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Abstract

Background Blast-explosion may cause traumatic brain injury (TBI), leading to post-concussion syndrome (PCS). In
studies on military personnel, PCS symptoms are highly similar to those occurring in post-traumatic stress disorder
(PTSD), questioning the overlap between these syndromes. In the current study we assessed PCS and PTSD in civil-
ians following exposure to rocket attacks. We hypothesized that PCS symptomatology and brain connectivity will be
associated with the objective physical exposure, while PTSD symptomatology will be associated with the subjective
mental experience.

Methods Two hundred eighty nine residents of explosion sites have participated in the current study. Participants
completed self-report of PCS and PTSD. The association between objective and subjective factors of blast and clini-
cal outcomes was assessed using multivariate analysis. White-matter (WM) alterations and cognitive abilities were
assessed in a sub-group of participants (n=46) and non-exposed controls (n=16). Non-parametric analysis was used
to compare connectivity and cognition between the groups.

Results Blast-exposed individuals reported higher PTSD and PCS symptomatology. Among exposed individuals,
those who were directly exposed to blast, reported higher levels of subjective feeling of danger and presented WM
hypoconnectivity. Cognitive abilities did not differ between groups. Several risk factors for the development of PCS
and PTSD were identified.

Conclusions Civilians exposed to blast present higher PCS/PTSD symptomatology as well as WM hypoconnectivity.
Although symptoms are sub-clinical, they might lead to the future development of a full-blown syndrome and should
be considered carefully. The similarities between PCS and PTSD suggest that despite the different etiology, namely,
the physical trauma in PCS and the emotional trauma in PTSD, these are not distinct syndromes, but rather represent
a combined biopsychological disorder with a wide spectrum of behavioral, emotional, cognitive and neurological
symptoms.
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Introduction

Blast-explosion may cause a traumatic brain injury
(TBI) with injury magnitude depending on factors such
as blast energy and distance from the epicenter [24]. In
mild-TBI (mTBI), a variety of physical, emotional, and
cognitive symptoms are reported [76], and when these
persist over three months, they are referred to as post-
concussion syndrome (PCS, [63]. The pathophysiology
underlying PCS is not-yet fully understood, since simi-
lar symptomatology is reported in other trauma victims
[5, 11, 21, 49],see also reviews by, [19, 31, 59]) specifi-
cally in individuals with post-traumatic stress disorder
(PTSD). PTSD can develop following exposure to a life-
threatening event, if the individual felt in-danger, and
suffers from re-experiencing, avoidance, hyper-arousal
and negative alterations in cognition and mood [1, 2].
The peritraumatic response (i.e., feeling in danger,
scared, or helpless at the time of the event) is a poten-
tial predictor for future PTSD [8, 9]. The high co-occur-
rence of mTBI and PTSD, especially in blast-related
head injury [41, 46], questions the role played by the
objective physical blast in causing such symptoms, and
thus, should be further addressed.

Whereas other types of brain injury can be assessed
using routine neuroimaging, PCS remains a challenge
for such assessment, since the damage is associated
with small, diffused, brain alterations (i.e., diffuse axonal
injury, DAI) that cannot be reliably viewed on conven-
tional computerized tomography (CT) or Magnetic Res-
onance Imaging (MRI) scans. DAI reflects white-matter
(WM) damage from sustained forces acting on the brain,
shearing axons and microscopic changes [30, 81] and can
be visualized using diffusion-tensor imaging (DTIL, [7,
26, 44, 53, 56, 83]. Microstructural changes in the brain
were evident in rats following exposure [85] and repeated
exposure [4] to blast wave, suggesting these might under-
lie PCS symptomatology in humans as well. Despite
inconsistencies see reviews by [3, 52] numerous mTBI
studies in humans report abnormal diffusion in frontal
association, projection, and commissural fibers [29, 40,
44, 53, 56, 65, 66, 83] suggesting these might play a role in
PCS. In addition, studies exploring populations exposed
to single and repetitive traumatic events with [12, 45]
or without [37, 38] mTBI have emphasized that these
individuals show selective impairments in several cog-
nitive and emotional domains [54],see also a review by
[33]. In this manner, studies conducted in both concus-
sive (mTBI) and non/subconcussive blast exposed par-
ticipants, reported WM anatomical connectivity damage
[74, 77]) and brain functional connectivity alterations
[61, 62] which may explain the cognitive deficits exhib-
ited by these participants.
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The exposure to an explosion might lead to blast-
related TBI [64], with damage to the brain tissue
resulting of the blast-wave induced by the changes in
the atmospheric pressure (primary blast injury), from
objects in motion that might hit the head (secondary
blast injury), or by the person being forcefully put in
motion by the blast (tertiary blast injury) [75]. Impor-
tantly, these injuries are attenuated as a factor of the
distance from the blast epicenter as well as the location
of the explosion (i.e., open field or confined space) and
whether the person was directly exposed to the blast or
was protected by a shield [82].

