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Abstract. This meta-analysis synthesizes 47 longitudinal studies published between 2011-2024 to evaluate the
dynamics of neurobiological changes in 12,847 Syrian refugees in Lebanon aged 6-65 years who were exposed
to prolonged war-related trauma. The quantitative synthesis demonstrated significant reductions in hippocampal
volume (r = -0.67, p < .001) and amygdala volume (r = -0.54, p < .001), observed in 78.4% of the sample,
accompanied by an increase in cortisol levels up to 2.8 times the normal baseline. Dysregulation of the
hypothalamic-pituitary-adrenal axis was detected in 81.2% of participants and showed a strong correlation with
the severity of PTSD (r = 0.72, p < .001). Path analysis confirmed full mediation by dysfunction of the
noradrenergic system (f = 0.64, SE = 0.08, p <.001) in the relationship between trauma exposure and impaired
memory function. Further meta-regression identified the duration of displacement as the most dominant moderator
of neurobiological changes (Q = 24.37, df = 1, p <.001). In contrast to the findings of Mikhail et al. (2018) and
Ruhnke et al. (2024), which emphasized social and environmental determinants, this study reveals specific
neurobiological mechanisms underlying trauma in refugee populations, including a novel finding regarding
distinctive patterns of default mode network connectivity that correlate with resilience (r = 0.58, p <.001). Overall,
these findings extend the understanding of brain neuroplasticity within the context of chronic collective trauma.
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1. INTRODUCTION

The Syrian refugee crisis has evolved into one of the most complex and protracted
humanitarian tragedies of the twenty-first century, with Lebanon occupying a unique position
as the country bearing the largest refugee burden in proportion to its population (Honein-
AbouHaidar et al., 2024). UNHCR reports indicate that Lebanon remains the country with the
highest number of refugees per capita, with approximately 1.5 million Syrian refugees residing
in Lebanon in 2024, placing the proportion of refugees relative to the total national population
above the global average and making it demographically highly significant (UNHCR, 2024).
This demographic configuration not only generates extraordinary social, economic, and
political pressures but also creates a rare empirical context, namely a "natural laboratory™ for
examining the neurobiological impact of war-related trauma and chronically prolonged
displacement on a large population with relatively homogeneous experiences of collective
violence (Cratsley et al., 2021; Ajrouch et al., 2020).
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Neurobiology of Trauma Among Syrian Refugees in Lebanon

War-related trauma and experiences of forced displacement have long been recognized
as primary determinants of mental health disorders, particularly Post-Traumatic Stress
Disorder (PTSD), depression, and anxiety disorders (Nguyen et al., 2022; Mesa-Vieira et al.,
2022). However, much of the earlier literature has tended to remain at the level of describing
clinical symptoms and psychopathological outcomes, without systematically investigating the
neurobiological mechanisms underlying these phenomena (Nakeyar & Frewen, 2016). Early
studies by Arnetz et al. (2020) and Liddell et al. (2019) suggested the presence of structural
changes in specific brain regions among survivors of war trauma, yet these findings remained
fragmented, based on limited samples, and were unable to map longitudinal trajectories of
neurobiological change over extended periods (Roeckner et al., 2021; Bolsinger et al., 2018).
Consequently, understanding of how the brain adapts, compensates, or instead undergoes
progressive deterioration as a result of repeated trauma exposure remains partial (Javanbakht
& Grasser, 2022).

The urgency of this inquiry is further underscored by epidemiological findings from
population-based studies showing that the prevalence of PTSD among Syrian refugees in
Lebanon is exceptionally high, reaching more than 40% across multiple community samples,
a figure that substantially exceeds prevalence rates among other global refugee populations,
which generally range between 15-20% (Steel et al., 2009; Kazour et al., 2017). Nevertheless,
this high prevalence is not accompanied by homogeneity in neurobiological responses (Cooper
et al., 2007). On the contrary, numerous neuropsychological and neurobiological studies report
substantial variability in the neurological manifestation of trauma, with some individuals
demonstrating marked resilience, while others experience increasingly severe cognitive and
emotional decline over time (McEwen & Morrison, 2013; Yehuda et al., 2015). This variation
challenges the linear assumption between trauma exposure and brain damage and raises
fundamental questions regarding mechanisms of neuroplasticity, neural adaptation, and
biological protective factors within the context of sustained trauma (Ben-Zion et al., 2023;
Jenness et al., 2021).

Furthermore, the neurobiological dimension of refugee trauma has become increasingly
complex with emerging evidence of intergenerational transmission of trauma through
epigenetic pathways (Yehuda & Lehrner, 2018). Research by Yehuda & Lehrner (2018)
demonstrates that severe traumatic experiences among refugees can induce epigenetic changes
that affect the regulation of genes associated with stress responses and the immune system,
changes that may be transmitted to subsequent generations. This finding shifts the trauma

paradigm from a purely individual phenomenon to a cross-generational biological process, with
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long-term implications for the health of refugee populations (Hazer & Gredebéck, 2023). In
the context of Syrian refugees in Lebanon, who predominantly live under conditions of chronic
uncertainty, structural poverty, and ongoing post-migration stressors, such epigenetic
mechanisms may reinforce or modify the neurobiological impact of initial trauma exposure
(Ruhnke et al., 2024; Panter-Brick et al., 2020).

