related diagnoses (Kessler et al., 2005). A significant commonality uniting the IPs are 

their treatments: cognitive behavioral therapy (CBT) and selective serotonin reuptake 

inhibitors (SSRIs) are therapeutic mainstays across the swath of these disorders. While 

either treatment modality is generally effective for the majority of patients, most are started 

on SSRIs with a response rate of 50–70% for MDD or anxiety disorders (Dunlop et al., 

2012). For example, in depression, non-responders are either given a different SSRI, non-

SSRI antidepressant or CBT, with little data to support therapeutic selection (Dunlop et al., 

2012) and as yet, no predictors of treatment outcome in anxiety disorders have been 

established (Deckert and Erhardt, 2019). Therefore, biomarker discovery to guide selection 

of treatment type is an important task in the field of psychiatric research.

Candidate biomarkers, such as brain structures within the frontal and temporal lobes have 

been implicated in emotion processing (Ochsner & Gross, 2008), and studies suggest the 

involvement of these regions in the pathology of IPs such as MDD (Joormann & Stanton, 

2016; Singh et al., 2013) and GAD (Greening & Mitchell, 2015; Mennin et al., 2002; 

Sheline, 2003). For example, one group that applied graph analysis to examine gray matter 

networks (Singh et al., 2013) found higher right amygdala network centrality and found that 

there were fewer significant frontal lobe network hubs in MDD compared to healthy 

controls. In a diffusion-tensor imaging study comparing GAD and healthy control structural 

connectivity, connections between the amygdala and anterior cingulate cortex were found to 

be stronger in GAD, whereas connections between the amygdala frontal lobe regions, such 

as the medial orbital cortex, were weaker compared to healthy controls (Greening & 

Mitchell, 2015).

These brain regions do not function or exist in isolation, and as such it is important to 

consider the interconnections that they have with the rest of the brain. Many of these regions 

are connected to one another by the uncinate fasciculus (UF), a white matter tract that links 

the orbitofrontal cortex with temporal regions including the amygdala and hippocampus 

(Catani et al., 2002; Schmahmann et al., 2007). Many studies have found significant 

associations between the UF and IPs. Fractional anisotropy (FA), a measure of white matter 
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integrity, has been found to be decreased in the left and right UF in MDD (Harada et al., 

2016; Zhang et al., 2012; Zheng et al., 2018), social anxiety disorder (SAD) (Phan et al., 

2009) and generalized anxiety disorder (GAD) (Ayling et al., 2012).

One method of studying the structure or function of the brain is to model it as a network and 

investigate the graph theory measures of the network (Bullmore & Sporns, 2009). A graph is 

composed of nodes, e.g., brain regions, and edges, e.g., a “distance” measure between each 

region. These graphs have quantifiable features that describe specific network properties. 

Common metrics include strength, clustering coefficient, efficiency and centrality (see 

Methods for details). In this study, we use diffusion tensor imaging to generate structural 

connectomes for each individual. Graph edge weights are determined by the number of 

fibers within the white matter tract connecting each node. We examine the global properties 

of each subject’s network and focus on the subnetwork of nodes connected by the UF when 

examining local network properties.

Canonically, depression, anxiety and other IPs have been classified as separate disease 

entities, and have thus been studied and treated as such. Each pathology is characterized by 

an aspect of mood dysregulation: for example, rumination (persistent negative thoughts 

about the past) is most typical of depression, whereas worry (persistent negative thoughts 

about the future) is more representative of anxiety (Spasojevic & Alloy, 2001; Borkovec et 

al., 2004). Because both of these disorders are responsive to the same types of therapy and 

both share a comparably dysfunctional cognitive positive feedback process, it may be that 

they share a similar neuropathological substrate. In addition, as discussed above, there is 

evidence to suggest the presence of such a common neural disease process that would 

distinguish IP patients and healthy individuals. While the integrity of the UF itself has been 

previously assessed and pathologically implicated in the context of several IPs, it has not yet 

been evaluated in a transdiagnostic sample. We also, for the first time, conduct an 

exploratory analysis of the graph measures of the structural connectomes of such a sample, 

with a focus on the features of the brain regions within the UF subnetwork, including the 

amygdala, hippocampus and orbitofrontal lobe gyri.

The goal of the present study is three-fold: 1) to investigate whether there are baseline 

differences in white matter network properties and integrity between HC and PT to identify 

unifying features that may be common to all IPs, 2) to determine whether these properties 

change with treatment and if these changes are treatment modality specific and 3) to 

determine if network properties predict treatment response across modalities or in a 

modality specific way. First, we determined whether UF white matter integrity is abnormal 

in our cohort of IP patients (PT) compared to healthy controls (HC) by measuring the 

fractional anisotropy (FA) of the UF. We then characterize baseline differences in network 

properties between HC and PT to identify unifying features that may be common to all IPs. 

