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Highlights 

 Trauma patients showed greater physical health symptoms and decreased prefrontal 

but increased hippocampal responses to stress than controls. 

 More frequent physical symptoms were associated with an increased left hippocampal 

response to stress. 

 Trauma may increase physical health symptoms by compromising hippocampal 

function, which could also increase vulnerability to comorbid stress- and pain-related 

disorders. 
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Abstract 

Trauma and chronic pain frequently co-occur, but the underlying neurological 

mechanisms are poorly understood. The current study investigated the neural correlates of 

stress and physical symptoms in trauma patients using functional magnetic resonance 

imaging (fMRI) and follow-up smartphone surveys. Participants were 10 patients diagnosed 

with Trauma- and Stressor-Related Disorders and 18 demographically-matched healthy 

controls who completed a fMRI stress provocation task in which they viewed stressful and 

neutral-relaxing images. Subsequently, participants completed daily smartphone surveys 

which prospectively monitored their stress and physical symptoms for 30 days. The trauma 

group experienced a significantly higher frequency of physical symptoms than controls 

during the follow-up period. During stress, trauma patients exhibited increased activity in the 

hippocampus, insula, and sensorimotor areas, but decreased activity in the ventromedial 

prefrontal cortex (vmPFC), lateral prefrontal cortex (LPFC), and dorsal striatum relative to 

controls. In all participants, higher physical symptom frequency was significantly associated 

with a hyperactive left hippocampal response to stress. The current study reports that trauma 

is characterized by greater physical symptoms and decreased prefrontal but increased limbic 

responses to stress. Our findings suggest that trauma may increase physical health symptoms 

by compromising hippocampal function, which could also increase vulnerability to stress- 

and pain-related disorders. 

 

 

 

Keywords: trauma; stress; pain; physical symptoms; fMRI; hippocampus 

1. Introduction 
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Trauma, although primarily conceptualized as a psychiatric disorder, is often 

accompanied by pain and physical health symptoms (Pacella et al., 2013; Ryder et al., 2018). 

In fact, trauma and chronic pain are highly co-occurring conditions, with comorbidity rates in 

the United States reaching as high as 50% in veteran populations (Fishbain et al., 2017). It 

has previously been suggested that chronic stress and pain are mutually reinforcing wherein 

the symptoms of one can exacerbate the symptoms of the other, and vice versa (Asmundson 

et al., 2002; Sharp & Harvey, 2001). As a potential explanation, prior studies have suggested 

the framework of allostatic load (Abdallah & Geha, 2017; Lunde & Sieberg, 2020), which 

refers to the ―wear and tear‖ induced by chronic stress on bodily systems which can 

eventually lead to physical health problems (McEwen, 1998, 2007). Consistent with this, a 

national epidemiologic survey conducted in the U.S. found that Post-Traumatic Stress 

Disorder (PTSD) patients had disproportionately high rates of various medical conditions 

compared to controls (Pietrzak et al., 2011). 

However, there remain significant gaps in our understanding of the neural 

mechanisms underlying the link between stress, trauma, and pain. A prior study from our 

group with healthy community individuals found that cumulative trauma and adversity were 

associated with a greater likelihood of physical health symptoms and an altered neural 

response to stress (Seo, Tsou, et al., 2014). Specifically, hypoactivity in the ventromedial 

prefrontal cortex (vmPFC) and hyperactivity in the hippocampus explained the link between 

high cumulative stress and physical symptoms (Seo, Tsou, et al., 2014). The vmPFC is 

known to be involved in emotion regulation (Golkar et al., 2012; Ochsner et al., 2002), while 

the hippocampus is involved in stress, memory (Kim & Diamond, 2002; Lupien & Lepage, 

2001), and modulation of immune function (Devi et al., 2004; Xiong et al., 2016). These 

findings suggest that an overactive hippocampal response to stress resulting from decreased 

vmPFC regulatory control may underlie the link between trauma and physical symptoms. 
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Although our prior study provided insight into the neural mechanisms of stress and physical 

pain in healthy individuals, it did not examine this phenomenon in trauma patients who are 

more likely to display stronger stress-related symptoms. 

Furthermore, prior trauma studies measuring pain have been constrained by a 

retrospective approach to tracking pain and physical symptoms (Langford et al., 2018; Noel 

et al., 2016). A prospective approach where participants are tracked in real-time and in real-

life settings can minimize participants’ recall bias (Shiffman et al., 2008) and yield more 

accurate data on stress and health-related symptoms (Smyth & Stone, 2003). These studies 

emphasize the need for prospective measures of physical symptoms to better understand the 

link between trauma and pain. 

