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Abstract

Objective—Failure on performance validity tests (PVTs) is common in Veterans with histories of 

mild traumatic brain injury (mTBI), leading to questionable validity of clinical presentations.

Participants—Using diffusion tensor imaging (DTI), we investigated white matter (WM) 

integrity and cognition in 79 Veterans with history of mTBI who passed PVTs (n = 43; TBI-

Passed), history of mTBI who failed at least one PVT (n = 13; TBI-Failed), and military controls 

(n = 23; MCs) with no history of TBI.

Results—The TBI-Failed group demonstrated significantly lower cognitive scores relative to 

MCs and the TBI-Passed group; however, no such differences were observed between MCs and 

the TBI-Passed group. On a global measure of WM integrity (i.e., white matter burden), the TBI-

Failed group showed more overall WM abnormalities than the other groups. However, no 

differences were observed between the MCs and TBI-Passed group on white matter burden. 

Interestingly, regional WM analyses revealed abnormalities in the anterior internal capsule and 

cingulum of both TBI subgroups relative to MCs. Moreover, compared to the TBI-Passed group, 

the TBI-Failed group demonstrated significantly decreased WM integrity in the corpus callosum.

Conclusions—Findings revealed that, within our sample, WM abnormalities are evident in 

those who fail PVTs. This study adds to the burgeoning PVT literature by suggesting that poor 
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PVT performance does not negate the possibility of underlying WM abnormalities in military 

personnel with history of mTBI.
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matter; effort testing

INTRODUCTION

Invalid presentation of cognitive functioning during neuropsychological assessment limits 

clinical inferences and complicates diagnostic decision-making. Performance validity tests 

(PVTs) have been utilized in exams of Veterans with mild traumatic brain injury (mTBI) to 

provide objective measurement of whether observed cognitive test performances are valid 

and reliable. Failure on PVT measures has been associated with decreased cognitive test 

performance, evaluation context, and increased endorsement on post-concussion symptom 

checklists.1–9 The utility of PVTs in clinical populations has primarily been demonstrated by 

the failure to establish an association between poor PVT performance and bona fide clinical 

syndromes.10–12 The ease of the PVT task is such that even individuals with significant 

neurological deficits typically pass PVTs, 13,14 indicating that poor PVT performance is 

generally not a consequence of cognitive impairment. This insensitivity to cognitive 

impairment is further shown within TBI as those with more severe injuries demonstrate 

lower rates of poor PVT performance when compared to those with milder injuries.15–17 As 

such, PVT failure has largely been interpreted as a non-neurological factor that obscures the 

investigation of residual symptoms and cognition in Veteran mTBI samples.

The vast majority of research examining the role of PVTs in the context of a clinical 

evaluation has occurred in forensic settings where external incentives are salient.18, 19 In 

such settings, external financial or legal gain has been implicated as the source for PVT 

failure. However, in non-forensic settings, where there is less obvious motivation for 

secondary gain, why poor PVT failure occurs is less clear. Proposed explanations outside of 

direct monetary incentives include attempts to gain access to clinical care, overly focus on or 

exaggerate genuine deficits, adoption of social psychological factors (e.g., illness perception, 

diagnosis threat), and iatrogenic consequences.20–24 However, such explanations are largely 

speculative, and despite the increasing study of PVT performance in Veterans, 1–3,5–9 the 

clinical presentations of those who fail PVTs remain poorly understood.

While poor PVT performance alerts examiners to potentially invalid cognitive test 

performance and patterns of exaggerated symptom reporting, invalid test results do not 

negate the possibility of brain damage or genuine cognitive impairment25–28; thus non-

performance based biomarkers of neurotrauma (e.g., imaging findings) may therefore prove 

useful in determining the presence of damage that may be related to the reported symptoms 

and clinical outcome. For example, a recent study examined magnetic resonance 

spectroscopic (MRS) metabolites in a sample of Veterans with self-reported memory 

impairment and history of blast-related TBI in order to investigate correlates of brain 

alterations.28 Results of this study showed that those who failed PVTs demonstrated MRS 
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metabolite values roughly 1.5–2 standard deviations below the mean of control participants 

in the hippocampus, suggesting that a biological correlate of neural impairment was present, 

even in those who failed PVTs.

Clarifying whether underlying brain abnormalities are present among those failing PVTs is 

an important clinical issue, especially in Veterans’ health settings where TBI is regarded as 

the signature injury of the wars in Iraq and Afghanistan.29 Therefore, using diffusion tensor 

imaging (DTI), we investigated cerebral white matter (WM) microstructure of Veterans with 

reported histories of head injury and compared them to a military control (MC) sample 

without history of TBI. Our mTBI sample was subdivided into two groups on the basis of 

performances above or below recommended cut-points on PVTs. We hypothesized that, 

although cognitive test performance would be significantly reduced in the TBI-Failed group 

relative to the other two groups, the TBI-Failed group would consist of a mixed sample of 

those with and without WM microstructural damage; thus their level of WM damage was 

expected to fall between MC and PVT-passed groups.