It was also examined whether any baseline network measures predicted treatment response 

to either treatment modality by correlating baseline graph metrics with improvement in 

clinical assessment scores. Next, we examined the effect of treatment with either CBT or 

SSRI on these network measures. To assess whether changing measures may represent 

neural substrates of treatment response, the correlation between change in metric and 

treatment response is assessed. Additionally, we evaluate the stability of networks in the HC 
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group over time. While this is a preliminary pilot study to examine the UF subnetwork, we 

anticipated that we would find reduced bilateral UF white matter integrity. In addition, we 

expect that graph theory metrics will indicate stronger network influence of limbic areas and 

decreased influence of frontal regions in PT vs HC. Furthermore, we predict that these 

network properties may either change with 12 weeks of SSRI or CBT treatment or predict 

treatment response, aiding in the selection of treatment modality for a large transdiagnostic 

sample of the psychiatric population.

2. Methods

2.1. Subjects and clinical trial

Subjects were recruited from the greater Chicago area through advertisements and through 

University of Illinois at Chicago (UIC) outpatient clinics and counseling centers as part of a 

larger Research Domain Criteria (RDoC) (Cuthbert, 2014) investigation on predictors of IP 

treatment outcomes (ClinicalTrials.gov identifier: NCT01903447). A heterogeneous study 

population was recruited in order to obtain a sample with a broad range of symptom severity 

and functioning. A total of 69 subjects with an IP and 24 healthy controls were assessed at 

baseline. 24 IP subjects completed the study (11 in the SSRI cohort, 13 in the CBT cohort), 

and were used for Pre vs. Post analyses. Details regarding inclusion/exclusion criteria, 

participant recruitment, clinical characteristics and treatment have been previously described 

(Gorka et al., 2019). In brief, this study was approved by the UIC Institutional Review 

Board, and written informed consent was obtained for each participant. The inclusion 

criteria for subjects were age between 18 and 65 years, and the need for randomization to 12 

weeks of treatment with SSRI or CBT, as determined by a consensus panel consisting of at 

least three trained clinicians or study staff. Subjects were excluded from the study if they 

have a history of current or past manic/hypomanic episodes or psychotic symptoms, active 

suicidal ideation, presence of contraindications or history of SSRI resistance (no response to 

>2 SSRIs despite adequate duration and dose), psychopathology not appropriate for the 

treatment algorithm, or current cognitive dysfunction or impairment. The SCID-5 (First et 

al., 2015) was used to determine current and lifetime Axis I diagnoses.

The study was a parallel group randomized control trial with 1:1 allocation ratio to either 12 

weeks of CBT or SSRI. For the SSRI cohort, PTs were administered one of 5 drugs 

(sertraline, fluoxetine, paroxetine, escitalopram or citalopram) with a flexible dosing 

schedule with a goal of obtaining target dose by 8 weeks. SSRI PTs met at 0, 2, 4, 8 and 12 

weeks with their study psychiatrist for medication management. For the CBT cohort, PTs 

received 12 once-weekly 60 minute sessions led by a PhD-level clinical psychologist. CBT 

procedures were based on the PT’s principal diagnosis and predominant symptoms 

(Burkhouse, 2019). At the time of enrollment (Pre) and after 12 weeks of treatment (Post), 

severity of IP was assessed with the clinician-administered Hamilton Anxiety Rating Scale 

(HAMA)(Hamilton, 1959) and the Hamilton Depression Rating Scale (HAMD)(Hamilton, 

1986), and self-reported the Depression, Anxiety and Stress Scale (DASS)(Brown et al., 

1997), and MRI scans were administered.
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2.2. MRI data acquisition and processing.

A diffusion tensor imaging (DTI) scheme was used, and a total of 32 diffusion sampling 

directions with 4 b0 images were acquired on a 3 Tesla GE Discovery MR750 System 

(Milwaukee, WI) at the UIC Center for Magnetic Resonance Research. The b-value was 

1000 s/mm2. The in-plane resolution was 0.9375 mm. The slice thickness was 2.5 mm. Two 

sets of DTI images were acquired, with opposite phase encoding directions. Each participant 

was scanned at enrollment (Pre) and at 12 weeks after the initial scan (Post). IP subject Pre 

scans were acquired before treatment was administered, and Post scans were acquired 

following 12 weeks of treatment. Healthy controls did not receive treatment but completed 

the same tasks at the same time points as patients. For preprocessing, the two sets of DTI 

images were realigned and corrected for motion artifacts and eddy current induced 

distortions using the FMRIB Software Library (FSL) (Jenkinson et al., 2012). White matter 

tract reconstruction and fractional anisotropy quantification was done using DSI Studio 

software (Yeh, et al., 2013). A deterministic fiber tracking algorithm was used. The 

Automated Anatomical Labeling (AAL) atlas was used for brain parcellation (Tzourio-

Mazoyer et al., 2002) into regions of interest (ROIs).