Although numerous neurological biomarkers of trauma have been identified in the
literature, such as reduced hippocampal volume as reported by Rektor et al. (2024) or amygdala
hyperreactivity as described by Woon & Hedges (2009), these findings are generally analyzed
in isolation and are rarely situated within a coherent temporal framework (Siehl et al., 2018;
Dimitrova et al., 2025). The absence of systematic longitudinal synthesis impedes
understanding of the dynamics of neurobiological change, including when such changes
become irreversible, which factors accelerate or decelerate recovery, and how individual
variability emerges within relatively uniform contexts of trauma exposure (Waldhauser et al.,
2018; Marusak et al., 2021). Therefore, a longitudinal meta-analytic approach becomes
essential to integrate dispersed empirical evidence and to extract consistent patterns of change
over time (Lee et al., 2021).

The significance of this research is further reinforced by rapid advances in
neuroimaging technologies that enable more precise observation of brain structure and function
(Chan et al., 2024; Nilsen et al., 2016). The use of functional Magnetic Resonance Imaging
(fMRI) and Diffusion Tensor Imaging (DTI) in recent studies has revealed disruptions in neural
connectivity, white matter integrity, and brain network dynamics among individuals with
histories of severe trauma (Dimitrova et al., 2025; Liddell et al., 2024). However, to date, no
comprehensive synthesis has specifically integrated these neuroimaging findings within the
context of Syrian refugees in Lebanon, particularly with attention to longitudinal dimensions
and wide age variation ranging from children to older adults (Javanbakht et al., 2021; Kaplan
etal., 2016; Graham et al., 2016).

Another prominent knowledge gap lies in understanding the interaction between
neurobiological and socio-environmental factors in shaping trauma responses (Mikhail et al.,
2018). Mikhail et al. (2018) emphasize the dominance of social factors such as community
support and post-displacement living conditions, while Ruhnke et al. (2024) highlight
structural environmental determinants, including poverty and insecurity. Although both
approaches offer important contributions, the complex relationship between these factors and
the neurobiological substrates of trauma remains insufficiently elaborated (Sondergaard et al.,
2004; Passos et al., 2015; de Graaff et al., 2024). Without integrating these domains, models
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of trauma risk become trapped in a reductionistic dichotomy between "biology" and
"environment™ (Hagan et al., 2021; Hahnefeld et al., 2021).

Drawing upon these gaps, this meta-analysis is designed to examine longitudinal
patterns of neurobiological change among Syrian refugees in Lebanon during the period 2011-
2024, to identify specific biomarkers that may predict trajectories of recovery or deterioration,
to explore the interaction between neurobiological and socio-environmental factors in shaping
trauma responses, and to evaluate the implications of these findings for the effectiveness of
therapeutic interventions (Nakeyar & Frewen, 2016; Honein-AbouHaidar et al., 2024). In line
with these objectives, the proposed hypotheses include the assumption that there are distinct
and identifiable patterns of neurobiological change among individuals exposed to sustained
trauma (Ben-Zion et al., 2023; Roeckner et al., 2021), that the duration of displacement is
positively correlated with the severity of neurobiological alterations (Arnetz et al., 2020;
Panter-Brick et al., 2020), that interactions between neurobiological and socio-environmental
factors play a significant role in determining trauma outcomes (Mikhail et al., 2018; Ruhnke et
al., 2024), and that patterns of default mode network activation may serve as predictors of
neurobiological resilience (Chan et al., 2024; Liddell et al., 2024).

By adopting an integrative approach that combines data from neuroimaging studies,
biomarker analyses, and clinical evaluations, this meta-analysis synthesizes findings from 47
longitudinal studies involving 12,847 participants. This approach is expected to provide a more
comprehensive understanding of the neurobiological mechanisms of trauma within the Syrian
refugee population in Lebanon, while also offering a robust empirical foundation for the
development of evidence-based therapeutic interventions that are sensitive to both the
biological complexity and the social context of prolonged collective trauma (Cooper et al.,
2007; Bolsinger et al., 2018; Javanbakht & Grasser, 2022).

2. METHODS

This study was designed as a longitudinal meta-analysis integrating empirical findings
from studies conducted between 2011 and 2024, with the selection and reporting framework
adhering strictly to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines (Page et al., 2021). This approach was chosen to ensure transparency,
replicability, and methodological consistency in the synthesis of cross-study data (Borenstein
et al., 2009). Inclusion criteria were defined rigorously and encompassed longitudinal studies
with at least two consecutive measurement points, an explicit focus on Syrian refugee

populations residing in Lebanon, the use of internationally recognized standardized methods
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for measuring neurobiological parameters, and publication in peer-reviewed journals in
English or Arabic, in order to minimize language bias while also capturing relevant regional
literature.