Whereas blast-related TBI can occur in civilian set-
tings, most studies in the field were conducted on mili-
tary personnel leaving the etiology and prognosis of
civilian blast-related TBI unaddressed [18]. Civilians
exposed to constant stress (continued threats of blasts
explosions as well as actual experiences such as missiles
attacks) may show blast-related psychological response
as described in military personnel [57]. This psycho-
logical response may include behavioral, emotional,
cognitive and brain related dysfunctions that are not
sufficiently defined by the standard measures of PTSD,
highlighting the need to study the impact of blast in
this population. Knowledge and improved understand-
ing of blast induced long-lasting symptoms in civilians
can help clinicians to facilitate treatment recommenda-
tions in this population.

The current study employed a multidisciplinary
approach to examine PCS/PTSD unique and overlap-
ping features in blast-exposed civilians. As Physical and
mental exposures were examined by studying subjec-
tive self-reported symptomatology, objective measures
of cognitive abilities, and objective WM alterations.
We hypothesized that exposure to blast would lead to
PCS/PTSD symptoms. Specifically, we hypothesized
that blast impact would lead to objective WM altera-
tions and cognitive deficits manifesting as PCS symp-
toms; and that mere exposure to blast would lead to a
subjective emotional experience manifesting as PTSD
symptoms.

Methods

Standard protocol approvals, registrations and patient
consents

The study was approved by the Soroka University Medi-
cal Center Institutional Review Board (IRB) and all
participants gave their written informed consent for
participation. The current study is an ecological obser-
vational evaluation of clinical symptomatology, cogni-
tive abilities, and neuroimaging in a non-clinical exposed
population sample that was conducted in two phases.
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Phase 1

Identification of recruitment sites

Following the completion of operation “Protective-Edge”
in Israel (July—August 2014), rocket explosion sites were
identified within the residential area of the city of Beer-
Sheva using military official reports and media coverage,
cross-linked, and verified with local citizens’ reports.
Four explosion sites, sustaining only one BM-21 Grad
missile explosion during the operation, and never sus-
taining similar events in the past 10 years, were chosen.

Participants’ recruitment and screening

Participants’ enrollment began three weeks after the
last rocket attack in the city of Beer-Sheva (August
2014) and lasted for~2 years. Recruitment was per-
formed from all four sites in parallel. Systematic door-
to-door screening was performed by study personnel in
and near the impact sites, starting from the vicinity of
the explosion areas and up to a radius distance of 500 m
from the explosion site. To maximize the number of
respondents, door-to-door screening was performed
not during working hours, namely, in the afternoon, or
evening. Participants above the age of 18 who agreed
to participate in the study were recruited. Individuals
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who were unable to sign an informed consent form
and/or complete self-report questionnaires, as well as
individuals who were not living in the same address or
were not in their home during the missile attack, were
excluded from the study. Upon meeting all inclusion
criteria, participants were given an explanation about
the study and signed an informed-consent form.

Overall, 301 Beer-Sheva residents living in a range of
500 m from four impact sites were recruited to “phase
1”7 of the study, twelve of whom had met exclusion cri-
teria, thus a total of 289 individuals participated in this
phase of the study (see CONSORT table, Fig. 1). Of the
289 participants, 58 were directly blast-exposed partici-
pants and 231 indirectly blast-exposed participants (see
below).

Blast physical exposure assessment

Measures of residence-distance from the impact site
were collected from maps, air photographs, and physi-
cal survey of the site. Following previous work on ani-
mal models and military personnel, the exposure of
each participant to blast was evaluated according to
his/her residency address, based on two parameters:

Recruited (n = 301)

Excluded (n =12)
Did not meet
inclusion criteria

Phase 1

—_—
A

Included (n = 289)

Phase 2

Included (n = 62) |

Unexposed controls

=16)

Excluded (n=1)
Did not complete
cognitive assessment

Exposed individuals
(direct and indirect)
(n=46)
Excluded (n=4)
EE— Did not meet

MRI criteria

Brain imaging (DTI) and cognitive assessment

Fig. 1 Consolidated standards of reporting trails (CONSORT) table describing chronologic study phases



Saar-Ashkenazy et al. BMC Psychiatry ~ (2023) 23:423

(a) Distance from impact site— the aerial distance (in
meters) of the residence building from the impact
site.

(b) Level of exposure — residency addresses were
classified as “directly-exposed” when the residency
building was in open “sightline” to the explosion
site allowing full blast wave exposure, or “indirectly-
exposed” when such a sightline was obstructed by
other structures.

Demographic and clinical symptom reports
Participants completed the following self-report ques-
tionnaires, with the presence of study personnel:

(a) Demographic (e.g., age, gender, employment his-
tory, as well as physical and mental health record)
and rocket exposure questionnaires.