2.3. Graph theoretical analysis.

DSI Studio software was also used to generate an adjacency matrix corresponding to each 

participant’s white matter structural connectome, and to calculate graph theory metrics for 

each subject. Edge weights correspond to the number of reconstructed fibers passing 

between each ROI. From the adjacency matrix, graph measures were calculated that 

represent the network organization of each connectome. In this case, a higher edge weight 

corresponds to a stronger connection between each node. Path length between two nodes, 

therefore, is the inverse of the edge weight connecting them.

On the whole brain level, three metrics were calculated for each participant’s connectome: 

global efficiency, density and average clustering coefficient. Efficiency between two nodes is 

defined as the inverse of the shortest path between them, whereas global efficiency is the 

average of all node by node efficiencies (Ek, et al., 2015). Network density is defined as the 

total number of binary node by node connections divided by the total number of all possible 

connections. Clustering coefficient is defined as the number of connections that exist 

between the nearest neighbors of a node divided by the number of all possible connections. 

This can be extended to a global level by computing the average of all nodal clustering 

coefficients.

At the nodal level, four metrics were computed: nodal strength, local efficiency (LE), 

clustering coefficient (CC) and betweenness centrality (BC). Nodal strength is defined as the 

sum of all edges that connect to a node. LE is global efficiency of the subgraph of nodes that 

are immediate neighbors to the node of interest. Local CC is defined as described above. 

Finally, BC of a node is the number of shortest paths in the network that pass through the 

node (Bullmore & Sporns, 2009). Local metrics were calculated using the whole 

connectome, but downstream nodal analysis was restricted to the uncinate fasciculus 

subnetwork, which includes (bilateral); the amygdala, hippocampus and inferior, middle, 

medial and superior frontal orbital cortices (as parcellated by the AAL atlas).
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2.4. Statistical analysis.

2.4.1. Between and within group comparisons.—Comparisons of demographics 

were done using either two-tailed t-tests (i.e., independent or paired t-tests) or Chi-square 

tests. Comparisons of clinical assessment scores and fractional anisotropy (FA) were 

performed using two tailed t-tests. Baseline correlation of graph measures and FA vs. 

clinical score were performed using Spearman correlations. For between group (e.g., 

baseline) and within group (e.g., Pre vs Post) comparisons, nonparametric permutation tests 

(10,000 permutations) were used in place of parametric tests (e.g., ANCOVA, Student’s t-

tests) due to non-normality of graph parameters. Uncorrected p-values are the proportion of 

times that the null distribution mean difference was greater in magnitude than the mean 

difference between each group being compared. The level of education (in years) differed 

significantly between healthy controls and patients at baseline and was treated as a nuisance 

variable by regressing out level of education effects and performing permutation analyses on 

the residuals. This is reported as the adjusted p-value. To correct for multiple comparisons, 

false discovery rate (FDR) control was employed with n=12 (number of nodes within the UF 

subnetwork) (Benjamini & Hochberg, 1995). This was done on uncorrected p-values and 

adjusted p-values, reported as q-values and adjusted q-values, respectively. The mean effect, 

determined as the percentage difference of group means, was calculated by (PT-HC)/HC or 

(Post-Pre)/Pre for baseline and Pre vs. Post comparisons, respectively. Cohen’s d was 

reported as effect size and was calculated by (PT-HC)/sd(pooled), where sd(pooled) is the 

pooled standard deviation of all subjects.

2.4.2. Prediction of treatment response.—To determine whether graph theory 

metrics are predictive of treatment response, baseline graph metric values were correlated 

(using Spearman correlations due to non-normality) with Pre minus Post clinical assessment 

scores (positive numbers represent clinical improvement). FDR was used on the correlation 

p-values with n=12, and only correlations with q<0.2 were reported.

2.4.3. Correlates of treatment response.—For any measure that was shown to 

significantly change with treatment (p<0.05, Pre vs. Post), Spearman correlations were 

performed between the change in metric (Post-Pre, where positive differences indicate 

metric growth following treatment) change in clinical assessment score (Pre-Post, indicating 

clinical improvement). FDR correction was done with n=7 (the total number of correlations 

performed). Only correlations with p<0.05 are reported.

3. Results

3.1. Demographic and clinical information

Table and figure 1 summarize the demographic and clinical information of patients (PT) and 

healthy controls (HC). To control effects of confounding variables, e.g., the wide age range 

of our sample, we performed t-tests on demographic variables between all PT and HC, as 

well as between SSRI and CBT cohorts. There was a significant difference in the amount of 

years of education between HC and PT (p=0.008). Therefore, education was treated as a 

nuisance variable by regressing out level of education effects and performing permutation 

analyses on the residuals. No other differences were found between all PT and HC. In 
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addition, there were no significant baseline differences in demographics or clinical 

assessment scores between the SSRI and CBT cohorts. Of note, although there is a large age 

range in our sample, there was found to be no significant difference in age between the 

cohorts. In addition, age did not correlate with any of the graph theory metrics in our sample 

at baseline. All clinical scores were found to significantly decrease following treatment in 

each cohort. Additionally, comorbidity is intentionally common in our patient sample, and it 

is skewed towards anxiety diagnoses. In all PT, 53% have a mood disorder, and 90% have an 

anxiety disorder. Similarly, in SSRI and CBT, anxiety and mood disorders are present in 

36% and 91%, and 38% and 100%, respectively.