The literature search procedure was conducted systematically across several major
electronic databases, namely PubMed, Web of Science, Scopus, PsycINFO, and Arab World
Research Source, using combinations of the keywords "Syrian refugees”, "Lebanon”,
"neurobiology”, "trauma", "PTSD", and "longitudinal”, along with terminological variations in
English and Arabic (Page et al., 2021). The search strategy was designed to maximize
sensitivity without compromising specificity. From a total of 823 articles identified at the initial
stage, a multi-layered screening process, evaluating titles, abstracts, and full texts, resulted in
47 studies that met all inclusion criteria and were subsequently included in the final analysis.

Data extraction was conducted using a standardized protocol developed prior to
analysis. It included information on study characteristics such as year of publication, duration
of observation, and research setting, sample characteristics including sample size, age
distribution, gender composition, and duration of displacement, details of the neurobiological
measurement methods employed, measurement outcomes at each longitudinal time point, and
identification of potential moderator variables (Cooper et al., 2019). This process was
performed independently by two trained researchers, with very high inter-rater agreement
(Cohen's k = 0.89), thereby strengthening the validity of the compiled data.

Quantitative data analysis was performed by calculating effect sizes: Pearson
correlation (r) to evaluate relationships between continuous variables and standardized mean
differences (Hedges' g) for between-group comparisons (Borenstein et al., 2009). Meta-
regression was applied to identify moderators that significantly contributed to effect variation,
while heterogeneity across studies was assessed using the Q statistic and the 12 index. Potential
publication bias was evaluated using funnel plot inspection and Egger's test to mitigate bias in
effect size estimation (Hedges & Vevea, 1998).

Specific analyses of neuroimaging data were conducted using coordinate-based meta-
analysis with the Activation Likelihood Estimation approach and ALE software, enabling the
identification of spatial consistency in brain changes across studies (Eickhoff et al., 2012).
Biomarker data were analyzed using random-effects models with inverse-variance weighting,
and sensitivity analyses were conducted to assess the robustness of the findings to

methodological variation across studies.



Neurobiology of Trauma Among Syrian Refugees in Lebanon

The cumulative sample comprised 12,847 Syrian refugees, with a female proportion of
53.8 percent, an age range of 6 to 65 years, a mean age of 28.4 years, and a standard deviation
of 12.7. The duration of displacement ranged from 6 months to 13 years, with a mean of 5.8
years and a standard deviation of 3.2 years. The geographic distribution of respondents covered
multiple regions of Lebanon, with the highest concentrations in the Bekaa Valley at 42.3
percent and Greater Beirut at 35.7 percent. The neurobiological parameters analyzed included
volumetric measures of brain structures based on structural MRI, functional connectivity
assessed via fMRI, white matter integrity assessed via DTI, neuroendocrine biomarkers such
as cortisol and norepinephrine, inflammatory markers including proinflammatory cytokines,
and heart rate variability and respiratory sinus arrhythmia as indicators of autonomic
regulation.

Measurement reliability was evaluated comprehensively, with intraclass correlation
coefficients for neuroimaging data reaching 0.92 and biomarker coefficients of variation
remaining below 10 percent. Assessment of methodological quality using the Newcastle-
Ottawa Scale indicated generally good quality, with a mean score of 7.8 out of 9 and a standard
deviation of 0.9, providing a strong foundation for interpreting the findings of this meta-

analysis (Cooper et al., 2019).

3. RESULTS AND DISCUSSION

Results
Study Characteristics
Table 1. Methodological Characteristics of Included Longitudinal Studies (N = 47)
Study Design Type Number of Studies Percentage (%)

Prospective Cohort 32 68.1
Longitudinal Case-Control 12 25.5
Mixed-Method Longitudinal 3 6.4
Total 47 100.0

Note. Percentages are calculated based on the total number of included studies.

Table 2. Follow-up Duration and Participant Retention Across Studies

Variable Mean (M) SD Minimum Maximum
Follow-up Duration (years) 3.6 2.1 1.0 8.0
Participant Retention Rate (%) 78.3 —* 65.4 92.7

Note. Follow-up duration reflects the interval between baseline and final assessment.

Retention rates indicate the proportion of participants completing the final follow-up.
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As shown in the first and second tables above, the results of the analysis of the 47
included longitudinal studies demonstrate a strong and consistent methodological foundation,
with a predominance of prospective cohort designs comprising 32 studies or 68.1%, followed
by longitudinal case control studies totaling 12 studies or 25.5%, and a more limited number
of mixed-method longitudinal designs amounting to 3 studies or 6.4%, reflecting a
comprehensive effort to capture long-term clinical change dynamics within the context of war-
related trauma. The duration of follow-up exhibited wide temporal variation, ranging from 1.0
to 8.0 years with a mean of 3.6 years and a standard deviation of 2.1, thereby allowing a layered
evaluation of the sustainability of technology-based intervention effects. The relatively high
participant retention rate at the end of the observation period, with an average value of 78.3%
and a range from 65.4 to 92.7%, indicates cohort stability and adequate participant engagement
throughout the longitudinal phase, while simultaneously strengthening the reliability of the
causal inferences drawn from the cross-study data synthesis in evaluating innovations in
technology-assisted therapy among conflict-affected populations.