(b) The Rivermead Post-concussion syndrome Ques-
tionnaire (RPQ; [34]: a self-report measure of PCS
assessing symptom severity following mTBI, con-
sisting of 16 post-concussion symptoms (test—retest
reliability ~ 0.89). Participants are asked to rate the
severity of each item over the past 24 h, by com-
paring the severity of each symptom to how it was
before the injury occurred. Responses are scored on
a 5-point Likert scale ranging from ’'0’="not expe-
rienced at all” to '4’="severe problem” As no uni-
versal benchmark for scoring the RPQ exists [79],
we extracted three different scores to describe the
severity of post concussive symptoms: a RPQ-Total
scores: calculated by adding up the scores for all
symptoms, except for ratings of 1 which meant that
the symptoms had not changed since the injury.
A total sum score equal or higher than 12 implies
PCS,b RPQ-3: sum scores of the first three items
in the questionnaire (Headache, Nausea/Vomit-
ing, Dizziness, requiring one or more symptom
to reach a cutoff,and ¢ RPQ-13: sum scores of the
latter 13 items (excluding the first three items. The
last two scores relate to distinct PCS clusters,where
the RPQ-3 describes more early, predominantly
physical symptoms, the RPQ-13 describes more
late, predominantly psychological symptoms [20].
The current study employed a widely-used Hebrew
translated version of the RPQ (see also [35, 50].)

(c) The Post-Traumatic Diagnostic Scale for DSM IV
[22, 23] is a self-report measure of PTSD related
to a single identified traumatic event (Cronbach’s
Alpha reliability =0.92). The PDS assesses the pres-
ence and nature of the trauma (item Al), the emo-
tional subjective response during the event (item
A2), as well as symptom severity (i.e., items B-D).
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The subjective response (A2) includes a positive
response to at least one of the following questions:
“Did you feel in danger?’, “Did you feel helpless?’,
and “Did you feel scared?” Symptom severity, on
each of the 17 DSM-IV PTSD symptoms, is rated
on a scale from 0 (“not at all/ only one time”) to 3
(“5 or more times a week/almost always”), with total
scores ranging from 0-51. In the current study we
examined both the subjective response and overall
severity. The current study employed a widely-used
Hebrew translated version of the PDS see also [14,
25, 28].

Statistical analysis
Data were analyzed using IBM Statistical Package for
Social Sciences (SPSS, version 24°).

Normality was assessed for all variables prior to con-
ducting statistical comparisons. Variables with non-
normal distribution are presented as medians and
inter-quartile range (IQR) and were compared via Man-
Whitney U test. Descriptive statistics of demographic
and clinical characteristics for nominal variables are
presented as n (%) and were compared via Pearson’s
Chi-square.

Multivariate Generalized Linear Mixed Models
(GLMM) were then performed to assess the degree of
association between physical-objective (e.g., direct/indi-
rect exposure, distance from blast) and emotional-sub-
jective blast-related factors (e.g., DSM-IV stressor criteria
A2) to clinical outcomes — PCS and PTSD symptoms’
severity, assessed by RPQ and PDS respectively. Models
were adjusted to demographic characteristics, medical
history of head trauma, and time passed the explosion.

Results

The median aerial distance from the blast-site in the
directly exposed group was 35.5 m (IQR=10-85.5). In
the indirectly exposed group, the median aerial distance
from the blast-site was 218 (IQR=175-293). The two
exposure groups significantly differed in the median
aerial distance from the blast impact site (z=-10.26,
p=0.000).

Tables la and 1b depict demographical and clinical
characteristics of the study population, as well as experi-
ence related factors of the blast exposure and the primary
outcomes.

Participants

Statistical analysis was performed on 289 subjects who
met all inclusion criteria. Univariate analysis compar-
ing the direct- versus indirect-exposure groups yielded
no statistically significant differences in age, gender, past
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Table 1 Population characteristics by level of blast exposure (direct vs. indirect)
Population characteristics Total N =289 (100%) Direct exposure N =58 (20%) Indirect exposure N =231 (80%) p-value
A. Demographical characteristics
Age at time of explosion * 4041 [31.35-55.41] 46.55 [30.04-66.44] 39.81 [31.66-53.52] 0.151
Gender (Males) 104 [36%] 21 [37%] 83 [36%] 0.900
Marital status (married) 209 [72%] 31 [55%] 178 [80%] <0.001
Education years ? 15[12-17] 12[12-16] 15[12-17] 0.041
Employed ® 190 [66%] 30[55%)] 160 [73%] 0.010
Past military service ° 183 [63%] 28 [50%] 155 [74%] 0.001
History of head trauma b 54 [19%)] 10 [18%] 44 [20%] 0.740
B. Clinical characteristics
Emotional experience during explosion (A2 criteria)
Felt danger during blast ® 83 [29%] 24 [41%] 59 [26%] 0.017
Felt helplessness during blast b 76 [269%)] 18 [31%] 58 [25%] 0.359
Felt scared during blast b 92 [32%] 23 [40%)] 69 [30%] 0.153
Post-exposure symptoms’ severity
PTSD (PDS score) @ 1[0-7] 3[0-8] 1[0-6] 0.076
Post-Concussion (RPQ score) @ 2[0-18] 1[0-17] 2[0-18] 0323
RPQ3 score * 0[0-2] 0[0-2.25] 0[0-2] 0.776
RPQ13 score @ 2 [0-15] 1[0-14] 2 [0-16] 0.306

Note. Table 1 shows population characteristics including demographic characteristics (A), parameters assessing the emotional experience of the blast and post

exposure symptom severity depicted by PDS and RPQ scores (B)

2 Variables are depicted by Median and [IQR] and compared via Man-Whitney U test

b Variables are depicted by n (%) and compared via Pearson’s Chi-square;. Statistically significant results appear in bold

traumatic events, or history of head trauma between the
groups (p>0.05). In addition, in both groups, no injuries
were reported following the blast explosions and no sig-
nificant difference was evident between the two exposure
groups in reporting whether they felt the shock-wave
(x*(1)=0.183, p=0.669). Significant differences between
groups were evident in marital status, years of education,
employment and past military service (see Table 1a).