3.2. White matter integrity of the uncinate fasciculus

To assess white matter integrity, we determined fractional anisotropy (FA) for the left and 

right uncinate fasciculus (UF). A significant reduction in left UF FA was present pre-

treatment in PT relative to HC (fig 2D). This reduction was no longer present post-treatment, 

or in the right UF at either time point. Additionally, within the HC group there was no 

change in UF FA. Baseline measures of FA did not correlate significantly with baseline 

clinical assessment scores within PT group.

3.2. Baseline differences and correlation with symptom severity in graph theory 
measures.

At the global level, we found no significant differences in graph measures between PT and 

healthy controls HC at baseline. However, we did find significant differences in local 

measures between PT and HC (table 2). Of these results, only three remained significant 

when treating years of education as a nuisance factor in the permutation test (adj-p); left 

frontal mid orbital clustering coefficient (CC) (p=0.014, adj-p=0.027, mean effect: +32.7% 

in PT), left frontal mid orbital betweenness centrality (BC) (p=0.017, adj-p=0.022, mean 
effect: −28.7% in PT) and right amygdala BC (p=0.013, adj-p=0.034, mean effect: +50.4% 

in PT). No differences survived FDR, but right amygdala and left frontal mid orbital BC 

were at threshold (both q=0.200). We found no significant correlations between baseline 

clinical assessment scores and any graph theory measure after false discovery rate control 

(n=12=number of ROIs).

3.3. Treatment effect on graph theory measures

Similar to above, analysis of global graph measures revealed no treatment or time dependent 

significant differences in either patient cohort or in healthy controls. Significant nodal graph 

measure differences were found only when patients were segregated by treatment (table 3). 

In the SSRI cohort, the only significantly different Pre vs Post metrics were BC of the left 

frontal superior (p=0.044, q=0.262, +78.7% post-treatment) and inferior (p=0.016, q=0.197, 

−45.5% post-treatment) orbital cortices. In the CBT cohort only one finding survived FDR 

correction and had an adequate effect size: left frontal medial orbital local efficiency (LE) 

(p=0.03, q=0.167, +20.6% post-treatment). No local metric changes were appreciated in HC 

between timepoints.
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3.4. Graph theory measures as predictors of treatment response

To determine whether graph measures in patients could predict treatment response, we 

correlated all baseline measures with improvement in clinical assessment scores (table 4). In 

order to reduce false positive correlations, we performed false discovery rate correction on 

the results of the correlations with n=12 ROIs. Similar to above findings, no global measures 

predicted treatment response. Local metrics were found to correlate significantly only when 

patients were segregated by treatment modality. In the SSRI cohort, the right frontal superior 

orbital cortex BC was found to correlate with HAMA improvement (p=0.011, q=0.128, 

rho-0.731). Most of the significant correlations that survived FDR correction (q<0.2) were 

found in the CBT cohort. Left frontal medial orbital cortex (p=0.039, q=0.158, rho=−0.576) 

and left and right hippocampus (p=0.005, q=0.055, rho=−0.730; p=0.037, q=0.158, rho=

−0.581, respectively) LE negatively correlated with DASS improvement, while right frontal 

inferior orbital strength correlated negatively with HAMD improvement (p=0.006, q=0.071, 

rho=−0.716).

3.5. Graph measures as correlates of treatment response

To investigate the relationship between graph measures and treatment response, we 

correlated mean differences between graph measures that significantly changed with 

treatment and improvement in clinical assessment scores (HAMD, HAMA and DASS). The 

only significant correlations were found in the CBT cohort (table 5). Post-Pre changes in left 

frontal medial orbital CC (p=0.042, q=0.084, rho=0.57) and LE (p=0.019, q=0.075, 

rho=0.639), as well as left frontal superior orbital CC (p=0.008, q=0.064, rho=0.694) 

positively correlate with DASS improvement.

4. Discussion

4.1. White matter integrity of the uncinate fasciculus

Similar to previous findings, we found a significant decrease in left uncinate fasciculus (UF) 

fractional anisotropy (FA) in PT versus HC at baseline. Laterality of UF findings, does differ 

between studies, however, with decreased FA found in left only (Murphy et al., 2012), right 

only (Zhang et al., 2012), or bilateral (Zheng et al., 2018) UF. In SAD and GAD, decreased 

FA was also found in the right UF of PTs (Phan et al., 2009, Ayling et al., 2012). We did not 

find an effect of treatment on UF FA. This is true whether patients are aggregated or split by 

cohort (data not shown). Fewer studies have examined if treatment alters the FA of the UF. 

In experiments with SSRI as treatment, either left (Zheng et al., 2018) or right (Lai et al., 

2013) UF FA was found to increase with treatment. It should be noted that the role of the UF 

in other disorders of emotion regulation is less clear. Findings in bipolar disorder are mixed, 

with either decreased or equal levels of UF FA found in PTs. In a study looking at patients 

with panic disorder there was no change in FA compared to HCs (Jenkins et al., 2016). 