To extend our findings in community individuals from Seo, Tsou, et al. (2014) to 

clinical populations, the present study examined the associations between neural correlates of 

stress and prospectively measured physical symptoms in trauma patients and 

demographically-matched healthy controls. We used functional magnetic resonance imaging 

(fMRI) combined with a prospective follow-up method that tracked daily stress and physical 

symptoms in real-life settings via smartphone surveys. For stress manipulation during fMRI, 

we used a sustained stress provocation task that has been well-validated in prior 

neuroimaging studies (Goldfarb et al., 2020; Goldfarb et al., 2019; Sinha et al., 2016). Based 

on our prior results (Seo, Tsou, et al., 2014), we hypothesized that trauma patients would 

experience greater physical symptoms than healthy controls and exhibit altered activation of 

the vmPFC and hippocampus in response to stress exposure. In addition, we predicted that 

the degree of the altered vmPFC and hippocampal responses to stress would be associated 

with greater physical health symptoms. 

 

2. Methods 
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2.1 Participants 

Participants were 28 community adults (aged 19-48), including 10 individuals with 

trauma and 18 demographically-matched healthy controls (Table 1). No significant 

differences in age, sex, race, education, or intelligence were found between trauma patients 

and healthy controls (all p’s > 0.05). Participants were recruited through advertisements 

placed on social-networking sites and in local newspapers as well as flyers posted on 

community bulletin boards in the greater New Haven area. 

Participants in the control group were healthy individuals with no past or current 

Diagnostic and Statistical Manual of Mental Disorders 5 (DSM-5) diagnoses for any mental 

health disorders. Participants in the trauma group met current DSM-5 criteria for Trauma- 

and Stressor-Related Disorders, as determined by the Structured Clinical Interview for DSM-

5 (SCID-5; First (2015)). One participant in the trauma group met lifetime—but not current—

criteria for a DSM-5 trauma-related disorder. However, this participant exhibited significant 

trauma-related symptoms and had last experienced a traumatic event approximately one year 

prior to study participation and was thus included in the study. Given the high rate of 

comorbidity between trauma and other psychiatric disorders (Brady et al., 2000), the presence 

of other DSM-5 psychiatric diagnoses was non-exclusionary. All comorbid non-trauma-

related DSM-5 diagnoses are presented in Table 1. 

In order to ensure that results would not be influenced by the presence of physical 

disorders, potential participants were excluded if they had any significant medical conditions 

(e.g., seizures, thyroid disorders, cardiovascular diseases). Other exclusion criteria included 

MRI-related issues (e.g., claustrophobia, metal in body), history of head trauma, current 

pregnancy, and use of psychiatric medications. Additional eligibility criteria included the 

ability to read English and provide informed written and verbal consent. All study procedures 

                  



6 

 

were reviewed and approved by the Human Investigation Committee of the Yale School of 

Medicine. 

2.2 Study procedure 

Interested participants were initially screened over the phone to determine their 

eligibility. Eligible participants completed 3-4 intake appointments where they provided 

informed consent and completed additional in-person intake screenings. Participants also 

completed the Shipley Institute of Living Scale (Shipley, 1940) to assess their cognitive 

aptitude and intelligence (IQ). The Structured Clinical Interview for DSM-5 (SCID-5; First 

(2015)) was administered to determine whether participants met DSM-5 criteria for any 

current Trauma- and Stressor-Related Disorders. Upon completion of intake procedures, 

participants were scheduled for a functional magnetic resonance imaging (fMRI) scan session 

from 8:00am to 10:00am. All participants were instructed to abstain from using any drugs 

and/or medications for 48 hours prior to their fMRI scan to minimize drug-related 

confounding factors. Alcohol and drug abstinence were verified by breathalyzer and urine 

tests administered shortly before each scan. During the fMRI scan session, participants 

completed a well-validated stress provocation task (adapted from Sinha et al. (2016)) in 

which they were exposed to stressful and neutral-relaxing scenes. After completion of the 

fMRI scan, participants were prospectively followed with daily smartphone surveys that 

monitored their daily stress and physical symptoms for 30 consecutive days. 

2.3 fMRI experimental task 

During the fMRI scan, participants completed a stress provocation task (adapted from 

Sinha et al. (2016); see Figure 1), which was administered with E-Prime 2.0 (Psychology 

Software Tools, Inc.). The stress provocation task included stressful and neutral-relaxing 

visual stimuli in a fMRI block design, with each condition presented in a separate block 

(Figure 1). Condition order was randomized across participants. Stressful images (e.g., scenes 
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of violence, injury, and terror) were selected from the International Affective Picture System 

(IAPS; Lang et al. (1997)). Neutral-relaxing images (e.g., scenes of nature and people 

relaxing) were selected from validated pictures sets (Blaine et al., 2020; Goldfarb et al., 2020; 

Sinha et al., 2016). Pre-task ratings for mean valence (1 = negative to 9 = positive) and 

arousal (1 = calm/relaxed to 9 = aroused/excited) were          = 2.34 (SD = 0.63) and 

         = 6.00 (SD = 0.83) for stress images, and          = 6.07 (SD = 0.40) and          = 

3.63 (SD = 0.47) for neutral-relaxing images.  