Clinical symptomatology

Cronbach’s Alpha reliability analysis resulted in accept-
able values for both self-report questionnaires for PTSD,
as measured via the PDS questionnaire, and PCS symp-
tom severity, as measured via the RPQ questionnaire
(0.931 and 0.931, respectively). A significant linear cor-
relation was observed between PTSD symptom severity
and PCS symptom severity, r=0.704, N=289, p=0.000.
This correlation remained significant when computed
separately for exposure groups; ripgirecty-exposed=0-693,
N=231, p=0.000 and TIgectexposea=0.778, N=58,
p=0.000, with no significant difference in the strength
of the correlation between exposure groups (z=-1.242,
p=0.107). As can be seen in Table 1b, PTSD symptom
severity was within the lower end of the mild range. PCS
symptom severity was also within the low range for early
and late symptom clusters. No statistically significant

differences were found between directly- and indirectly-
exposed participants in subjective reports of PTSD or
PCS symptom severity. Notwithstanding, the DSM-IV
stressor criteria A2, corresponding to the peritraumatic
experience, significantly differed between exposure
groups, with directly-exposed individuals reporting
higher levels of feeling-in-danger during the explosion
(41% vs. 26%, p=0.017).

Multivariate analysis via GLMM using physical-objec-
tive (e.g., direct/indirect exposure, distance from blast)
and emotional-subjective blast-related factors, adjusted
for demographic and clinical parameters, showed sev-
eral risk factors for PCS and PTSD (see Table 2). Female
gender (F(1, 245)=9.892, p=0.000; F(1, 245)=14.980,
p=0.000), history of head trauma (F(1, 245)=7.169,
p=0.008; F(1,245)=3.984, p=0.047) and time since the
explosion (F(1, 245)=8.765, p=0.003; F(1, 245)=6.732,
p=0.01) were risk factors for the development of both
PCS and PTSD symptoms, respectively. Un-married
individuals (F(1, 245)=4.353, p=0.038) and individu-
als who reported feeling scared at the time of the blast-
explosion (F(1, 245) =4.133, p=0.043) were at higher risk
to develop PCS.

To summarize, the peritraumatic experience dif-
fered between the exposure groups. Furthermore, we
identified several risk factors for both PCS and PTSD
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Table 2 GLMM coefficients for PCS and PTSD severity
Factor Coefficient t p-value Cl (95%)

Lower Upper
A. GLMM coefficients for PCS severity
Gender (Male) -0.757 -3.145 .002 -1.231 -0.283
Age 0.009 1.190 235 -0.006 0.024
Employment (Employed) -0.173 -0.664 507 -0.685 0.340
Past military service (Served) -0429 -1.755 081 -0911 0.052
Marital status (Married) -0.498 -2.033 .043 -0.981 -0.015
History of head trauma (Yes) 0.742 2.678 .008 0.196 1.288
Time passed the explosion (weeks) 0.012 2.961 .003 0.004 0.020
Exposure (Direct exposure) -0473 -1.447 149 -1.118 0.171
Distance (Meters) 0.000 -0.292 770 -0.003 0.002
Safe-zone (Yes) 0.049 0.180 857 -0.482 0.579
A2_Criteria: Felt danger -0.071 -0.184 854 -0.829 0.687
A2_Criteria: Felt helpless -0.379 -1.003 317 -1.123 0.365
A2_Criteria: Felt scared 0.878 2.086 .038 0.049 1.707
B. GLMM coefficients for PTSD severity
Gender (Male) -0.931 -3.870 .000 -1.405 -0.457
Age 0.005 0.661 509 -0.009 0.019
Employment (Employed) -0.332 -1.309 192 -0.831 0.167
Past military service (Served) -0.401 -1.715 088 -0.862 0.060
Marital status (Married) -0432 -1.830 068 -0.897 0.033
History of head trauma (Yes) 0.526 1.996 .047 0.007 1.045
Time passed the explosion (weeks) 0.010 2.595 .010 0.002 0.018
Exposure (Direct exposure) -0.293 -0.927 355 -0.917 0.330
Distance (Meters) -0.002 -1483 139 -0.004 0.001
Safe-zone (Yes) -0.256 -1.012 313 -0.753 0.242
A2_Criteria: Felt danger 0418 0.934 351 -0.463 1.299
A2_Criteria: Felt helpless -0.112 -0.256 798 -0.974 0.750
A2_Criteria: Felt scared 0.224 0.533 594 -0.603 1.051

Note. GLMM Generalized linear mixed model, PCS Post concussion syndrome, PTSD Posttraumatic stress disorder, C/ Confidence interval; Statistically significant results

appear in bold

symptomatology; these include female gender, history
of head trauma and time passed from the explosion (for
both syndromes); as well as marital status and feeling
scared (for PCS).