Nonetheless, our findings suggest the importance of the role of UF white matter integrity in 

the pathology of internalizing psychopathologies (IPs).
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4.2. Baseline differences in graph measures

On the whole brain level, there were no significant differences in graph measures between 

PT (n=69) and HC (n=24). This is in line with previous studies of MDD brain networks that 

have generally found limited (Ajilore et al., 2014; Qin et al., 2014) or no significant 

differences (Korgaonkar et al., 2014; Lim et al., 2013) in global metrics of clustering 

coefficient, strength and characteristic path length. At the local (i.e., nodal) level, we found 

several significant differences (p<0.05, uncorrected) in metrics between HC and PT (table 

2). Of these results, only three remained significant when treating years of education as a 

nuisance factor in the permutation test (adj-p); left frontal mid orbital clustering coefficient 

(CC), left frontal mid orbital betweenness centrality (BC) and right amygdala BC. No 

differences survived FDR, but right amygdala and left frontal mid orbital BC were at 

threshold (both q=0.200).

When considering these two most statistically significant results, a trend of increased 

subcortical-limbic (amygdala) centrality and decreased cortical centrality in PT compared to 

HC emerges. BC is a measure of nodal importance in the network, proportional to the 

amount of shortest paths that pass through said node. Thus, our results indicate that the right 

amygdala may be a more influential node in the brain networks of IP PTs, while the left 

frontal mid orbital cortex is less influential, compared to HCs. This is consistent with a 

prevailing theory of emotion dysregulation in the internalizing pathologies: impaired “top-

down” influence of prefrontal regions on limbic structures, via subcortical disinhibition or 

overactivity. Often, this is shown by increased amygdala activity or influence in the context 

of IPs. In MDD, amygdala BC and degree was found to be increased in grey matter volume 

(Singh et al., 2013) and fMRI networks (Gong & He, 2015; Jin et al., 2011), respectively. In 

studies of anxiety disorders, amygdala volume correlated with trait anxiety and amygdala 

activity was found to be increased as measured by positron emission tomography (PET) and 

fMRI in GAD, SAD and PTSD. There is also ample evidence of frontal cortical disturbances 

in the IPs. In a negative thought suppression task, left frontal mid orbital cortex activity was 

decreased in MDD compared to HCs, demonstrating a potential neural substrate for 

decreased emotion regulation (Carew et al., 2013). In another MDD study, left frontal 

superior and middle orbital gyrus centralities were decreased in PT vs HC (Zhang et al., 

2011). Frontal lobe regions in general were found to be less influential in the fMRI networks 

of individuals with MDD compared to HCs via a network based statistic analysis 

(Korgaonkar et al., 2014). Similar results have been obtained in studies of anxiety. Greening 

and colleagues found that trait anxiety can be predicted by decreased connectivity between 

the amygdala and frontal lobes (Greening & Mitchell, 2015). Finally, individuals with PTSD 

were found to have hypoactivity of the ventromedial prefrontal cortex compared with 

healthy controls (Etkin & Wager, 2007). The sum of these findings are validated by our own, 

indicating that all IPs may share common dysfunction of the limbic frontal interactions.

4.3. Graph theory metric predictors of treatment response

Next, we sought to determine whether any graph theory metrics may serve as predictors of 

treatment response in general, or if there are unique predictors for each type of treatment 

examined (SSRI or CBT). Consistent with above findings, we did not identify any 

significant correlations between global graph metrics and treatment response with cohorts 
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aggregated or segregated. At the local level, we only found significant correlations when 

patients were segregated by treatment modality.

In the SSRI cohort, the right frontal superior orbital cortex BC was found to negatively 

correlate with HAMA improvement. This correlation, however, is in the opposite direction 

of nodal strength with both cohorts aggregated, as higher levels of baseline measures of BC 

in this region are predictive of better response to treatment. This suggests that nuanced 

network architecture of frontal cortical networks plays an important role in treatment 

response, such that right superior orbitofrontal network influence (measured by BC) is 

beneficial, whereas overall strength of connectivity, may be undesired without more specific 

network organization. Our preliminary findings indicate that individuals with greater right 

superior orbitofrontal BC may be good candidates for SSRI based therapy.

As before, the CBT cohort analysis yielded the greatest number of significant results. 

Several correlations were present between score improvement and graph metrics for 

subcortical nodes: baseline LE of the bilateral hippocampi negatively correlate with clinical 

improvement. This suggests that those individuals with brain networks that allow for more 

efficient information transduction to and from these limbic nodes are less responsive to 

treatment with CBT. Of interest, the left frontal medial orbital cortex LE also negatively 

correlated with DASS improvement (see table 3). As mentioned above, we found a positive 

correlation between change (Post-Pre) in this metric and clinical improvement, indicating 

that greater increases in this metric are associated with greater response to CBT. These 

results suggest that the left medial orbitofrontal LE is a brain network substrate for CBT, and 

that if individuals have a higher baseline value in this region, that they may not be able to 

further benefit from the neural changes associated with CBT. Previous studies have 

identified similar correlations between left prefrontal cortical regional volumes (Seminowicz 

et al., 2013) and fMRI activities during self-referential processing of negative stimuli 

(Yoshimura et al., 2014) and CBT response, but this is the first report, to our knowledge, of 

left medial orbitofrontal changes in response to CBT when examined with graph theory 

metrics of the structural connectome.