Structural Brain Changes
Table 3. Longitudinal Structural Brain Alterations Associated with Trauma Exposure

Brain Laterality Correlation 95% Confidence p-value Proportion of Affected

Region Coefficient (r) Interval Sample (%)
Hippocampus  Bilateral -0.67 [-0.72, -0.62] <.001 78.4
Amygdala Bilateral -0.54 [-0.59, -0.49] <.001 78.4

Note. Correlations reflect associations between cumulative trauma exposure and volumetric

reduction across follow-up.

Table 4. Mean Percentage Volume Change and Effect Sizes Across Brain Regions During

Follow-up
Brain Region Laterality Mean Volume Standard Effect Size p-value
Change (%) Deviation (Hedges’ g)

Hippocampus Left -8.7 2.3 0.89 <.001
Hippocampus Right -1.4 2.1 0.76 <.001
Amygdala Left -6.2 1.9 0.68 <.001
Amygdala Right -6.0 1.8 0.65 <.001
Anterior Cingulate Cortex  Bilateral -4.8 1.6 0.54 <.001
(ACC)

Medial Prefrontal Cortex Bilateral -4.2 15 0.48 <.001

(MPFC)
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Note. Negative values indicate volumetric reduction relative to baseline; effect sizes represent
pooled longitudinal estimates.

As shown in the third and fourth tables above. Longitudinal analysis of structural brain
changes indicates that exposure to war trauma is strongly correlated with progressive
volumetric reductions in several key regions, in which the bilateral hippocampus exhibits the
most pronounced negative association between cumulative trauma and volume decline (r = -
0.67, 95% CI [-0.72, -0.62], p < .001), affecting 78.4% of the sample, accompanied by an
average reduction of -8.7% (SD = 2.3) in the left hippocampus with an effect size of g = 0.89
and -7.4% (SD = 2.1) in the right hippocampus with g = 0.76, while the bilateral amygdala also
shows significant decreases with a correlation of r = -0.54 (95% CI [-0.59, -0.49], p < .001)
and an identical proportion of sample involvement of 78.4%, reflected in volumetric changes
of -6.2% (SD = 1.9, g = 0.68) on the left side and -6.0% (SD = 1.8, g = 0.65) on the right side,
together with additional reduction patterns in the bilateral anterior cingulate cortex of -4.8%
(SD =1.6, g =0.54, p <.001) and the bilateral medial prefrontal cortex of -4.2% (SD = 1.5, g
=0.48, p <.001), which collectively illustrate that chronic trauma exposure is associated with
gradual structural degradation of neurobiological circuits that play a central role in emotion
regulation, memory, and cognitive control throughout the follow-up period.

Functional Changes

Table 5. Functional Activation and Network-Level Associations During Emotional

Processing
Functional Indicator Metric Type Effect Estimate Precision Index  p-value
Amygdala activation to emotional stimuli Regression 0.58 SE = 0.07 <.001
Coefficient (B)
Amygdala—mPFC functional connectivity Correlation (r) -0.61 Exact estimate <.001
Default Mode Network (DMN) activation— Correlation (r) 0.58 Exact estimate <.001
resilience link
Note. Estimates reflect pooled longitudinal fMRI effects across follow-up assessments.
Table 6. Longitudinal Changes in Functional Connectivity Strength (z-scores)
Network Pair Baseline Mean z- Baseline SD Follow-up Mean z- Follow-up SD  p-value
score score
Amygdala—-mPFC 0.42 0.11 0.28 0.09 <.001
ACC-Insula 0.38 0.10 0.31 0.08 <.001
DMN-Salience 0.45 0.12 0.35 0.09 <.001
Network
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Note. z-scores indicate standardized functional connectivity strength derived from resting-state
fMRI.

As shown in the fifth and sixth tables above. The results of the longitudinal fMRI
analysis reveal that exposure to war trauma is associated with consistent and measurable
functional brain changes, characterized by increased amygdala activation in response to
emotional stimuli (B = 0.58, SE = 0.07, p < .001) that runs in parallel with a weakening of
amygdala—medial prefrontal cortex functional connectivity (r = -0.61, p < .001), a pattern that
indicates disruption of top-down emotion regulation throughout the follow-up period. At the
network level, default mode network activation shows a significant positive correlation with
psychological resilience (r = 0.58, p < .001), while resting-state connectivity analysis
demonstrates a significant decline in connectivity strength from baseline to follow-up in the
amygdala—mPFC pair from z = 0.42 (SD = 0.11) to z = 0.28 (SD = 0.09), the ACC-insula pair
from z =0.38 (SD = 0.10) to z = 0.31 (SD = 0.08), and the DMN-salience network pair from
z=0.45 (SD =0.12) to z = 0.35 (SD = 0.09), all with p <.001, which collectively reflect a
persistent reorganization of affective and cognitive networks along the trajectory of post-
traumatic neurofunctional adaptation.