Phase 2

Methods

Participants’ recruitment and screening

Participants (both exposed and unexposed, see below)
were parallelly recruited to the second phase of the study
which took place approximately ~ 1 year after the opera-
tion. Of the 289 participants who took part in “Phase 1/,
participants were telephonically approached and were
offered to participate in the second study phase which
included cognitive and neuroimaging testing. Those who
were willing to participate and presented no contrain-
dications to MRI, were invited to take part in the next

phase of the study (“Phase 2”) at Soroka University Medi-
cal Center, Beer-Sheva, Israel. Overall, 46 phase 2 individ-
uals completed a cognitive assessment battery; of those,
42 eligible participants underwent MRI (see CONSORT
table, Fig. 1). In addition, a control group of 16 non-blast-
exposed age, gender and education matched individuals
was recruited (all participated in the imaging phase, 15
completed cognitive tests). These participants were not
exposed to any of the four blast explosions described in
phase 1. Following definition of participants in phase 1
(i.e., directly/indirectly-exposed), control group partici-
pants were defined “unexposed”.

Cognition

Cognitive functioning was assessed using a comput-
erized test battery (NeuroTrax Corp., Newark, NJ) in
Hebrew. This battery is a patented, scientifically validated



Saar-Ashkenazy et al. BMC Psychiatry ~ (2023) 23:423

computerized cognitive assessment system that assesses
performance across an array of cognitive domains. Par-
ticipants’ performance is compared to age-and-education
matched controls and then normalized, yielding scores
with an average of 100 and standard deviation (SD) of 15.
Scores within 1 SD of the average (the 85-115 range) rep-
resent normal or average abilities. The system has been
validated with several populations such as mild cognitive
impairment patients — MCI [16, 17], Attention Deficit
Hyperactivity Disorder (ADHD, [39, 69] schizophrenia
[60] and depression [58] and is recognized as a standard
research tool for cognitive assessment.

MRI and DTl data acquisition & processing

Scans were acquired using a 3-Tesla scanner (Ingenia,
Philips Medical Systems), and included: Anatomical
scans (3D-TFE T1-w, TR/TE=8.1/3.7 ms, field of view
(FOV) 256 mm, 150 slices); T2-w and FLAIR sequences
were acquired as part of a clinical routine. DTT data were
acquired on the same scanner using a single-shot echo-
planar imaging (EPI) sequence with SENSE parallel imag-
ing (reduction factor=2.5). 60 Axial slices of 2.0 mm
(zero-gap) thickness were acquired parallel to the ante-
rior—posterior commissure line (AC-PC). The in-plane
acquisition resolution was 2.88x 3.58 mm. The DTI data
were acquired along 33 directions with b=1000 s/mm?.
A TR/TE=9000/106 ms (ms) was used without cardiac
gating for a total acquisition time of 6:21 min for each
dataset. All fiber tracking was performed using mrDif-
fusion, an open source package written by the Vision,
Imaging Science and Technology Activities (VISTA) lab
at Stanford, CA, USA (http://web.stanford.edu/group/
vista/cgi-bin/wiki/index.php/Software), and in-house
Matlab (Mathworks, Natick, MA) scripts. In total, 4 aver-
age diffusion parameters (fractional anisotropy (FA),
mean diffusivity (MD), radial diffusivity (RD) and axial
diffusivity (AD)) were calculated for each tract (n=20,
automatically defined by the mrDiffusion package) and
for each participant.

Statistical analysis

Normality was assessed for all variables prior to conduct-
ing statistical comparisons. Variables with non-normal
distribution are presented as medians and inter-quartile
range (IQR) and were compared via Man-Whitney U
test. Descriptive statistics of demographic and clinical
characteristics for nominal variables are presented as n
(%) and were compared via Pearson’s Chi-square.

Due to contradicting findings in literature regarding the
nature and specificity of WM alterations in mTBI/PCS,
we carried out whole brain diffusion analysis for 20 fib-
ers and we then compared diffusion parameters between
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directly, indirectly and non-exposed participants using
Kruskal-Wallis tests.

Results
Table 3 depicts demographical, clinical characteristics
and cognitive outcomes of participants that underwent
“phase 2” and performed neuroimaging and cogni-
tive evaluation for the exposed and unexposed (control)
groups.

Participants

Statistical analysis was performed on 58 subjects who
met all inclusion criteria. Comparing direct (n=13),
indirect-exposed (n=29) and non-exposed participants
(n=16) yielded a significant difference in age between
groups between directly exposed and indirectly exposed
participants (z=-2.326, p=0.02). No other significant
differences in demographic characteristics were found
(see Table 3).

Clinical symptomatology

Post-exposure symptom severity analysis showed signifi-
cant differences between exposed and unexposed par-
ticipants in both PTSD and PCS symptoms (p=0.03 for
PDS and p=0.047 for RPQ-3, and p=0.005 for RPQ13
and RPQ total, respectively) with exposed participants
showing higher levels of symptom severity compared to
unexposed participants. No other significant differences
in clinical characteristics were found (see Table 3).