4.4. Changes in graph measures with treatment and correlates of treatment response

(Pre) versus after (Post) treatment in either aggregated PTs, or PTs split by cohort (SSRI or 

CBT). Interestingly, significant differences on the nodal level were only appreciable when 

PTs were split by cohort, suggesting the possibility of treatment specific effects on white 

matter networks in IP PTs. Of note, there were no significant differences found in any 

metrics, global or local, at baseline, between PT cohorts (SSRI or CBT). Neither were there 

any differences in HCs between timepoints suggesting stability in network properties in HCs 

over time. Additionally, we found no significant correlations between baseline metrics and 

baseline symptom severity in either grouped or segregated cohorts (data not shown). 

Furthermore, our most significant results are almost all found in frontal cortical metrics, 

with only one subcortical region being identified, and only in the CBT cohort.

In the SSRI cohort, the only significantly different Pre vs Post metrics were an increased BC 

of the left frontal superior and decrease in BC of the inferior orbital cortices. Results of 

previous studies of the effects of SSRIs in MDD are somewhat mixed, but generally report 
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increased activity or connectivity of orbitofrontal regions following treatment (Goldapple et 

al., 2004; Posner et al., 2013; Wang et al., 2015), while others report an opposite effect (Li et 

al., 2013). In a study comparing treatment resistant and treatment refractory MDD, the left 

orbitofrontal inferior and superior cortices were found to be increased and decreased, 

respectively, in treatment refractory MDD only (Hou et al., 2016). Our findings suggest that 

the left orbitofrontal inferior and superior cortex BC decrease and increase, respectively with 

treatment. It could be that SSRI treatment helps to normalize the network role of these brain 

regions towards HC, but we did not find a significant difference at baseline. Our results 

support the general notion that SSRIs may have an effect on the frontal cortical brain 

networks of individuals with IPs, but our modest sample size (n=11) limits the interpretation 

of our findings. Our most significant treatment effects were found in the CBT cohort, but 

only one finding survived FDR correction and had an adequate effect size: left frontal medial 

orbital LE (increase following treatment). LE measures the capacity of a node to transmit 

information to other nodes in the network (Latora & Marchiori, 2001). Our findings suggest 

that CBT may increase the ability of frontal control networks to propagate information to 

other nodes in the brain networks of individuals with IPs.

We next determined if any of the graph measures that were found to change with treatment 

(p<0.05, uncorrected) correlated with measures of treatment response, resulting in 

significant correlations only within the CBT cohort. All three findings were positive 

correlations of Post-Pre metric vs DASS improvement (meaning that the greater the increase 

in metric, the greater the symptomatic improvement) of left frontal superior orbital CC and 

left frontal medial orbital CC and LE (table 5). These results suggest that response to CBT is 

associated with the gain of cortical efficiency in IPs. Indeed, these findings supports the 

notion that loss of cortical dominance over limbic structures may be a pathophysiologic 

substrate of loss of emotion regulation in IPs, that CBT may help to reverse this 

dysregulation, and that treatment response to CBT may be dependent on the gain of cortical 

efficiency. It has been found previously that CBT results in increased orbitofrontal cortical 

activation, measured via fMRI, during an emotion regulation task in post versus pre 

treatment MDD PTs, further suggesting the ability of CBT to ameliorate the loss of cortical 

control of emotion(Ritchey et al., 2011).

4.5. Limitations

There are general limitations that must be considered with the present study. While the 

sample size of our baseline analysis is moderate (PT n=69, HC n=24), the number of 

participants that completed study is less than half of the starting population (HC n=10, SSRI 

n=11, CBT n=13). Given the sample size, our findings must be considered as preliminary 

and need be replicated in a larger transdiagnostic cohort of patients with internalizing 

psychopathologies. Finally, our sample is skewed towards PTs with anxiety disorders over 

mood disorders: almost all patients have anxiety disorders, whereas mood disorders are 

present in 53% of all PTs, and 36–38% of PTs in the SSRI and CBT cohorts. This is not 

problematic per se, but may limit the generalizability of our findings to the understanding of 

patients with an isolated mood disorder, such as MDD.
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4.6. Conclusion

This study showed that there are baseline differences of nodal graph measures in an IP 

cohort compared to HCs, suggesting that there are common neuropathologic substrates 

shared trans-diagnostically. Our results suggest that there is baseline higher cortical and 

lower amygdala network influence, which is in agreement with previous findings in the 

literature. Changes in graph theoretical metrics following treatment mostly involves cortical 

regions and appears to be modality specific, suggesting that CBT and SSRI treatment 

uniquely effect white matter brain networks. In addition, we show that there are nodal 

predictors of general and modality specific treatment response, that suggest that greater 

baseline limbic network influence results in lesser response to therapy. Overall, this study 

provides insight to shared white matter network features that may be aberrant across the 

swath of internalizing psychopathologies, and shed light on potential biomarkers to help 

guide treatment selection for these common disorders.
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HIGHLIGHTS

• Left uncinate fasciculus fiber integrity was decreased in patients vs controls.