Neuroendocrine Biomarkers

Table 7. Longitudinal Neuroendocrine Biomarker Alterations Associated with Trauma

Exposure
Biomarker Outcome Indicator Effect Metric Effect 95% Confidence  p-value
Estimate Interval
Cortisol Persistent elevation vs. Fold-change 2.8 [2.4,3.2] <.001
normative baseline
Cortisol (Diurnal)  Flattened diurnal rhythm  Proportion 81.2 Empirical range- <.001
affected (%) based
Plasma Level vs. control Fold-change 1.9 [1.6,2.2] <.001

Norepinephrine comparison

Note. Fold-change values represent pooled longitudinal estimates across follow-up; diurnal
disruption reflects flattened cortisol slopes relative to physiological circadian patterns.

As shown in the seventh table above. The results of the longitudinal neuroendocrine
biomarker analysis indicate that trauma exposure is associated with a persistent and systemic
disruption of stress regulation, as reflected in cortisol levels elevated up to 2.8 times above
normative baseline with a 95% confidence interval [2.4, 3.2] and high statistical significance
(p < .001), accompanied by disturbances in diurnal rhythm in the form of cortisol curve
flattening identified in 81.2% of participants (p < .001), thereby indicating a loss of
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physiological circadian patterning. At the same time, increased activity of the sympatho-
adrenal system is also confirmed through a 1.9-fold rise in plasma norepinephrine levels
compared with the control group, with a 95% confidence interval [1.6, 2.2] and p < .001, which
collectively affirm the presence of a chronic neuroendocrine burden as a biological

consequence of war trauma exposure over a prolonged temporal trajectory.

Inflammatory Markers

Table 8. Longitudinal Changes in Proinflammatory Biomarker Levels

Inflammatory Marker Baseline Mean Baseline SD  Follow-up Mean  Follow-up SD Effect Size
(pg/mL) (pg/mL) (Hedges’ g)

Interleukin-6 (IL-6) 24 0.6 4.8 1.2 0.72
Tumor Necrosis Factor-o 18 0.5 3.9 0.9 0.68
(TNF-0)

Interleukin-1p (IL-1p) 1.2 0.4 2.6 0.7 0.58
C-Reactive Protein 15 0.4 3.2 0.8 0.64
(CRP)

Note. Effect sizes represent pooled longitudinal standardized mean differences between

baseline and follow-up assessments.

Table 9. Associations Between Inflammatory Elevation, Displacement Duration, and PTSD

Severity
Association Pair Correlation Coefficient (r) p-value
Inflammatory markers x Duration of displacement 0.54 <.001
Inflammatory markers x PTSD severity 0.63 <.001

Note. Correlations reflect pooled associations between inflammatory burden and clinical-

contextual trauma indicators.

As shown in the eighth table and the ninth table above. The results of the longitudinal

analysis of proinflammatory biomarkers in the war trauma population reveal consistent and

significant increases in 1L-6 from 2.4 + 0.6 pg/mL to 4.8 £ 1.2 pg/mL with an effect size of g

=0.72, TNF-a from 1.8 £ 0.5 pg/mL to 3.9+ 0.9 pg/mL (g = 0.68), IL-1p from 1.2 + 0.4 pg/mL

to 2.6 + 0.7 pg/mL (g = 0.58), and CRP from 1.5 + 0.4 pg/mL to 3.2 + 0.8 pg/mL (g = 0.64),

indicating a robust and sustained systemic inflammatory response. These increases not only
reflect immune activation as a consequence of trauma, but also correlate significantly with the
duration of displacement (r = 0.54, p < .001) and the severity of PTSD (r = 0.63, p < .001),

thereby underscoring the close interconnection between chronic stress burden, traumatic

environmental conditions, and internal biological dynamics. These findings emphasize the
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importance of monitoring inflammatory biomarkers as clinically and biologically sensitive
indicators of the long-term impact of war trauma, and highlight their implications for
therapeutic intervention strategies that account for immune response modulation and the
mitigation of inflammatory comorbidity risks.

Moderator Analysis

Table 10. Moderator Effects on Longitudinal Neurobiological Changes (Meta-Regression

Results)

Moderator Variable Statistical Test Effect Estimate Degrees of Freedom p-value
Duration of displacement Q-statistic 24.37 1 <.001
Age at displacement Regression coefficient () 0.42 Not applicable <.001
Gender Q-statistic 18.24 1 <.001
Access to mental health services  Regression coefficient () -0.38 Not applicable <.001

Note. Moderator effects are derived from pooled longitudinal meta-regression models

assessing neurobiological outcomes.
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War Trauma &
Displacement Exposure

Neurobiological
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—_—;——,——;-—-—" Outcomes
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[ =038, p <0017
PROTECTIVE FACTOR (Inverse)
Hiitzates nourobic impact
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Statistical Test Effect Estimate df p-value Ericityinteiehtion Eamework
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Figure 1. Path Analysis Model: Moderator Effects on Longitudinal Neurobiological
Changes, Meta-Regression Analysis of War Trauma and Displacement in Refugee
Populations

As shown in the tenth table and the first figure above, the results of the longitudinal
meta-regression analysis indicate that the duration of displacement constitutes the most
dominant moderator in neurobiological changes associated with war-related trauma (Q = 24.37,
df =1, p <.001), with age at the time of displacement also playing a significant role (§ = 0.42,
p <.001), while gender further moderates this effect (Q = 18.24, df = 1, p <.001), and access
to mental health services demonstrates a significant inverse influence on neurobiological
outcomes (p = -0.38, p < .001), underscoring that the interaction among demographic factors,
chronic exposure, and the availability of psychosocial support collectively shapes the trajectory
of neural adaptation within conflict-affected refugee populations.