METHODS

Participants

Study participants were 79 (TBI: n = 56, MCs: n = 23) Operation Enduring Freedom, 

Operation Iraqi Freedom, and Operation New Dawn (OEF/OIF/OND) service members who 

were recruited from the VA San Diego Healthcare System (VASDHS) and University of 

California, San Diego (UCSD) via word-of-mouth, posted recruitment fliers, and referrals 

from the VASDHS TBI Clinic. Only participants with mild TBI were included in the study, 

and of the TBI participants n = 43 passed PVT measures (TBI-Passed), while n = 13 failed 

(TBI-Failed). Study participants received comprehensive neuropsychological testing and 

MRI scanning, as well as administration of self-report measures of psychiatric 

symptomatology. All participants provided written and informed consent in compliance with 

the institutional review boards of the VASDHS and UCSD.

The following exclusionary criteria were applied to the study sample: (1) failure to complete 

PVT testing; (2) moderate or severe TBI; (3) current or past history of a significant 

neurological condition (e.g., seizures, multiple sclerosis); (4) current or past serious medical 

illness (e.g., cerebrovascular accident, myocardial infarction, etc.); (5) hearing or vision 

impairment that interfered with neuropsychological performance; (6) lack of English 

proficiency; (7) current psychiatric illnesses that are likely to impact brain morphometry 

and/or neuroendocrine functioning (e.g., schizophrenia, bipolar disorder); (8) current 

substance/alcohol abuse or dependence as indicated by concordance with the Diagnostic and 
Statistical Manual of Mental Disorders (Fourth Edition) criteria; (9) any contraindications to 

magnetic resonance scanning (MRI) (e.g., shrapnel, ferromagnetic implants); and (10) 

involvement in current or pending litigation.

TBI Diagnostic Procedure

Diagnosis of mild TBI was based on Department of Defense (DOD) and VA TBI Task Force 

guidelines for mTBI30: (1) Glasgow Coma Scale (when available) score of 13–15; (2) 
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presence and duration of loss of conciousness (LOC) ≤ 30 minutes; (3) presence and 

duration of alteration of conciousness (AOC) ≤ 24 hours; and/or (4) presence and duration of 

post-traumatic amnesia (PTA) of ≤ 24 hours. All participants were assessed for non-military 

(prior to or after discharge from the military) and military-related head injuries. Military-

related injuries were assessed separately for blast and blunt mechanisms of injury. With 

respect to blasts, participants are also asked to estimate total number of blast exposures, 

distance, and the direction from which the blast was initiated (i.e., front, back, left, right).

TBI relevant information was obtained via open-ended questionning and prompts via a lab-

based questionnaire modeled on the VA’s semistructured clinical interview for TBI 

identification.31 This measure was developed specifically to address the aims of the broader 

TBI study, and at present lacks the rigorous psychometric evaluation of more established 

clinical interviews31–33 and screening measures34–36 for TBI. However, this measure, is 

similar to other available instruments in that it addresses several key aspects of traumatic 

events including the number of head injuries sustained, important diagnostic data for each 

(e.g., duration of LOC, AOC, and PTA), and the mode of injury (i.e., blast or blunt force). 

Specifically, participants are asked to recall in detail any falls, fights, blast expsoures, 

sporting events, or any other experiences in which they may have hit, or suffered a blow to 

their head. A trained interviewer probed for details about diagnostic criteria (i.e., LOC, 

AOC, and PTA) and collected information with respect to whether injuries were occurred in 

combat, medical attention was received, and about the presence and persistence of 

neurological symptoms (i.e., nausea, headaches, fatigue, blurry vision) after each reported 

injury.

Neuropsychological Assessment

Participants completed a neuropsychological test battery that included: (1) Trail Making and 

Verbal Fluency tests of the Delis Kaplan Executive Function System (D-KEFS) 37; (2) 

California Verbal Learning Test-2nd Edition (CVLT-II)38; (3) Wisconsin Card Sorting Task- 

64 Card Version (WCST-64)39 and (4) Reading subtest of the Wide Range Achievement 

Test- 4th edition (WRAT-4) 40. Participants also completed self-report measures including 

the Neurobehavioral Symptom Inventory (NSI) 41; PTSD Checklist (PCL-M) 42; and Beck-

Depression Inventory-II (BDI-II). 43 Due to its later inclusion in the larger study, NSI data 

were available for only 45 TBI participants (TBI-Passed: n = 36, TBI-Passed: n = 9).