Cognition

Directly exposed (n=13), indirectly exposed (n=29) and
unexposed (controls, n=15) participants completed the
NeuroTrax battery. There were no significant differences
in cognitive abilities between the groups (Table 3).

Imaging

In order to determine WM brain differences between
groups, Kruskal-Wallis tests were performed. This analy-
sis resulted in significant differences between the three
exposure groups (direct, indirect and non-exposed par-
ticipants) in the following tracts and parameters: the
left cortico-spinal fasciculus FA values (H=10.822,
p=0.004), with directly exposed participants significantly
differing from non-exposed participants (p=0.003);
the left and right thalamic radiation MD values (left:
H=6.55 p=0.037), right: H=7.079, p=0.029) with
directly exposed participants significantly differing from
non-exposed participants (p=0.031, p=0.024, respec-
tively); the left and right cingulum cingulate MD values
(left: H=6.529, p=0.038, right: H=6.086, p=0.047),
with indirectly exposed participants significantly differ-
ing from non-exposed participants (p=0.049, p=0.041,
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Table 3 Population characteristics by exposure to blast and level of exposure (direct vs. indirect) for cognition and imaging sub

population
Population characteristics Direct exposure Indirect exposure No exposure N=16 (28%) Exposed vs. non- Direct vs.
N=13(22%) N=29 (50%) exposed (p-value) indirect
(p-value)
Age at interview ? 30.6 [26.2-49.6] 49.1 [32.5-67] 59.5[41.2-62.5] 0.124 0.02
Gender (Males) ® 5[38.5%] 10 [34.5%] 9 [56%)] 0.156 0.804
Education ®
Elementary 1 (8%] 1 [4%) 0
High school 5 [38.5%] 12 [43%] 6 [40%)] 0.665 0.839
Academic 7 [53.5%] 15 [54%] 9 [60%]
Past military service b 10 [77%]) 0 [69%] 11 [85%)] 0.340 0.598
Chronic medication ® 3 [23%] 13 [48%] 3 [23%] 0.269 0.130
History of head trauma ° 4[31%] 6[21%] 4129%)] 0.722 0478
Post-exposure symptoms’ severity
PTSD (PDS score) ? 3[0.5-13.5] 3[0-15.5] 0[0-4] 0.033 0.966
RPQ3? 0[0-3.5] 0[0-0] 0[0-0] 0.047 0.257
RPQ13° 4[0-19] 0[0-2] 0[0-0] 0.005 0.176
Post-Concussion (RPQ score @ 5[0-24] 0[0-2] 0[0-0] 0.005 0.176
Cognition®
Memory ° 103 [97-106] 99 [84-105] 102 [90-105] 0.760 0211
Executive function @ 107 [96-112] 104 [97-111] 98 [85-105] 0.168 0.693
Visual spatial ® 105 [89-116] 97 [86-111] 104 [90-114] 0.448 0219
Verbal function @ 107 [99-113] 101 [69-110] 103 [96-109] 0.831 0.249
Attention @ 104 [96-107] 102 [92-109] 99 [93-106] 0.737 1.000
Information ¢ processing speed 105 [96-118] 105 [95-109] 97 [91-109] 0.283 0.560
Motor skills @ 101 [97-107] 104 [100-108] 102 [96-111] 0.976 0.486
Global cognitive @ assessment 104 [100-108] 101 [90-106] 98 [92-105] 0.556 0.154

Note. Table 3 shows demographic and clinical characteristics for sub-population divided by direct exposure, indirect exposure and no exposure to blast. Univariate
comparison was held between exposed vs. non-exposed participants and direct vs. indirect levels of explosion

2 Variables are depicted by Median and [IQR] and compared via Man-Whitney U test

b Variables are depicted by n (%) and compared via Pearson’s Chi-square. Statistically significant results appear in bold

¢ Data for the no-exposure group is reported for 15 participants

respectively). The most predominant differences were
evident in the values of the AD parameter; these include
differences in the left thalamic radiation (H=13.605,
p=0.001), with directly exposed participants, signifi-
cantly differing from both non-exposed participants
(»=0.000) and indirectly exposed participants (p =0.015)
with a similar pattern of differences observed also for
the right thalamic radiation (H=8.485, p=0.014) with
directly exposed participants significantly differing from
both non-exposed participants (p=0.018) and indirectly
exposed participants (p=0.036). Additional differences
were also observed in the left cortico-spinal fasciculus
(H=10.035, p=0.006) with non-exposed participants
differing from both directly exposed (p=0.007) and
indirectly exposed (p=0.044) participants. Both the
left cingulum cingulate (H=6.541, p=0.038) and the
right cingulum cingulate (H=7.141, p=0.028) showed
a similar pattern of differences, with directly exposed

participants significantly differing from non-exposed
participants (p=0.044, p=0.046, respectively). Also, the
AD values of the right inferior fronto-occipital fascicu-
lus (IFOF) differed between groups (H=7.157, p=0.027)
with directly-exposed participants differing from indi-
rectly exposed participants (p=0.04). In the superior
longitudinal fasciculus (SLF), differences were evident
in the right side H=7.893, p=0.019) and showed that
directly exposed participants significantly differed from
both non-exposed participants (p=0.043) and indirectly
exposed participants (p=0.027). Lastly, differences were
evident in the left arcuate (H=8.952, p=0.011) with
directly exposed participants, significantly differing from
non-exposed participants (p=0.008). Diffusion imaging
results for selected fibers appears in Fig. 2.