Trajectory Longitudinal Longitudinal Trajectory

Table 11. Longitudinal Neurobiological Trajectory Patterns Across the Sample

Trajectory Pattern Participants (n) Proportion of Brain Volume Functional Biomarker Profile
Sample (%) Change Connectivity
Progressive Deterioration 5,820 45.3 Severe loss Disrupted Elevated
Partial Adaptation 4,972 38.7 Moderate loss Partially preserved Moderately elevated
Resilient 2,055 16.0 Minimal loss Preserved Normative

Note. Trajectory classes reflect latent longitudinal patterns integrating structural, functional,
and neuroendocrine indicators.

As shown in the eleventh table above, the results of the longitudinal analysis of the
neurobiology of war-related trauma reveal the presence of three distinct trajectory patterns,
with 45.3% of participants experiencing progressive deterioration characterized by severe
reductions in brain volume, disrupted functional connectivity, and elevated neuroendocrine
biomarkers, while 38.7% exhibit partial adaptation marked by moderate volume loss, partially
preserved connectivity, and moderate biomarker levels, and 16.0% maintain a resilient status
with minimal volume loss, preserved connectivity, and normal biomarker profiles, reflecting
the heterogeneity of neurobiological responses to trauma and underscoring the importance of
moderating factors such as duration of displacement (Q = 24.37, df = 1, p < .001), age at
displacement (B = 0.42, p <.001), gender (Q = 18.24, df =1, p <.001), and access to mental

health services (B =-0.38, p <.001) in mediating long-term outcomes.
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Neural-Behavioral Interaction

Table 12. Neural-Behavioral Mediation Analysis in Trauma-Related Memory Impairment

Mediator System Path Coefficient (f3) Standard Error (SE) p-value  Outcome Variable
Noradrenergic system 0.64 0.08 <.001 Memory
dysfunction impairment

Note. Mediation analysis indicates a full indirect effect of trauma exposure on memory

impairment via noradrenergic system dysfunction.

Table 13. Structural Equation Model of PTSD Symptom Manifestation

Model Component Fit Index Value
Comparative Fit Index (CFI) CFI 0.94
Root Mean Square Error of Approximation (RMSEA) RMSEA 0.058

Note. Structural equation modeling confirms the central role of the disrupted emotion
regulation network in PTSD symptomatology.

As shown in the twelfth and thirteenth tables above, the results of the integrative
analysis of neural and behavioral interactions reveal that dysfunction of the noradrenergic
system functions as a full mediator in the relationship between trauma exposure and memory
impairment, with a path coefficient of B = 0.64 (SE = 0.08, p < .001), indicating a robust
neurobiological mechanism linking traumatic experiences to cognitive deficits. At the same
time, the structural equation model reinforces the central role of disrupted emotion regulation
networks in the manifestation of PTSD symptoms, with adequate model fit indices indicated
by CFI = 0.94 and RMSEA = 0.058, affirming that memory disturbances and the symptomatic
expression of PTSD can be understood as outcomes of systemic interactions among
neuroendocrine dysfunction, structural and functional brain alterations, and longitudinally
mediated behavioral dynamics.

Validity and Reliability
Table 14. Heterogeneity and Publication Bias Assessment

Analysis Type Statistic  Value p-value
Heterogeneity 12 (%) 58.4 <.001
Heterogeneity Q-statistic  142.6  <.001

Publication bias (Egger)  z-score 1.84 0.065

Note. Moderate heterogeneity observed,; Egger’s test indicates no significant publication bias.
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Table 15. Sensitivity Analysis

Analysis Type Outcome

Leave-one-out sensitivity Results robust; exclusion of individual studies did not substantially alter pooled
estimates.

Note. Sensitivity analysis confirms the robustness of the meta-analytic findings across the
included studies.

As shown in the fourteenth table above, the results of the meta-analysis indicate
moderate heterogeneity among the synthesized studies, with an 12 of 58.4% and a Q-statistic of
142.6 (p < .001); however, the assessment of potential publication bias using Egger’s test did
not reveal any significant bias (z = 1.84, p = 0.065), while the leave-one-out sensitivity analysis
confirmed the stability of the findings, as the exclusion of individual studies did not
substantially alter the pooled estimates, indicating that the validity and reliability of the meta-
analytic results are sufficiently robust to support conclusions regarding the effects of
technology-assisted therapy interventions in war-traumatized populations.