Assessments of Performance Validity

The Test of Memory Malingering (TOMM) is a stand-alone PVT designed to detect 

inadequate test motivation,14 and is especially sensitive and specific to detecting inadequate 

test engagement in head-trauma samples.44,45 Similarly, the CVLT-II Forced Choice 

Recognition (CVLT-FCR) is a brief, embedded measure of performance validity that has 

been validated in TBI samples.45 Invalid test performance was determined by a TOMM Trial 

2 score of less than 45 or CVLT-FCR less than 15.14,45

Neuroimaging Protocols, Processing, and Analysis

All participants underwent structural MRI and diffusion tensor imaging (DTI) at the UCSD 

Functional Magnetic Resonance Imaging Center. Scans were acquired on a 3T General 
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Electric MRI scanner using the MR750 platform. A radiologic technician with expertise in 

neuroimaging processing and analysis reviewed all structural scans for lesions.

Structural Scanning

A sagitally acquired high-resolution 3D T1-weighted anatomical MRI was collected with the 

following parameters: FOV = 24 cm, 256 × 256 × 192 matrix, .94 × .94 × 1 mm voxels, 176 

slices, TR = 20 ms, TE 4.8 ms., flip angle 12°, over approximately 7 minutes.

Diffusion Tensor Imaging

All DTI images were collected via dual spin echo EPI acquisition.46 The b=0 was used for 

anatomical reference. DTI scan parameters were: FOV = 240 mm, slick thickness = 3mm, 

matrix size 128 × 128, in-plane resolution = 1.875 × 1.875, TR 8000ms, TE 93 ms. Thirty-

four slices were acquired with 61 diffusion directions distributed on the surface of a sphere 

in conjunction with the electrostatic repulsion model47 and a b value of 1500 s/mm2, in 

addition to one T2 weighted image with no diffusion (β = 0). Distortions due to magnetic 

field heterogeneity were corrected with two field maps with identical spatial parameters as 

those of collected DTI scans. Total scan time for DTI acquisition and field mapping was 

approximately 12 to 16 minutes.

DTI was used for in vivo quantification of the direction and magnitude of water molecules 

within WM.48 Fractional anisotropy (FA) is a directional measure of diffusion ranging from 

0 (isotropic diffusion) and 1 (perfectly anisotropic diffusion) that is reflective of fiber 

integrity.49–52 Subsequent DTI parameters are obtained through diagonalization and 

resulting eigenvalues provide further information about WM microstructures.48, 52 

Specifically, axial diffusivity (AD) defined by the principal eigenvalue (i.e., AD = λ1), 

reflects the degree of diffusion parallel to axon fibers.51,53 Decreased AD has been shown to 

be reflective of axonal injury in ischemic WM lesions.54 Radial diffusivity (RD) was defined 

as the average of the second and third eigenvalues (i.e., RD = (λ2 + λ3)/2), and is a measure 

of diffusivity perpendicular to axonal fibers.49,53 Increased RD has been linked to 

demyelination after traumatic injury.53 DTI Processing. DTI image processing was 

performed utilizing the Oxford Centre for Functional Magnetic Resonance Imaging of the 

Brain (FMRIB) Software Library (FSL). 55 Two field maps were utilized to unwarp EPI 

acquisitions and all images were correction for motion artifact using the eddy correct FSL 

command. Visual inspection of all images was performed for quality assurance and the FSL 

bet command was utilized to remove non-brain voxels from analyses. The FSL program 

ditfit framed a diffusion tensor model to each voxel in order to generate the DTI index of FA 

and corresponding eigenvalues on a voxel-by-voxel basis.

Tractography

Using the Fiber Assignment by Continuous Tracking (FACT) method,56 fiber tracts were 

generated in TrackVis (MGH) according to “seed points” placed in regions of interest 

(ROIs). This occurred via bilateral seed point placement within the following WM tracts: 

anterior and posterior limbs of the internal capsule (IC); genu, body and splenium of the 

corpus callosum (CC); the fornix; and cingulum bundle. A blind rater placed seed ROIs in 

every subject’s color-map image in TrackVis. A color-coded scheme, seen by loading the 
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principle eigenvector image in FSL, was generated to display each voxel’s main orientation 

of diffusion. This information, in conjunction with a non-diffusion weighted map, allowed 

the rater to delineate seed point ROIs for fiber tracking. A mean FA, AD, and RD value was 

extracted from the length of each track and utilized for composition of our main outcomes 

measures of white matter burden. The reduction of partial voluming effects due to 

encroaching gray matter was achieved by the inclusion of voxels with FA values greater 

than .2057, and irregular tracking was restricted by the implementation of an angle threshold 

of 41.4 degrees.58

Region of Interest Seeding

Internal capsule—DTI segmentation of the IC followed Wakana and colleagues’ 

procedures.59 ROI placement for the anterior IC occurred within green-colored voxels (see 