To summarize, exposed participants (direct- and
indirect) showed higher subjective symptomatology
compared to unexposed controls. Furthermore, when
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Fig. 2 Diffusion imaging results for selected fibers. Significant differences were found in the left (A) and right (B) thalamic radiation, Inferior

Fronto-Occipital Fasciculus (IFOF, C) and left arcuate (D)

comparing direct- and indirectly-exposed individuals,
directly-exposed individuals presented hypoconnectivity
in specific WM tracts.

General discussion

In the current study we used an ecological approach to
explore the association of two major components of
an explosion in an urban setting: an objective compo-
nent- the physical impact of the blast; and a subjective
component- the emotional experience. We combined
self-reports of PCS and PTSD symptomatology with
objective measurements of cognitive functioning and
alterations in WM neuro-anatomical connectivity. The
study population is a community based, non-clinical
cohort, recruited based on place of residence and vicinity
to the impact site. This setting allows testing both direct
and indirect blast-induced psychological and neurologi-
cal pathologies. These alterations have been highlighted
by studies exploring mental health effects following both
direct and indirect exposure to traumatic events, show-
ing a sharp increase of PTSD-like symptoms that rapidly
decline following several months to a lower and stable
rate [55].

The results of phase 1 showed that PCS and PTSD
self-reported symptom severity did not differ between
directly- and indirectly-exposed civilians. However, the
subjective component of the exposure (the peritrau-
matic response, DSM-IV criteria A2) was significantly
elevated in those directly-exposed. Regardless of levels of
exposure, we identified several risk factors for the devel-
opment of PCS and PTSD symptoms. These included

female gender, history of head trauma and time passed
from the explosion (for both syndromes); as well as mari-
tal status and feeling scared (for PCS).

In phase 2 we found that blast exposure was signifi-
cantly associated with both PTSD and PCS symptoma-
tology, as both direct and indirect-exposed civilians
(compared to unexposed controls) reported higher symp-
tom severity. Finally, directly-exposed civilians showed
hypoconnectivity in specific WM tracts. Taken together,
our findings suggest that civilians, who were exposed
to blast, reported higher PTSD and PCS symptomatol-
ogy compared to unexposed civilians. Among exposed
civilians, those who were directly-exposed reported sig-
nificantly higher feeling of danger, and presented specific
WM hypoconnectivity.

Our findings highlight differences between exposed
and unexposed civilians in the subjective experience to
the traumatic event. In studies on clinical populations,
subjective experience of fear during the event was asso-
ciated with later development of PTSD symptoms [8].
Other studies show that the peritraumatic response that
occurs at the time, or immediately after the trauma, is
a predictor of later PTSD [9]. Thus, although directly
exposed civilians did not report higher PTSD symptoma-
tology overall, one of the major predictors for later PTSD
was elevated in this group.

Following our hypothesis, WM connectivity was mod-
ulated by exposure to the impact site, with specific WM
diffusion alterations occurring in direct-exposed civil-
ians solely. In the mTBI literature, multifocal WM lesions
causing disruptions of the axolemma and neurofilament
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organization are considered as representations of micro-
scopic changes that result from sustained acceleration
and deceleration forces associated with blast exposure
[30, 81]. Lower AD values are thus considered indicative
of axonal injury [10, 71, 72] and may imply on differential
blast impact in residences from different exposure levels.
Unlike our hypothesis, these WM diffusion alterations
did not correlate with clinical symptoms or with cogni-
tive abilities. Several meta-analyses and reviews also
demonstrated inconsistencies regarding the specificity
of DTI findings and their correlation with clinical/behav-
ioral symptoms [15, 80]. Studies on blast exposure, pri-
marily in military populations, also resulted in conflicting
findings [13, 36, 42, 47]. Our imaging results demonstrate
that WM DTI alterations occur following the exposure
to blast explosion in an urban environment. Importantly,
the brain alterations described in the current study are
in-line with studies reporting blast-induced TBI alters
the fear/anxiety neurocircuitry on the neuromolecular
level and that these alterations resemble the changes that
are often reported in PTSD patients (reviewed in [78].
The unique study setup and design allowed us to
explore the association between PCS symptomatology
and the level of exposure to the physical effect of the
explosion, e.g., the blast wave. The symptoms of PCS are
usually considered to be sequelae of a head injury, and if
this is the case, we would have expected them to be most
prevalent and severe close to the epicenter of the blast
wave. Namely, that directly-exposed civilians would show
higher PCS symptoms. Our data demonstrated no such
association, questioning the role played by the physical
blast in causing the symptoms. Previous work has ques-
tioned the attribution of PCS symptomatology to physi-
cal head trauma. While prior research examining the
effects of blast-exposure on neuropsychological func-
tion have attributed the presence of neuropsychologi-
cal sequelae to TBI/mTBI, other studies have showed a
complex pattern [12] with post-concussive symptoms
were found to occur at similar rates in trauma victims
who sustained mTBI and in those who did not [48]. Sol-
diers with mTBI were significantly more likely to report a
high number of somatic and post-concussive symptoms
than soldiers with other injuries. However, the impact of
these post-concussive symptoms became non-significant
after PTSD and depression were considered [27]. mTBI
is associated with high rates of PTSD in both military
and civilian populations, and especially in blast related
head injury [41]. Recent studies examining blast-exposed
neuropsychological symptoms observed in veterans
show that these impairments may be better explained by
depression and PTSD-like psychiatric symptoms than by
blast exposure, [43, 46, 54, 73]. Taken together, it is not
clear if the physical impact or the psychological trauma
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is associated with the syndrome. In our cohort, female
gender, history of head trauma, time passed since the
exposure, marital status and the subjective feeling of feel-
ing scared at the time of the explosion, all served as risk
factors for PCS symptomatology. Importantly, these risk
factors were identified in previous studies conducted on
military personnel that were exposed to blast explosions
[68, 84].