The fMRI stress provocation task (Goldfarb et al., 2020; Goldfarb et al., 2019; Sinha 

et al., 2016) consisted of two randomly ordered blocks in which participants were exposed to 

either stressful or neutral-relaxing scenes (Figure 1). In each block, participants completed 

three sequential phases: baseline, provocation, and recovery. During the baseline phase, blank 

gray images with central fixation cross were displayed for three runs (Runs 1-3). During the 

provocation phase, participants viewed either stressful or neutral-relaxing images for six runs 

(Runs 4-9). In each run, 11 images were shown in succession for 5 seconds each with a 1-

second interstimulus interval (ISI), for a total of 66 seconds (1.1 minutes) per run. The level 

of emotional intensity of images was matched across the six provocation runs in each 

condition, verified by no statistical differences in IAPS normative ratings of valence or 

arousal, as previously described (Blaine et al., 2020; Sinha et al., 2016). During the recovery 

phase (4 minutes), participants were asked to stay still and relax and were not shown any 

images as they were scanned. In-between blocks (stress followed by neutral-relaxing, or vice 

versa), a 2-minute progressive relaxation recording was played to ensure that physiological 

levels returned to baseline, as described in previous work (Seo et al., 2013; Sinha et al., 

2016). After each baseline/provocation run and after the recovery phase, participants were 

asked to provide ratings of their stress (1 = not at all stressed to 9 = extremely stressed) and 
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arousal (1 = calm/relaxed to 9 = aroused/excited) using the Self-Assessment Manikin method 

(SAM; Bradley and Lang (1994)) and two-button fMRI response pads. 

2.4 Daily smartphone surveys 

After the fMRI scan session, participants completed daily smartphone surveys over a 

30-day follow-up period where they reported their daily stress and physical symptoms. The 

surveys were programmed and administered using a HIPAA-compliant smartphone 

application (MetricWire Inc., ON, Canada). Participants received each daily survey at 

5:00pm (EST) on their smartphone devices. This time of day was selected to sync up with the 

end of the standard business day to maximize compliance rates. Participants were given a 

seven-hour window from 5:00pm to 2:00am of the next calendar day to complete each daily 

survey, which required approximately 10-15 minutes of their time. On the daily survey, 

participants were asked whether they had experienced any physical symptoms since 

completing the previous day’s survey including: ―headache,‖ ―stomachache/indigestion,‖ 

―chest pain,‖ ―allergy symptoms,‖ ―dizziness/fainting feeling,‖ ―shortness of breath,‖ 

―fatigue/weakness,‖ ―muscle aches/pain,‖ ―cold symptoms/flu,‖ and ―other.‖ Choosing 

―other‖ prompted participants to specify any additional physical symptoms. Frequency of 

physical symptoms was indexed by the number of days on which at least one physical 

symptom was reported (mean: 10.9 days, range: 0-29 days). Participants were also asked to 

rate their daily stress levels using a sliding scale ranging from 1 to 100 (1 = not at all stressed; 

100 = extremely stressed). The daily protocol achieved a very high rate of survey compliance 

(91.4%). No significant differences in compliance rates were observed between trauma 

patients and healthy controls, t(26) = 0.46, p = 0.65. 

2.5 fMRI data acquisition 

MRI data were acquired using a T2*-sensitive gradient-recalled single-shot echo-

planar pulse sequence on a 3T Siemens Prisma MRI system equipped with a standard 
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quadrature head coil. For functional MRI data, 75 axial slices parallel to the AC-PC line 

covering the whole brain were acquired with the following acquisition parameters: TR = 

1000 ms, TE = 30 ms, bandwidth = 1894 Hz/pixel, flip angle = 55°, field of view = 220   

220 mm, slice thickness = 2 mm with no gap. Blood-oxygen-level-dependent (BOLD) signals 

were acquired with a 64-channel head coil with a multiband accelerated echo planar imaging 

(EPI) sequence. A high-resolution 3D magnetization-prepared rapid gradient-echo (MP-

RAGE) sequence was used to acquire sagittal anatomical images. 

2.6 fMRI data analysis 

fMRI data processing and analysis followed the procedures described previously 

(Sinha et al., 2016). XMedCon (Nolf et al., 2003) was used to convert fMRI data from Digital 

Imaging and Communication in Medicine (DICOM) format to Analyze format. During 

conversion, the first 3 images of every functional run were discarded to enable the signal to 

achieve steady-state equilibrium between radiofrequency pulsing and relaxation. Images were 

motion corrected for three translational and three rotational directions (Friston et al., 1996), 

and any trials with linear motion exceeding 1.5 mm or rotation exceeding 2° were discarded. 

To address possible temporal autocorrelation in multiband imaging, a Restricted Maximum 

Likelihood (ReML) pre-whitening procedure was applied to the data (Olszowy et al., 2019). 