As a closing remark, this meta-analysis demonstrates substantial and persistent
neurobiological alterations among Syrian refugees exposed to war-related trauma, including a
reduction in left hippocampal volume of 8.7% (g = 0.89) and right hippocampal volume of
7.4% (g = 0.76), alongside bilateral amygdala reductions of 6.2% (g = 0.68) and 6.0% (g =
0.65), accompanied by a decline in functional connectivity between the amygdala and the
mPFC from z = 0.42 (£0.11) to 0.28 (£0.09, p < .001) and disruption of the neuroendocrine
system reflected by a 2.8-fold elevation in cortisol relative to baseline (95% CI [2.4, 3.2]) with
diurnal flattening observed in 81.2% of participants, as well as a 1.9-fold increase in plasma
norepinephrine (95% CI [1.6, 2.2]), while inflammatory biomarker profiles exhibit significant
elevations in IL-6 (g = 0.72), TNF-a (g = 0.68), IL-1B (g = 0.58), and CRP (g = 0.64) that
correlate with duration of displacement (r = 0.54) and PTSD severity (r = 0.63), with
longitudinal trajectories distinguishing 45.3% of participants experiencing progressive
deterioration, 38.7% partial adaptation, and 16.0% resilience, and moderator analyses
affirming the roles of duration of displacement (Q = 24.37), age at displacement (f = 0.42),
gender (Q = 18.24), and access to mental health services (B = -0.38) in determining
neurobiological patterns, while neural and behavioral interactions reveal full mediation of
memory impairment by noradrenergic system dysfunction (f = 0.64, SE = 0.08, p <.001) and
the structural equation model confirms the central role of disrupted emotion regulation
networks in the manifestation of PTSD symptoms (CFI = 0.94, RMSEA = 0.058), with these

collective findings underscoring the complexity of neurobiological adaptation to trauma as
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shaped by multifactorial interactions, demonstrating that structural, functional,
neuroendocrine, and inflammatory changes are interrelated in forming adaptive and
maladaptive responses within refugee populations.

Discussion

This meta-analysis provides a deeper and more nuanced portrayal of long-term
neurobiological changes among Syrian refugees in Lebanon, while also enriching the
understanding of how prolonged collective trauma operates at the neural level. The principal
findings not only confirm earlier research but also extend its interpretive scope by
demonstrating that exposure to layered war-related trauma combined with chronic
displacement stress shapes patterns of brain alteration that are more complex, more persistent,
and more resistant to reduction into conventional individual trauma models. These results,
therefore, affirm that the experience of displacement cannot be understood merely as an
extension of war trauma, but rather as a distinct biological and psychosocial context that
systemically modifies neurobiological responses.

The reductions in hippocampal and amygdala volume identified in this meta-analysis,
with correlation coefficients of r = -0.67 and r = -0.54, respectively, consistently exceed the
magnitudes commonly reported in PTSD studies among non-refugee populations, which
typically fall within the range of r = -0.35 to -0.45 as noted by Mikhail et al. (2018). This
discrepancy indicates a synergistic effect between exposure to war-related violence and
prolonged displacement stress on neural plasticity, particularly within limbic structures that
play a central role in emotional regulation and memory. These findings not only broaden the
focus of Ruhnke et al. (2024), which emphasized the hippocampus, but also affirm the
involvement of a wider limbic network, thereby providing a strong argument that refugee
trauma constitutes a network-level pathology rather than an isolated structural alteration.

The identification of three distinct trajectories of neurobiological change, namely
progressive deterioration, partial adaptation, and resilience, offers a new conceptual framework
for understanding the heterogeneity of individual responses to trauma. The proportions of each
trajectory, 45.3%, 38.7%, and 16.0%, differ significantly from those observed in non-refugee
trauma populations, where the resilience group generally comprises approximately 30-35% as
reported by Yehuda & Lehrner (2018). This imbalance highlights that the displacement context
specifically erodes the adaptive capacity of most individuals, while simultaneously narrowing
the space for the emergence of neurobiological resilience, thereby challenging assumptions

regarding the universality of trauma adaptation mechanisms.
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The duration of displacement emerged as the strongest moderator, with a Q value of
24.37, underscoring the importance of the temporal dimension in understanding the
neurobiological impact of trauma. The observed dose-response relationship between length of
displacement and severity of neurobiological change provides strong empirical support for the
argument that chronic stress in displacement contexts tends to be cumulative rather than subject
to habituation or stabilization over time. These findings contribute directly to debates
concerning the boundary between toxic stress and tolerable stress, with data supporting the
view that prolonged displacement more closely resembles the characteristics of toxic stress that
continuously erode the regulatory capacity of the brain.

Gender also emerged as a significant moderator, as reflected in a Q value of 18.24,
suggesting a complex, non-linear pattern. Women exhibited greater vulnerability to structural
volumetric changes, yet also demonstrated relatively stronger long-term adaptive capacity.
This pattern extends the findings of Rektor et al. (2024) on sexual dimorphism in stress
responses by adding the contextual dimension that collective trauma and social uncertainty can
dynamically modulate the biological expression of gender differences.

At the mechanistic level, the finding of full mediation by the noradrenergic system, with
a coefficient of f = 0.64, in the relationship between trauma exposure and memory impairment
constitutes a substantial theoretical contribution. This model clarifies how chronic
hyperarousal can be translated into persistent cognitive deficits, a causal pathway that had
previously been more speculative within the refugee literature. In addition, the identification
of distinctive activation patterns within the default mode network that correlate with resilience
(r = 0.58) opens a new horizon in trauma research by suggesting that the capacity to maintain
intrinsic brain network organization may function as a key protective mechanism against the
neurobiological impact of trauma.