• Right amygdala betweenness centrality was higher in patients vs controls.

• Global network measures were not difference in patients vs controls.

• Treatment effects on graph measures were treatment modality specific.

• Graph metric predictors of treatment response were treatment specific.
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Figure 1. 
Patient diagnostic information. Each element of the heat map represents the number of 

patients with comorbidity of diagnoses represented by the corresponding row and column of 

the element. Elements along the diagonal correspond to patients with only one diagnosis. 

Heat maps represent all patients at baseline (A), patients in the SSRI cohort (B) and patients 

in the CBT cohort (C). Abbreviations) PT: patients, SSRI: selective serotonin reuptake 

inhibitor, CBT: cognitive behavioral therapy, PD: panic disorder, PTSD: post-traumatic 

stress disorder, SAD: social anxiety disorder, GAD: generalized anxiety disorder, MDD: 

major depressive disorder.
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Figure 2. 
Overview of the uncinate fasciculus (UF), its subnetwork and fractional anisotropy (FA). A) 

Reconstruction of representative healthy control UF. B) Sagittal view of left-hand regions of 

interest (ROIs) in the UF subnetwork. C) Ventral view of left-hand UF subnetwork ROIs. D) 

FA of the left uncinate fasciculus (UF) in healthy controls (HC) and patients (PT) at baseline 

(Pre) and 12 weeks later (Post). PTs received 12 weeks of therapy. At baseline, UF FA was 

significantly decreased in PT relative to HC, determined by two-tailed t-test (p=0.018). 

Abbreviations) F.Med.Orb: frontal medial orbital cortex, F.Mid.Orb: frontal mid orbital 

cortex, F.Inf.Orb: frontal inferior orbital cortex, F.Sup.Orb: frontal superior orbital cortex, 

Hippo: hippocampus, Amyg: amygdala.
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Table 1.

Participant demographics. A) Demographics of participants used in baseline analysis. Mean years of education 

was significantly different between groups, determined using a two-tailed t-test (p=0.008). B) Demographics 

and clinical assessment scores of subjects used in Pre vs. Post treatment analysis. All clinical scores 

significantly decreased following treatment in both treatment cohorts, determined with two-way paired t-tests. 

Scores did not differ between cohorts at either time point (data not shown). Abbreviations) HC: healthy 

control, PT: patient, CBT: cognitive behavioral therapy, SSRI: selective serotonin reuptake inhibitor, HAMA: 

Hamilton anxiety rating scale, HAMD: Hamilton depression rating scale, DASS: depression, anxiety and 

stress scale.

Baseline

HC (n=24) All PT (n=69) Between-group statistics

Mean±SD Mean±SD t χ2 p

Age (years) 25.2±11.20 28.3±8.4 1.2 0.24

Gender (M/F) 9/15 22/47 0.063 0.8

Years of 
Education 14.6±1.7 16.3±3 3.5 0.0008

Pretreatment Posttreatment Within-group statistics

HC (n=12) SSRI (n=11) CBT (n=13) SSRI (n=11) CBT (n=13) SSRI CBT

Mean±SD Mean±SD Mean±SD Mean±SD Mean±SD t p t p

Age (years) 25.2±11.2 31.02±12.55 27.17±7.56 31.02±12.55 27.17±7.56

Gender (M/F) 4/8 3/8 3/10 3/8 3/16

Years of 
Education 15.5±1.58 16.54±4.16 16.55±3.56 16.55i3.56 16.54±4.16

HAMA NA 19.1±7.62 15.77±6.72 6.2±4.49 6±5.59 4.77 0.00019 4.09 0.00044

HAMD NA 14.36±4.15 12.23±4.475 5.5±3.37 4.29±3.99 5.39 3.5e-5 4.86 5.9e-5

DASS NA 31.36±5.5 27.69±6.52 5.9±5.24 6±5.68 10.87 1.4e-9 9.18 2.6e-9

Primary 
diagnosis All PT (n=69) SSRI (n=11) CBT (n=13)

GAD 27 5 6

MDD 17 3 1

SAD 14 2 3

PTSD 5 1 1

PD 5 0 1

Dysthymia 10 0 1
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Table 2.