Figure 1). ROI seeds were placed in the axial plane between the putamen and caudate. ROI 

placement for the posterior IC occurred within blue-colored voxels. ROI seeds were placed 

medial to the lenticular nucleus (pallidum and putamen) and lateral to the thalamus.

Corpus Callosum—The entire CC was tracked by ROI seed placement within red-colored 

voxels in a mid-saggital slice of known CC anatomy utilizing Wakana and colleagues 

procedures.59 Subdivisions of the CC (e.g., genu, body, splenium) were identified using an 

adapted fiber tracking method.60 Cingulum: Placement occurred within green-colored voxels 

inferior to the cingulum gyrus and superior to the corpus callosum in the coronal plane. 

Distinct ROIs were placed for the anterior, middle, and posterior aspects of the cingulum 

following Concha et al. methodology.61 Fornix: Per Concha and colleagues, 61 ROI 

placements occurred in the body, crus and column.

Total WM Burden

Overall white matter burden (WMB), an index of global WM integrity, was calculated to 

capture the number of ROIs with compromised WM integrity (see 62). This measure reduces 

individual variability due to the heterogeneous nature of TBI, has been demonstrated to 

distinguish TBI participants from controls, and is a more tightly associated with reduced 

cognition relative to DTI-derived ROI indices.62 First, z-scores were calculated for the 10 

ROIs of interest across each DTI index using the MCs’ means and standard deviations. Next, 

WMB was calculated by summing the total number of ROIs greater than 1 standard 

deviation below the control mean for FA and AD, separately. As increased RD may be 

indicative of membrane permeability or demyelination, 53 WMB for RD was calculated by 

summing the total number of ROIs greater than 1 standard deviation above the control mean. 

In all, 3 WMB variables were generated for each DTI index and total WMB loads ranged 

from 0 to 10. Higher WMB (e.g., 10) is indicative of a greater number of ROIs that 

displayed values below (for FA and AD) or above (RD) the control means and is 

representative of worse overall WM integrity.

Statistical Analyses

Formal group comparisons for all categorical data utilized chi-squared analyses. For 

continuous data, Shapiro Wilk’s test was conducted to determine whether the assumption of 

normality was met, while Levene’s test was utilized to determine whether there were 
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homogeneous variances between the groups. For quantitative data, outlier analyses were 

conducted using Hoaglin and Igelwicz63 recommendations, which are more sensitive and 

appropriate for non-normal distributions and small-to-moderate sample sizes.63,64 Group 

comparisons for continuous data were conducted using the one-way analysis of variance 

(ANOVA) tests, followed by planned contrast testing (t- tests). For WMB and 

neuropsychological variables, multiple comparison corrections were conducted using 

Tukey’s Honestly Significant Differences (HSD). Dunnett’s T3 was used for multiple 

comparisons when there was heterogeneous variances between the groups and no multiple 

comparisons corrections were not performed for group comparisons of WM ROIs due to the 

exploratory nature of these analyses. The Kruskall-Wallis test was conducted to verify any 

findings in which the assumption of normality was violated. All statistical analyses were 

conducted using the Statistical Package for the Social Sciences (SPSS) version 21 (SPSS 

IBM, New York, USA). 65

RESULTS

PVT Performance

No MCs performed below PVT cut-off scores. Of those with TBI, 43 passed both PVTs 

(TBI-Passed) and 13 failed at least one PVT (TBI-Failed) reflected as obtaining a score 

below published cutoffs on either test. Within the TBI-Failed subgroup, nine individuals 

(69.2%) scored below threshold on the CVLT-FCR, three scored below threshold on only the 

TOMM (23.1%), and one individual (7.7%) scored below threshold on both measures. There 

were no individuals who scored below chance on the CVLT-FCR or the TOMM. This overall 

rate of poor PVT performance within the sample (16%) is commensurate with previously 

reported PVT failure rates in Veteran mTBI samples within a research context.7

Participant Demographic and Clinical Characteristics

Participant demographics, injury characteristics, and self-reported symptom rating scales are 

presented in Table 1. The groups did not significantly differ with respect to age or gender 

(all p-values > .10); however, ANOVA revealed significant differences with respect to years 

of education (p = .02). Both the TBI-Passed and TBI-Failed subgroups demonstrated 

significantly fewer years of education than the MC group (p = .03, p = .01, respectively), yet 

there were no differences in years of education between the TBI-Passed and TBI-Failed 

subgroups. There were no group differences with respect to estimated premorbid verbal 

ability (WRAT Reading, p > .10). However, chi-squared analysis revealed the groups 

significantly differed with respect to ethnicity (p = .001), with the TBI-Passed subgroup 

comprised of more Hispanic individuals compared to the MCs and the TBI-Failed group.