The clinical implications of these findings are both immediate and extensive. The
identification of specific biomarkers and differentiated trajectories provides an empirical basis
for more precise screening strategies and targeted interventions. The finding of elevated
inflammatory markers such as IL-6 and TNF-a that correlate with PTSD severity indicates the
potential value of anti-inflammatory therapeutic approaches. This area remains relatively
underexplored in refugee contexts. Furthermore, disrupted patterns of functional connectivity,
particularly within amygdala-mPFC coupling, highlight the possibility of neurofeedback-based
or neural stimulation interventions as complements to the psychosocial approaches that

currently dominate refugee mental health services.
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Rather than reinforcing the biological-versus-social dichotomy that has often
characterized earlier discourse, this study's findings emphasize complex interactions between
neurobiological and socio-environmental factors. Access to mental health services emerged as
a significant moderator with § = -0.38, demonstrating that structural context and policy can
meaningfully shape the neurobiological trajectory of trauma. The disruption of cortisol
rhythms, detected in 81.2% of participants and accompanied by flattening of the diurnal curve,
further underscores the profound impact of displacement on core regulatory systems, while
also suggesting the importance of considering circadian dimensions in the design of
interventions.

Several limitations nevertheless warrant attention. The uneven geographic distribution
of the sample, with concentration in the Bekaa Valley and Greater Beirut, limits the
generalizability of the findings to the entire Syrian refugee population in Lebanon. Variability
in neuroimaging protocols across studies may also have influenced the precision of effect-size
estimation. At the same time, the lack of pre-displacement data limits the ability to reconstruct
neurobiological baselines with greater accuracy. The moderate level of heterogeneity (I? =
58.4%) indicates substantial variability that is not yet fully explained by the identified
moderators.

Overall, this meta-analysis represents a significant advance in understanding the
neurobiological substrates of trauma among refugees. The integration of multiple levels of
analysis, ranging from biomolecular processes to neural networks, provides a comprehensive
framework for explaining how prolonged collective trauma becomes literally embedded within
brain function. The implications of these findings extend beyond theoretical contributions and
hold direct relevance for the development of evidence-based interventions in humanitarian
contexts, while also affirming the urgency of approaches that integrate neurobiological,

clinical, and social perspectives cohesively.

4. CONCLUSION

This longitudinal meta-analysis provides a comprehensive synthesis of neurobiological
changes among Syrian refugees in Lebanon from 2011 to 2024, drawing on 47 empirical
studies and involving a total of 12,847 participants across the full age spectrum. Overall, the
accumulated findings demonstrate that prolonged collective trauma not only produces
persistent psychological consequences but also shapes distinct, consistent, and enduring
patterns of structural and functional brain alterations. Substantial reductions in hippocampal

and amygdala volume, with association strengths of r = -0.67 and r = -0.54, respectively,
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accompanied by disrupted amygdala—mPFC connectivity and persistent elevations in stress and
inflammatory biomarkers, confirm that long-term displacement operates as a profound and
cumulative neurobiological stressor.

Furthermore, the identification of three distinct neurobiological trajectories, namely
progressive deterioration, partial adaptation, and resilience, offers a new conceptual framework
for understanding the heterogeneity of individual responses to collective trauma. This
framework indicates that although some individuals exhibit a degree of adaptive capacity, a
significant proportion experience progressive declines in neural functioning, a finding that
challenges assumptions regarding habituation or spontaneous recovery within contexts of
prolonged displacement. Accordingly, this variability cannot be adequately understood solely
through clinical or social indicators but must instead be examined through a more rigorous
neurobiological lens.

The principal contribution of this study lies in integrating multiple levels of
neurobiological analysis within an extensive longitudinal design, thereby extending beyond
prior research that has often been fragmented in focus. In contrast to approaches that emphasize
clinical manifestations or social determinants in isolation, this meta-analysis elucidates specific
neural mechanisms underlying trauma responses within refugee populations. The finding that
default mode network connectivity is positively associated with resilience (r = 0.58) offers a
novel perspective on the existence of protective neurobiological substrates and shifts the
prevailing paradigm that has historically prioritized the pathological dimensions of trauma.

In addition, evidence of full mediation by the noradrenergic system in the relationship
between trauma exposure and memory impairment provides a mechanistic explanation that
bridges the conceptual gap between traumatic experience and alterations in cognitive
functioning. This model strengthens the understanding that chronic hyperarousal plays a central
role in transforming psychosocial experience into persistent neural dysfunction among Syrian
refugees in Lebanon. Taken together, these findings underscore the urgency of developing
policies, screening strategies, and mental health interventions that explicitly account for the
long-term neurobiological consequences of displacement-related trauma. Within the context of
an ongoing global refugee crisis, such evidence-based understanding constitutes an essential
foundation for humanitarian efforts that are more effective, sustainable, and oriented toward

comprehensive recovery.
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