The coexistence of a highly similar set of objective and
subjective risk factors for both disorders, and the diffi-
culty to distinguish between the effects of physical and
psychological trauma is not new and has roots dating
back to the historical entity known as “shell shock” (see
[19, 21, 31]. This discussion highlights the complexity
in differential diagnosis between the two disorders and
may suggest that they are not distinct symptom clusters.
Alternatively, the current findings suggest they repre-
sent a spectrum of a combined biopsychological disor-
der that may develop as a result of a physical injury, or
as a result of multiple objective and subjective trauma
related factors. This view is supported by animal studies
showing the development of PTSD-related behaviors in
rats exposed to blast, in the absence of a psychological
stressor (as exposure to blast is performed under gen-
eral anesthesia) suggesting the existence of blast-induced
PTSD syndrome [59]. This view is additionally supported
by human studies asserting that psychiatric symptoms
(e.g. depression and PTSD) rather than objective compo-
nent of blast exposure, better explains the neuropsycho-
logical symptoms reported by blast-exposed individuals
[12, 27, 41, 43, 46, 48, 54, 73].

Advances in neuroscience, and in unraveling the brain
mechanisms underlying PCS and PTSD, have made the
historical discussion [67] about “neurogenic” versus
“psychogenic” etiology obsolete. Representing different
etiologies and models of brain activity, PCS and PTSD
are neither psychogenic nor neurogenic [51]. Rather, we
suggest they should be referred to as a combined biopsy-
chological disorder with a variety of behavioral, emo-
tional, cognitive and neurological symptoms. Our study
attempts to approach this issue from a multidisciplinary
approach, dissecting head trauma into two elements,
physical (the blast) and psychological (the experience),
and evaluating the contribution of both to symptomatol-
ogy. This kind of dissection is difficult in most cohorts
and study designs, since neither the impact nor the expe-
rience can be quantified, but when it is feasible, it may
allow better understanding of the disorders.

The current study has several limitations. The study
evaluates blast-related symptomatology in a unique and
innovative design. Nevertheless, it is a retrospective
study, and therefore its generalizability is limited. It is
also limited by the fact that recruitment was performed
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during an extended period of time, and that imaging
was performed on a single time point in a sub-group of
the study cohort. Although it provides further insight
into the relationship between PCS and PTSD, due to its
cohort retrospective nature it cannot establish causality
between PCS and PTSD to blast exposure. Future studies
enabling repeated measures of subjective and objective
aspects of blast exposure, might provide further insight
into the trajectory of these two syndromes over time.
Such studies would also allow the establishment of bio-
markers that would help guide diagnosis and prevention.
Taken together, the current findings suggest that expo-
sure to blast affects both objective, neuro-physical (i.e.,
WM alterations) and subjective, mental (i.e., feeling in
danger/scared) aspects. Differences in emotional expe-
rience were limited to the peritraumatic experience and
not to symptom severity overall. It is possible that these
specific, but significant, differences are sub-clinical mani-
festations of the full-blown PCS/PTSD disorder. Fur-
thermore, it is possible that the observed alterations in
WM neuro-anatomical connectivity and mental expe-
rience will predict future escalation, as the strength of
the peritraumatic response is reported as a predictor of
future development of PTSD [8, 9], and WM alterations
in similar tracts was reported to be associated with PTSD
symptom severity and cognitive deficits [32, 70]. Overall,
our findings suggest that even if they are not clinically
diagnosed, civilians who are directly exposed to explo-
sion blast, suffer from mental and WM neuro-anatomi-
cal changes and should thus be considered a population
at risk for the future development of PTSD and/or PCS.
To the best of our knowledge, this is the first systematic
report of the long-term effects of blast-related PCS/PTSD
in civilian population. While some of the findings were
similar to those reported in military populations, others
were somewhat different thus highlight the importance
of low-level blast exposure (see review by [6] and blast
consequences in civilians [64] and the need for interdis-
ciplinary collaborations in order to study them carefully.
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mTBI Mild traumatic brain injury
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