ANOVAs revealed the TBI-Passed and TBI-Failed subgroups did not differ in percentage of 

individuals with blast exposure, number of self-reported blast events, or most TBI 

characteristics (all p-values > .10). The last TBI event for the TBI-Failed subgroup was 

closer in time to the date of assessment than the TBI-Passed group (p = .02). The groups 

significantly differed in terms of self-reported psychiatric and neurological symptoms (all p-

values < .001). Both the TBI-Passed and TBI-Failed subgroups showed significantly greater 

BDI, and PCL scores (all p’s < .001) when compared to MCs. The TBI-Failed subgroup 
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endorsed significantly greater psychiatric and neurobehavioral symptoms when compared to 

the TBI-Passed subgroup (all p-values < .05).

Exploration of WMB Indices

One-way ANOVAs were used to examine whether there were group differences on WMB. 

The independent variable utilized in each analysis represented the three groups: MCs, TBI-

Passed and TBI-Failed. The dependent variables were WMB indices of FA, RD and AD. See 

Table 2 for means, standard deviations and significance levels. With respect to FA-WMB, 

outlier analyses revealed there were no extreme values across any of the groups. The 

Shapiro-Wilk test demonstrated the fundamental assumption of normality was violated 

across both the MCs and TBI-Pass groups (all p’s < .001), but not the TBI-Failed group (p 
= .328). Visual inspection of the distributions for each group showed positively skewed 

distributions for the MCs and TBI-Pass group, while the distributions for the TBI-Failed 

group appeared relatively uniform in shape. Additionally, Levene’s test of homogeneity of 

variances was not significant, (F (2, 76) = 2.319, p = .105), indicating this underlying 

assumption was met and outlier analyses revealed no extreme values.

ANOVA showed a statistically significant main effect of group, (F (2,76) = 5.310, p = .007, 

η2
p = .12), for FA-WMB. Follow-up contrasts demonstrated that the TBI-Failed subgroup 

had significantly greater FA-WMB (more ROIs differed from that of controls) than both the 

MC (Cohen’s d = 1.08, p = .006) and TBI-Passed (Cohen’s d = .83, p = .018) groups (see 

Figure 2). However, no significant differences were observed between MCs and the TBI-

Passed groups (p > .50). Although the one-way ANOVA is generally robust against 

violations of non-normality66, non-parametric statistics were used to verify findings. The 

Kruskal-Wallis test revealed there was a statistically significant difference between the 

groups on FA-WMB (χ2 (2)= 7.647, p = .022) with a mean rank of 34.22 for the MCs, 38.58 

for the TBI-Passed group, and 54.92 for the TBI-Failed group. Post-hoc analyses of the 

Kruskal-Wallis test revealed similar differences between the groups; that is, mean ranks for 

TBI-Failed group were statistically significant from both the TBI-Passed (p = .020) and MC 

(p = .007) groups, but there were no significant differences (p = .446) between the MCs and 

TBI-Passed groups.

With respect to RD-WMB, Shapiro-Wilk tests revealed the distributions of all groups were 

not normally distributed (p’s < .05). Visual inspection of the distributions for each group 

showed positively skewed distributions for the MCs and TBI-Pass group, while the 

distribution for the TBI-Failed group appeared relatively uniform in shape. Outlier analyses 

revealed there was an outlier (MCs group; value of 10), which was removed prior to 

conducting subsequent analyses. Levene’s test demonstrated the fundamental assumption of 

for homogeneous variances was met (F (2, 75) = 1.241, p = .295). Inspection of the group 

means for the RD-WMB showed a WMB pattern similar to that of FA-WMB (MCs < TBI-

Passed < TBI-Failed). However, ANOVA revealed there was no main effect of group (F 
(2,75) = 2.040, p = .137), nor did follow-up contrasts reveal any significant differences 

between the groups (all p’s > .05). The Kruskal-Wallis test revealed there were no significant 

differences between the groups on RD-WMB (χ2 (2)= 5.014, p = .082) as well.
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With respect to AD-WMB, Shapiro-Wilk tests revealed the fundamental assumption of 

normality was violated across all groups (all p’s < .005). Visual inspection of the 

distributions for each group showed positively skewed distributions for the MCs and TBI-