An individual-level General Linear Model (GLM) analysis was performed on each 

voxel for the entire brain volume with a regressor (provocation – baseline) specific to each 

experimental condition (stress, neutral-relaxing) using BioImage Suite (Duncan et al., 2004). 

All functional images for each condition were first spatially smoothed with a 6 mm Gaussian 

kernel, and individually normalized beta maps were generated in the acquired space (3.44 

mm   3.44 mm   4 mm). To account for variations in brain anatomy across individuals, 

three sequential registrations were applied to the individually normalized beta maps, as 

previously described (Seo et al., 2013; Sinha et al., 2016). 
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For group level analysis, data were converted to Analysis of Functional NeuroImages 

(AFNI) format (Cox, 1996). Then, whole-brain voxel-based group analysis was conducted 

using AFNI’s 3dLME program (Chen et al., 2013). Linear mixed-effects (LME) models were 

estimated specifying a random intercept varying by subject. The fixed effects included Group 

(trauma, control) as a between-subjects factor and Condition (stress, neutral-relaxing) as a 

within-subjects factor. Family-wise error (FWE) rate correction for multiple comparisons was 

conducted using Monte Carlo simulations (Xiong et al., 1995) on AFNI’s 3dClustSim 

program (version 16.0.09). Finally, the voxel-wise threshold was set at p = 0.001 and cluster-

level threshold at α < 0.05 FWE-corrected. 

To examine associations between fMRI responses and prospective physical 

symptoms, we used two data analytic approaches: (1) whole-brain voxel-based regression 

analysis and (2) regions of interest (ROI) analysis using two hypothesized a priori regions 

(vmPFC, hippocampus; based on Seo, Tsou, et al. (2014)). Whole-brain voxel-based analysis 

was conducted with AFNI’s 3dLME regression program. For ROI analysis, two a priori 

regions—the vmPFC (BA11) and the hippocampus—were selected based on a previous work 

in a community sample reporting associations between physical symptoms and brain 

responses to stress in these regions (Seo, Tsou, et al., 2014). ROIs were defined using the 

Yale-Brodmann atlas in the Yale BioImage Suite application (Lacadie et al., 2008). To 

examine the relationship between activation in the a priori brain regions (vmPFC and 

hippocampus) and physical symptoms, beta values were first extracted from each ROI and 

then associated with frequency of physical symptoms over the entire 30-day follow-up period 

using Ordinary Least Squares (OLS) regression analysis. The Cook’s distance statistic 

(Cook’s D) was used to check for extreme and/or influential cases. No outliers were 

identified in the associations reported in the current study. 

3. Results 
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3.1 fMRI task ratings 

To evaluate group differences in stress and arousal ratings for each condition across 

time, a 2   3   2 mixed factorial analysis of variance (ANOVA) was conducted with Group 

(trauma, control) as the between-subjects factor and Time (baseline, provocation, recovery) 

and Condition (stress, neutral-relaxing) as within-subjects factors.  

 The results indicated significant main effects of Condition and Time and a significant 

Condition   Time interaction for stress and arousal ratings. The stress condition elicited 

higher stress and arousal ratings during provocation than at baseline, which was not observed 

in the neutral-relaxing condition. These findings are described in greater detail as follows. A 

significant main effect of Condition was found for stress (F(1,26) = 27.14, p < 0.001) and 

arousal ratings (F(1,26) = 35.66, p < 0.001); the stress provocation elicited higher stress 

(t(27) = 1.63, p < 0.001) and arousal ratings (t(27) = 1.23, p < 0.001) than the neutral-relaxing 

condition. A main effect of Time indicated higher stress ratings in the provocation (t(27) = 

1.75, p < 0.001) and recovery (t(27) = 0.74, p < 0.05) phases than in baseline, as well as 

higher stress ratings in provocation than in recovery (t(27) = 1.00, p < 0.001). Arousal ratings 

were also higher in the provocation phase compared to baseline (t(27) = 1.12, p < 0.001) and 

recovery (t(27) = 0.65, p < 0.01), but no difference was observed between recovery and 

baseline arousal. A significant Condition   Time interaction for stress (F(2,52) = 30.57, p < 

0.001) and arousal ratings (F(2,52) = 27.03, p < 0.001) indicated that time-related effects 

were only significant in the stress condition but not in the neutral-relaxing condition. During 

the stress condition, the provocation phase induced higher stress and arousal ratings than both 

the baseline (stress: t(27) = 3.55, p < 0.001; arousal: t(27) = 2.55, p < 0.001) and recovery 

(stress: t(27) = 2.10, p < 0.001; arousal: t(27) = 1.37, p < 0.001) phases. Higher stress and 

arousal ratings were also found in the recovery phase relative to baseline (stress: t(27) = 1.45, 

p < 0.01; arousal: t(27) = 1.18, p < 0.01). 
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There were no significant Group or Group   Time effects. A significant Group  

 Condition interaction (F(1,26) = 9.75, p < 0.01) was found only for arousal. Arousal ratings 

of the trauma group tended to be higher in the stress condition, while arousal ratings of the 

control group tended to be higher in the neutral-relaxing condition. Despite the significant 

interaction effect, simple effect t-test comparisons of group differences in each condition did 

not reach significance at p < 0.05. 