Baseline comparison of nodal graph theory metrics in all patients (PT) vs. healthy controls (HC) using 

permutation tests. Abbreviations) pval: uncorrected permutation test p-value, adj-p: uncorrected permutation 

test p-value with years of education as a nuisance variable, q-val, false discovery rate (FDR) corrected p-val, 

adj-q: FDR corrected adj-p. For FDR correction, n=12 (number of regions of interest). Only nodal metrics that 

have p-val<0.05 are reported. Positive mean effect indicates that mean value of metric is higher in PT than HC. 

Effect size reported is Cohen’s d.

cohort region metric p-value res-p q-value res-q mean effect (%) effect size

HC vs All PT (PT-HC)/HC

L Hippocampus strength 0.046 0.096 0.387 0.576 23.442 −0.470

L Frontal Mid Orb clustering coefficient 0.014 0.025 0.168 0.302 32.747 −0.575

R Frontal Med Orb clustering coefficient 0.043 0.075 0.237 0.383 23.493 −0.476

R Frontal Med Orb local efficiency 0.030 0.067 0.272 0.402 24.426 −0.509

L Frontal Mid Orb betweenness centrality 0.018 0.023 0.108 0.203 −28.696 0.548

R Amygdala betweenness centrality 0.013 0.034 0.108 0.203 50.394 −0.583

Psychiatry Res Neuroimaging. Author manuscript; available in PMC 2021 May 30.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Thomas et al. Page 21

Table 3.

Comparison of baseline (Pre) vs. post treatment (Post), or following 12 weeks in healthy controls (HC), nodal 

graph theory metrics. Analysis was done with patients (PT) aggregated (All patients) and split by treatment 

cohort. P-values were determined with permutation tests, and are reported uncorrected (p-val) and corrected 

(q-val) via false discovery rate (FDR) control with n=12 (number of regions of interest). Positive mean effect 

values indicate that nodal metrics are increased at Post compared to Pre. Effect size is Cohen’s d. 

Abbreviations) CBT: cognitive behavioral therapy, SSRI: selective serotonin reuptake inhibitor.

cohort region metric p-value q-value mean effect (%) effect size

All patients (Pre-Post)/Pre

NA NA NA NA NA NA

SSRI

L Frontal Sup Orb betweenness centrality 0.043 0.256 78.724 −0.845

L Frontal Inf Orb betweenness centrality 0.015 0.176 −45.546 0.970

CBT

L Frontal Sup Orb clustering coefficient 0.037 0.210 33.259 −0.622

L Frontal Med Orb clustering coefficient 0.022 0.210 17.730 −0.380

R Frontal Inf Orb local efficiency 0.050 0.165 2.863 0.084

L Frontal Med Orb local efficiency 0.030 0.165 20.642 −0.457

L Amygdala betweenness centrality 0.027 0.319 12.015 −0.163

HC

NA NA NA NA NA NA
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Table 4.

Graph theory metric predictors of treatment response, determined with Spearman correlations between 

baseline graph theory metric and improvement in clinical assessment score (pretreatment minus post-treatment 

scores). Correlations were performed on aggregated patients (All PT), and with patients split by treatment 

cohort. P-values reported are uncorrected and from Spearman correlations. False discovery rate corrected p-
values (q-value) are determined with n=12 (number of regions of interest). Negative rho indicates that greater 

nodal metrics correlate with lesser clinical improvement. Abbreviations) CBT: cognitive behavioral therapy, 

SSRI: selective serotonin reuptake inhibitor, HAMA: Hamilton anxiety rating scale, HAMD: Hamilton 

depression rating scale, DASS: depression, anxiety and stress scale.

cohort region metric clinical assessment p-value q-value rho

All PT

NA NA NA NA NA NA

SSRI

R Frontal Sup Orb betweenness centrality HAMA 0.011 1.128 0.731

CBT

R Frontal Inf Orb strength HAMA 0.006 0.071 −0.716

L Frontal Med Orb local efficiency DASS 0.09 0.158 −0.576

L Hippocampus local efficiency DASS 0.005 0.055 −0.73

R Hippocampus local efficiency DASS 0.037 0.158 −0.581
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Table 5.

Graph theory metric correlates of treatment response as determined with Spearman correlations between 

change in nodal metric (determined by post-treatment minus baseline values) and improvement in clinical 

assessment score (pretreatment minus post-treatment scores). Correlations were performed on metrics that 

were found to significantly change with treatment by permutation test (p<0.05). P-values from correlations are 

reported uncorrected (p) and false discovery rate corrected (q) with n=7 (total number of correlations 

performed). Abbreviations) CBT: cognitive behavioral therapy, SSRI: selective serotonin reuptake inhibitor, 

HAMA: Hamilton anxiety rating scale, HAMD: Hamilton depression rating scale, DASS: depression, anxiety 

and stress scale.

cohort region metric clinical assessment p-value q-value rho

All PT

NA NA NA NA NA NA

SSRI

NA NA NA NA NA NA

CBT

L Frontal Sup Orb clustering coefficient DASS 0.008 0.084 0.694

L Frontal Med Orb clustering coefficient DASS 0.042 0.084 0.57

L Frontal Med Orb local efficiency DASS 0.019 0.075 0.639
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