Pass group, while the distributions for the TBI-Failed group appeared relatively uniform in 

shape. Outlier analyses revealed two outliers (MCs group, value of 10; TBI-Pass group, 

value of 7), which were removed prior to conducting the group analyses. Levene’s test 

revealed the groups had heterogeneous variances was not met, (F (2, 74) = 5.941, p = .004) 

therefore, group differences were examined via the more appropriate Welch ANOVA.67 The 

Welch ANOVA is especially robust to both violations of normality and heterogeneous 

variances.67–69 Inspection of the group means for the AD-WMB showed a pattern similar to 

that of the other WMB indices (MCs < TBI-Passed < TBI-Failed). However, results revealed 

no main effect of group (F (2, 28.546) = 2.348, p = .114), nor follow-up contrasts revealed 

there were any significant differences between the groups (all p’s > .05). The Kruskal-Wallis 

test was not conducted for AD-WMB, as this test is not robust to heterogeneous variances.70

Exploration of WM ROIs

ANOVAs were conducted to examine differences across WM ROIs (see Table 3). There 

were some violations of normality and heterogeneity across the groups; however, when 

Kruskal-Wallis tests were conducted for variables with non-normal distributions, the results 

did not differ from ANOVA results. Outlier analyses revealed no extreme values.

In regards to FA, there was a main effect of group for the left cingulum (η2
p = .09, p = .02) 

and left posterior IC (η2
p = .10, p = .01). Post-hoc analyses revealed no significant 

differences across all ROIs between MCs and the TBI-Passed subgroup. However, there 

were significant FA reductions in the TBI-Failed subgroup for the right anterior IC (Cohen’s 

d = .69, p = .04), left cingulum (Cohen’s d = 1.04, p = .01), and left posterior IC (Cohen’s d 
= 1.14, p < .01) when compared to MCs. Moreover, the TBI-Failed subgroup demonstrated 

significantly lower FA for the left cingulum (Cohen’s d = .67, p = .04), and in the body 

(Cohen’s d = .71, p = .04) and splenium (Cohen’s d = .69, p = .03) of the CC in comparison 

to the TBI-Passed subgroup. All other FA ROIs did not reach significance (all p’s > .05).

In regards to RD, there was a significant main effect of group for the left (η2
p = .09, p = .01) 

and right (η2
p = .08, p = .03) anterior IC, as well as for the left cingulum (η2

p = .09, p = .

04). Post hoc analyses revealed increased RD in the TBI-Passed subgroup for the left 

(Cohen’s d = .86, p < .01) and right (Cohen’s d = .63, p = .02) anterior IC, in addition to the 

left cingulum (Cohen’s d = .53, p = .04) when compared to MCs. Similarly, increased RD in 

the TBI-Failed subgroup was observed for the right anterior IC (Cohen’s d = .71, p = .03), in 

addition to the left (Cohen’s d = .79, p = .02) and right (Cohen’s d = .71, p = .03) cingulum 

relative to MCs. All other RD ROIs did not reach significance, nor were there any significant 

differences between the TBI-Passed and TBI-Failed subgroups detected (all p’s > .05).

ANOVA revealed a main effect of group for AD of the CC body (η2
p = .08, p = .04). Post 

analyses revealed that compared to MCs, the TBI-Passed subgroup showed decreased AD 

for the left anterior IC (Cohen’s d = .24, p = .02), yet there were no significant differences 

between MCs and the TBI-Failed subgroup across any ROI. However, the TBI-Failed 

subgroup showed significantly reduced AD in the body (Cohen’s d = .82, p = .01) and 
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splenium (Cohen’s d = .68, p = .05) of the CC, relative to the TBI-Passed subgroup. All 

other AD ROIs did not reach significance (all p’s > .05).

Neuropsychological Test Performances

There were some violations of normality, yet all variances were homogenous across the 

groups for each neuropsychological variable. Outliers were removed prior to group analyses 

and Kruskal-Wallis tests revealed the results did not differ from ANOVA results. ANOVA 

results are presented in Table 4. One-way ANOVAs revealed significant group differences 

across CVLT-II and D-KEFS variables (all p-values < .05), and post hoc comparisons 

revealed that the TBI-Failed subgroup performed significantly worse than both MCs and the 

TBI-Passed subgroup across multiple tests (all p’s < .05). When the TBI-Passed subgroup 

was directly compared to MCs, results revealed that the TBI-Passed subgroup generally 

demonstrated significantly poorer performance across multiple cognitive measures (all p’s 

< .05).