The three-way Group   Condition   Time interaction effects on stress and arousal 

ratings were not statistically significant, probably due to the relatively small sample size and 

resulting lack of statistical power in our study to detect three-way interaction effects. 

However, time-related stress responses during stress provocation were predominantly 

observed in the trauma group. After the fMRI stress provocation, the trauma group’s stress 

ratings in the recovery phase remained significantly higher than baseline (t(9) = 1.97, p < 

0.05), which was not observed in the control group (Figure 2a). 

3.2 Physical symptoms and stress 

Group differences in prospective physical symptoms were examined using data 

collected via daily smartphone surveys. Overall, trauma patients experienced significantly 

more frequent physical symptoms during the 30-day follow-up period than healthy controls 

(Figure 3a; t(26) = 3.57, p < 0.01), reporting physical health-related symptoms on an average 

of 17.7 days (trauma) versus 7.1 days (control). The trauma group also reported significantly 

higher daily stress levels over the follow-up period than the control group (t(26) = 2.27, p < 

0.05), with a mean stress level of 42.3 (trauma) versus 28.0 (control) out of 100. 

Furthermore, individual differences in stress ratings in the recovery phase after fMRI 

stress provocation prospectively predicted the frequency of physical symptoms in follow-up, 

such that increased post-recovery stress ratings were associated with more days with physical 
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symptoms (Figure 3b; β = 0.48, p = 0.01). This association remained significant even after 

controlling for psychiatric comorbidities as a covariate.  

However, physical symptom frequency was not associated with stress ratings from 

baseline or provocation of the stress condition, nor with any stress ratings from the neutral-

relaxing condition. In addition, no significant associations were found between physical 

symptoms and arousal ratings from either condition. 

Table 2 displays a breakdown by category of every daily physical symptom reported 

by each group during the smartphone follow-up. Trauma patients reported a significantly 

greater quantity of daily physical symptoms over the follow-up period than controls (t(26) = 

3.61, p < 0.01). In all participants, the total quantity of daily physical symptoms was 

positively associated with stress ratings in the recovery phase after fMRI stress provocation 

(β = 0.42, p < 0.05). 

3.3 fMRI results 

3.3.1 Group differences in neural response to stress  

Whole-brain voxel-based analysis indicated significant group differences in the fMRI 

BOLD response during the stress condition but not in the neutral-relaxing condition. During 

stress provocation, trauma patients exhibited decreased activity relative to controls in the 

ventromedial prefrontal cortex (vmPFC), lateral prefrontal cortex (LPFC), temporal lobe 

(superior, middle, and inferior temporal gyri), and dorsal striatum (caudate and globus 

pallidus) but increased activity in the left hippocampus, right insula, and parts of the occipital 

cortex (visual association areas), fusiform gyrus, parietal lobe (angular and supramarginal 

gyri), primary motor cortex, and midcingulate cortex (Figure 4a; p < 0.001, α < 0.05, whole-

brain FWE-corrected). 

3.3.2 Neural correlates of physical symptoms and stress 
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To understand the relationship between brain activity and physical symptoms, we 

used two approaches: whole-brain and regions of interest (ROI) analysis. Using whole-brain 

voxel-based regression analysis, no significant associations were found between task-related 

activity and frequency of physical symptoms at p < 0.001 (α < 0.05, whole-brain FWE-

corrected), which may have been due to the small sample size. Given the small number of 

participants in the study (n = 28), we also used an ROI approach based on Seo, Tsou, et al. 

(2014) and explored the associations between a priori regions (vmPFC and hippocampus) 

and frequency of physical symptoms during the prospective follow-up period. ROI analyses 

detected significant associations in the hippocampus but not in the vmPFC. In all participants, 

BOLD activity in the left hippocampus during stress provocation was positively associated 

with a greater frequency of physical symptoms (indexed by number of days with physical 

symptoms) in the follow-up period (Figure 5a; β = 0.42, p < 0.05). However, no significant 

association was found between left hippocampal activity and total quantity of physical 

symptoms. In addition, left hippocampal hyperactivity was associated with significantly 

higher stress ratings in the recovery phase after fMRI stress provocation (Figure 5b; β = 0.51, 

p < 0.01). Both of these associations (Figure 5) remained significant even after controlling for 

psychiatric comorbid diagnoses as covariates, indicating that psychiatric comorbidities did 

not significantly affect the findings. 

4. Discussion 

4.1 Summary 

We investigated the neural correlates of trauma and physical symptoms using fMRI 

and a prospective daily follow-up. Trauma patients experienced more frequent physical 

symptoms over the 30-day follow-up when compared to healthy controls. In addition, trauma 

patients exhibited an altered neural response to stress, marked by hypoactivity in emotion 

regulation regions (vmPFC, LPFC, temporal lobe, dorsal striatum) and hyperactivity in 
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regions of emotional reactivity (insula, hippocampus) and sensorimotor processing (occipito-

parietal, motor, and midcingulate cortices). In particular, hyperactivity in the left 

hippocampus during stress provocation was associated with more frequent physical 

symptoms in the follow-up period. Our findings suggest that trauma patients may have 

altered function in brain regions involved in emotion and pain regulation, which may increase 

their vulnerability to co-occurring stress- and pain-related disorders.  

4.2 Trauma, stress, and physical symptoms 

In the present study, trauma patients exhibited more frequent physical symptoms than 

controls during the follow-up period. This finding is in accord with prior studies reporting a 

greater incidence of physical symptoms and pain in trauma patients (Asmundson et al., 2002; 

Fishbain et al., 2017; Noel et al., 2016; Pietrzak et al., 2011; Woods et al., 2008). The greater 

physical pain symptoms displayed in trauma patients may be understood within the 

framework of allostatic load, wherein trauma and chronic stress progressively burden bodily 

systems, which significantly increases the odds of developing a range of physical and 

psychiatric conditions (McEwen, 1998, 2008). In support of this, a recent meta-analysis 

found that patients who experienced greater acute post-traumatic stress symptoms were at 

increased risk of later developing other adverse health symptoms including physical pain 

(Garfin et al., 2018). 

In addition, the trauma group tended to have higher stress after recovery from stress 

exposure than controls. Elevated stress levels after removal of stressful stimuli suggest that 

the trauma patients had difficulties with properly extinguishing their negative emotions. Fear 

extinction difficulties are a key feature of stress- and trauma-related disorders (Zuj et al., 

2016). Both preclinical and clinical studies have observed lasting negative affect resulting 

from improper extinction in highly stressed rodents (Knox et al., 2012; Maren & Holmes, 

2016) and in trauma patients (Wessa & Flor, 2007; Wicking et al., 2016). 
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Furthermore, our data showed an association between more frequent physical 

symptoms and elevated post-stress recovery ratings, suggesting a potential link between 

physical pain and an inability to extinguish emotional distress in trauma patients. An 

association between pain and lasting distress can be explained by neuroscience literature 

indicating a shared neural circuit of pain and negative emotion (Alba-Delgado et al., 2013; 

Cai et al., 2018; Vogt, 2005). Consistent with this, recent studies have reported associations 

between increased physical pain and greater PTSD symptom severity (Ahmadian et al., 2019; 

Langford et al., 2018). The dysregulation of overlapping neural circuits of emotion and pain 

may contribute to an increased susceptibility to stress and physical symptoms over time. 

4.3 Neural correlates of stress in trauma patients  

During stress exposure, trauma participants exhibited hypoactivity in regions of 

emotion regulation (prefrontal cortex, temporal lobe, and dorsal striatum) and hyperactivity 

in the insula, hippocampus, and regions of sensorimotor processing (occipito-parietal, motor, 

and midcingulate cortices). These neural patterns suggest that compromised regulatory 

control over limbic and sensorimotor regions may underlie emotional dysregulation during 

acute stress in trauma patients.  

The prefrontal cortex (PFC) plays a major role in the regulation of stress and negative 

emotion, with the ventromedial part of the PFC being involved more in the emotional aspect 

(Hiser & Koenigs, 2018; Maier & Watkins, 2010; Seo et al., 2013; Sinha et al., 2016), while 

the lateral PFC is involved more in the cognitive aspect (Etkin et al., 2015; Moodie et al., 

2020; Morawetz et al., 2017) of emotion regulation. The vmPFC also plays a role in the 

extinction of fear and negative emotion (Delgado et al., 2008; Milad et al., 2007). 

Hypoactivity in the vmPFC has previously been observed in trauma patients exposed to 

negative stimuli (Etkin & Wager, 2007; Hughes & Shin, 2011; Liberzon & Sripada, 2008) as 

well as in PTSD patients with fear extinction deficits (Milad et al., 2009). The LPFC is 
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crucial in the cognitive control of emotion, specifically in diminishing negative affect under 

stress (Wager et al., 2008). Past studies have shown that PTSD patients exhibited decreased 

LPFC activity during stress exposure (Lanius et al., 2007) and that lesions to the LPFC led to 

heightened negative emotion in primates (Agustin-Pavon et al., 2012), highlighting the 

importance of PFC integrity in stress regulation. Consistent with previous studies, the 

decreased PFC response to stress in our trauma patients may indicate compromised 

regulatory control during stress provocation. 