DISCUSSION

Using DTI, we explored neuroimaging biomarkers of WM microstructure in Veterans with 

history of mTBI who failed performance validity tests (PVTs), those with mTBI who passed 

PVTs, and military controls with no neurotrauma history. The groups significantly differed 

in FA-WMB, an aggregate score reflecting the number of ROIs in which there is a 

significant deviation from the control mean. Specifically, the TBI-Failed subgroup showed 

greater WMB when compared to either MCs or TBI-Passed subgroups; and no significant 

differences in WMB were observed between MCs and the TBI-Passed subgroup. 

Exploratory analyses of WM tracts revealed decreased WM integrity across both TBI 

subgroups when compared to MCs. Furthermore, in line with our WMB findings, there were 

significant WM alterations across several ROIs in the TBI-Failed subgroup relative to the 

TBI-Passed subgroup. Finally, significantly lower cognitive scores were observed in the 

TBI-Failed group relative to both the MCs and TBI-Passed group.

While some studies show notable and robust abnormalities of WM microstructure in both 

civilians and Veterans with mTBI when compared to control groups, 71–74 other studies have 

failed to find such differences.75–77 Reasons for variability across studies remain unclear, but 

could be related to heterogeneity of diagnostic criteria used,78,79 differences in clinic-

pathologic characteristics of mTBI, 80 and variation in imaging acquisition or analysis 

techniques.81, 82 Further complicating matters, many military controls are exposed to blast 

during their service, and there is debate regarding whether blast exposure causes measurable 

brain structural alterations.83,84 General exposure to blast may obscure group differences 

between controls and mTBI participants.

Contrary to expectations, comparisons between the TBI subgroups revealed a greater degree 

of overall WM damage in the TBI-Failed subgroup when compared to the TBI-Passed 

subgroup. Examination of WM ROIs showed a similar pattern and revealed an increased 

level of WM microstructural abnormalities across commissural tracks in the TBI-Failed 

subgroup relative to the TBI-Passed subgroup. Those with poor PVT performance in our 

study generally displayed worse WM integrity and reported elevated psychiatric symptoms. 
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Thus, those who fail PVTs may subjectively experience greater cognitive or psychiatric 

difficulties than those who pass PVT measures because of greater underlying brain 

abnormalities. Consistent with this possibility, a study by Lippa and colleagues85 showed 

that poor PVT performance, above and beyond various demographic and injury factors, 

predicted less community integration and participation in Veterans with mTBI. Findings of 

their study are of particular importance as the veracity of impairment may be called into 

question due to poor PVT performance. Results of the present study align with those of 

Lippa and colleagues85 and underscore the possibility that individuals who fail PVTs may in 

fact experience considerable difficulties and be in need of clinical resources, as the increased 

symptom endorsement, albeit potentially exaggerated, may be associated with genuine 

structural impairments.

Although we failed to detect differences between MCs and the TBI-Passed group on our 

global measure of WM integrity (WMB), ROI analyses revealed WM alterations across both 

TBI subgroups relative to MCs. More specifically, both TBI subgroups demonstrated 

consistent WM alterations in the anterior IC and cingulum. Importantly, these fronto-limbic 

and fronto-striatal tracts connect regions critical for emotional and higher-order cognitive 

functioning, and may be especially vulnerable to shear and tensile strain that occurs during 

neurotrauma. 86,87 Additionally, ROI analyses between the TBI-Passed and TBI-Failed 

subgroups revealed significantly decreased FA and AD in the body and splenium of the CC 

in the TBI-Failed subgroup. As detailed in a meta-analysis by Aoki et al.88, the unique 

organization of the CC may contribute to its increased vulnerability to neurotrauma when 

compared to less organized tracts. Furthermore, the falx cerebri may come into contact with 

the anterior and posterior aspects of the CC, acting as a fulcrum in the mechanical distortion 

of the CC during trauma. As such, disrupted inter-hemispheric communication, or 

integration of the CC with frontal and temporal lobes, may play a pivotal role in the clinical 

presentation of the TBI-Failed subgroup. Mechanisms behind lower FA-WMB in the TBI-

Failed subgroup are unclear. The TBI-Failed subgroups reported slightly greater LOC 

durations and were closer in proximity to incurred head injuries; thus, it is possible the 

increased WM damage within the TBI-Failed subgroup may be the product of more severe75 

and less remote injuries.89 It must be acknowledged that a number of studies have 

demonstrated associations between DTI-measured WM differences and psychiatric 

symptoms.90–92 In other words, it is possible that WM damage contributes to increased 

psychiatric symptomatology within the TBI-Failed subgroup and better explains observed 

WM differences between the groups.