Trauma patients also showed stress-induced hypoactivity in the temporal lobe and 

dorsal striatum. Prior studies have reported the involvement of the temporal lobe in 

perceiving and processing emotion (Robins et al., 2009; Rosen et al., 2006). The temporal 

lobe also plays a role in emotion regulation by assisting the PFC in properly perceiving and 

appraising emotional stimuli (Seo, Olman, et al., 2014). In the present study, activity in the 

temporal lobe was decreased in the trauma group during stress provocation, whereas it was 

increased in the control group. This suggests that trauma patients may have difficulties with 

recruiting the necessary neural resources for properly appraising their emotional distress in 

response to stressful stimuli. The dorsal striatum is a region involved in action-oriented 

responses and habitual behavior (Balleine et al., 2007; Graybiel & Grafton, 2015; Yin, 

Knowlton, et al., 2005; Yin, Ostlund, et al., 2005). Activity in the dorsal striatum typically 

increases in response to stressful stimuli in healthy individuals (Seo et al., 2011; Sinha & Li, 

2007), suggesting that the dorsal striatal hypoactivity observed in our trauma patients may 

reflect more habitual—and less proactive—responses to stress. Taken together, trauma 

patients’ decreased activity in the temporal lobe and dorsal striatum may reflect compromised 

emotional appraisal and habitual emotional responses in the face of stressful events. 

In contrast to these regions, hyperactivity was observed in trauma patients during 

stress exposure in regions of emotional reactivity (insula, hippocampus) and sensorimotor 
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processing (occipito-parietal, motor, and midcingulate cortices). The insula is involved in 

interoceptive signaling and perception of bodily arousal (Craig, 2009; Critchley et al., 2004). 

In PTSD patients, increased activity in the insula has been linked to heightened interoception 

and hypersensitivity to threat and negative emotion (Lanius et al., 2015; Pitman et al., 2012). 

This is consistent with prior findings of insular hyperactivity in trauma patients in response to 

emotionally distressing stimuli (Hopper et al., 2007; Mazza et al., 2013). It follows that the 

increased insular response to stress observed in our trauma patients may indicate an increased 

sensitivity to stress-related bodily arousal and heightened negative affect. The hippocampus 

is involved in the processing of emotionally distressing stimuli (McEwen & Magarinos, 

2001) and emotional memory storage (Desmedt et al., 2015; Phelps et al., 2004). It is a region 

that is particularly vulnerable to chronic stress (McEwen, 1999, 2001), and altered 

hippocampal function is commonly associated with trauma (Kunimatsu et al., 2020). Prior 

studies have shown that PTSD patients exhibited increased hippocampal activity while 

encoding negative stimuli (Brohawn et al., 2010; Thomaes et al., 2013; Thomaes et al., 2009) 

and when viewing trauma-related images (Tural et al., 2018). Thus, the hyperactive 

hippocampal response to stress observed in our study may indicate increased stress sensitivity 

and excessive stress-related processing in trauma patients. 

Trauma patients also exhibited increased stress-induced activity in regions of 

sensorimotor processing including parts of the occipito-parietal, primary motor, and 

midcingulate cortices. Hyperactivity in the occipital lobe has been associated with greater 

visual processing (Press et al., 2001), while hyperactivity in the parietal lobe (angular and 

supramarginal gyrus) has been associated with greater sensory awareness (Ben-Shabat et al., 

2015; Farrer et al., 2008). It follows that the trauma group’s increased sensitivity to 

emotionally distressing stimuli may be related to the higher activity observed in these 

visuosensory processing regions. The trauma group also showed hyperactivity in the primary 
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motor and midcingulate cortices. Among other functions, the primary motor cortex is also 

involved in emotional-affective processing (Hajcak et al., 2007; Leite et al., 2017). Using 

paired transcranial magnetic stimulation (pTMS), a prior study observed increased 

excitability in the motor cortex of trauma patients, which may underlie the development of 

common PTSD symptoms such as hyperarousal (Centonze et al., 2005). The midcingulate 

cortex (MCC) is involved in the monitoring of sensorimotor processing (Vogt, 2016). It has 

been suggested that emotional information from the parietal cortex is first projected to the 

MCC and then transmitted from the MCC to the motor cortex to enhance arousal and initiate 

action (Rolls, 2019). In addition, increased MCC activity has been implicated in the 

experiencing of pain and negative affect (Tolomeo et al., 2016). Taken together, these studies 

suggest that the increased activity in these regions in our trauma patients reflects a greater 

engagement in sensorimotor processing, monitoring, and arousal than controls when viewing 

stressful images. 

In sum, trauma patients exhibited stress-related hypoactivity in emotion regulation 

regions but hyperactivity in limbic and sensorimotor processing regions, which may reflect 

compromised prefrontal control over their emotional and sensory responses to stress. The 

neural alterations observed in trauma patients may underlie their difficulties with stress and 

emotion regulation. 

4.4 Neural correlates of physical symptoms 

In our study, we found that altered hippocampal function was associated with greater 

emotional and physical difficulties. Specifically, a hyperactive left hippocampal response to 

stress was associated with emotional distress even after removal of stressful stimuli during 

the fMRI task and with more frequent physical symptoms during the prospective follow-up. 