Clinical decision-making in the context of PVT failure is complex and several theories have 

been proffered to explain possible factors behind poor PVT performance. Bigler26,27 has 

noted that at least some PVT failures may be related to neurological deficits,93–95, or 

disruption of brain regions actively engaged during PVT performance (see Bigler26 for 

review). For example, performance during the Word Memory Test, a commonly used PVT, 

initiates activation of fronto-executive neural systems96,97 which have been linked to 

structural impairments in both civilians and Veterans with mTBI.73,74 Additionally, the 

practice of dichotomizing PVT performance may be limiting, as useful information may be 

gleaned from the evaluation of PVT performance on a continuum.26,27,98 Clearly, additional 
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research examining these proposed hypotheses—especially in the context of neuroimaging 

findings—is needed.

To the best of our knowledge, this represents the first study to compare the structural 

integrity of cerebral WM tracts between those who pass and fail PVTs in the context of 

military TBI. However, there are some weaknesses of our study that are important to note. 

For example, diagnosis of TBI within this study relies largely on restropective self-report 

and may be subject to recall bias; although this is a common limitation in TBI assessment, 

and it must be acknowledged that these time differences may have caused differential effects 

between the groups99. Importantly, the reliability and validity of the TBI measure utilized 

has not been established, though such efforts are currently underway. In addition, poor PVT 

was defined by reduced performance on at least one of two measures, and the application of 

stricter criteria,100 may have yielded different findings. The majority of those with poor PVT 

performance in our study failed the CVLT-FCR (n = 9), as opposed to the TOMM (n = 3), 

which may be a reflection of varying degrees of sensitivity and specificity of each test. 

Moreover, recently, there has been a distinction made between PVTs and symptom validity 

tests (SVTs)101, as SVTs may better speak to self-reported symptomatic complaints. 

Furthermore, although our sample is likely representative of OEF/OIF/OND Veterans with 

history of mTBI, our current sample was relatively small, therefore sampling bias must be 

considered and replication of these findings is needed. Finally, due to the exploratory nature, 

ROI analyses were not corrected for multiple comparisons, thus there is an increased 

likelihood of Type I error.

Taken together, our results demonstrate that WM microstructural alterations were evident in 

a sample of Veterans with mTBI who failed PVTs, and the extent of WM damage in this 

subgroup was unexpectedly greater than those with mTBI who passed PVTs. Results of the 

current study highlight that, despite the understandable cautious interpretation of cognitive 

scores in the context of poor PVT performance, such individuals may still have genuine 

deficits owing to the presence of WM abnormalities. As our understanding of the 

relationship between measures of WM microstructure and cognitive functions improves, 

DTI may represent an invaluable marker and objective measure of WM damage and poor 

clinical outcome.
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Figure 1. 
Fiber tracks of interest
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Figure 2. 
Fractional Anisotropic Index of White Matter Burden by Group

# p = .01, * p = .02
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Table 1

Participant Characteristics, Mean (SD)

Controls TBI-Passed TBI-Failed p-value

N 23 43 13

Age 32.9 (7.9) 32.9 (8.2) 31.5 (8.5) p = .86

* Gender (men: women) 16:7 38:5 12:1 p = .11

* Ethnicity

 Caucasian 19 17 9

 African American 1 5 0 p < .001

 Hispanic 0 16 1

 Asian 0 2 3

 Other 3 3 0

Years of Education 15.1 (2.0) 14.1 (1.6) 13.5 (1.9) p = .02

WRAT Reading Standard Score 101.3 (16.9) 99.4 (14.4) 98.9 (8.0) p = .85

Number of mTBIs - 2.4 (1.3) 3.2 (2.0) p = .11

*% Reporting Blast exposure - 69.8% 69.2% p = .97

# Self reported Blast exposures - 4.1 (12.92) 4.8 (7.0) p = .85

*% Reporting any LOC - 53.5% 76.9% p = .12

“Worst” TBI LOC duration in minutes - 6.08 (9.3) 7.25 (7.0) p = .75

Months Since Last TBI - 64.37 (43.8) 34.00 (20.3) p = .02

NSI Total Score - 32.7 (17.4) 48.8 (10.8) p = .01

BDI-II Total Score 3.0 (4.3) 19.1 (11.1) 28.3 (13.3) p < .001

PCL-M Total Score 19.9 (4.1) 43.6 (17.0) 63.8 (10.4) p < .001

*
Likelihood ratio utilized, WRAT = Wide Range Achievement Test-4; NSI = Neurobehavioral Symptom Inventory; BDI-II = Beck Depression 

Inventory-II; PCL-M = Posttraumatic Stress Disorder Symptom Checklist-Military
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