This suggests that left hippocampal hyperactivity may underlie the greater negative emotion 

and physical symptoms experienced by trauma patients. The hippocampus is highly 
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vulnerable to chronic stress and trauma (McEwen, 1999, 2001), and it has been well 

established that PTSD is associated with altered hippocampal function and structure 

(Bremner et al., 1995; Gilbertson et al., 2002; Kunimatsu et al., 2020; Logue et al., 2018). 

While previous studies have also observed associations between hippocampal hyperactivity 

and emotional difficulties in trauma patients (Huang et al., 2014; Koch et al., 2016; 

Sachinvala et al., 2000), this is the first finding to extend this relationship to their physical 

symptoms. 

In addition to well-established hippocampal alterations, prior studies have consistently 

observed immune dysfunction in trauma patients (Ayaydin et al., 2016; Neigh & Ali, 2016). 

For example, PTSD patients have exhibited disproportionately high rates of chronic 

inflammation (Gill et al., 2009; O'Donovan, 2016; O'Donovan et al., 2017; Speer et al., 

2018), which is often accompanied by pain symptoms and an increased susceptibility to 

physical disease (Bennett et al., 2018; Couzin-Frankel, 2010). Therefore, a possible link 

between trauma-related hippocampal alterations and physical pain may lie in the 

hippocampus’ involvement in neuroimmune processes (Williamson & Bilbo, 2013). In 

particular, the hippocampus plays a key role in regulating the HPA axis (Jacobson & 

Sapolsky, 1991; Radley & Sawchenko, 2011) which is involved in modulation of the immune 

system via glucocorticoids (Bellavance & Rivest, 2014; Pierre et al., 2016). This is consistent 

with prior studies reporting assocations between hippocampal alterations and increased 

inflammatory biomarkers in healthy individuals (Marsland et al., 2008; Schmidt et al., 2016). 

Taken together, these studies along with our findings suggest that traumatic experiences may 

sensitize the hippocampus and disrupt its modulation over neuroimmune systems, leading to 

compromised immune function and a higher incidence of pain and physical symptoms in 

trauma patients. 

5. Conclusion 
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To summarize, the present study identified patterns of stress-related neural alterations 

and neural correlates of physical symptoms in trauma patients. In response to stress, trauma 

patients exhibited neural alterations characterized by hypoactivity in prefrontal regulatory 

regions and hyperactivity in regions of emotional and sensorimotor processing. These 

findings suggest that compromised regulatory control and disinhibited emotional reactivity 

may underlie the emotional difficulties that trauma patients often experience under stress. 

Notably, we extended our findings from a prior study of healthy community individuals (Seo, 

Tsou, et al., 2014) to a clinical sample; we identified stress-related activity in the 

hippocampus, a modulator of chronic stress and the immune system, as a neural correlate of 

physical health symptoms in trauma patients. It is of note that the relationship between 

hippocampal hyperactivity and greater physical symptoms was found in both trauma patients 

and healthy individuals, which suggests that a dimensional approach may be appropriate 

when translating hippocampal responses to stress and physical health symptoms. It is likely 

that high-intensity stress experiences may alter hippocampal function and related modulation 

over immune processes, thus increasing susceptibility to physical dysfunction across healthy 

and clinical populations. 

Although our study provides important insights into the neural link between stress, 

trauma, and physical symptoms, it has some limitations. It should be noted that our study had 

a relatively small sample size and a majority of female participants. Future investigations 

with more male participants may be able to uncover the role of sex in the relationship 

between stress, trauma, and pain. In addition, the potential impact of comorbid psychiatric 

conditions should be considered in understanding the associations between stress, trauma, 

and physical pain. Our main findings on these associations remained significant even after 

controlling for psychiatric comorbid disorders. However, given that our sample size was 

small, it is possible that the presence of comorbid conditions might differentially influence 
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physical pain symptoms in a large population. As trauma-related psychiatric comorbidities 

are well-documented (Brady et al., 2000; Fox et al., 2020), more study is warranted to better 

isolate the effects of trauma on physical pain. Furthermore, we note that our findings are 

largely correlational and cannot be relied upon to determine the specific directionality and 

causality of the relationship between trauma and hippocampal alterations; it may be that pre-

existing (non-trauma-related) individual differences in hippocampal function increase the risk 

of developing stress-related psychological and physical sequelae in response to traumatic 

events. Despite these limitations, our study findings may still have important clinical 

implications for trauma- and stressor-related disorders as we report potential neural correlates 

of stress and physical symptoms in trauma patients. These correlates may be useful in the 

early identification of trauma-related complications, such as chronic pain and other comorbid 

physical disorders. Future studies should further investigate the utility of these correlates, 

especially their associations with immune system dysfunction in trauma patients. 

In conclusion, the neural correlates of stress and physical symptoms found in our 

study may serve as potential neural markers of comorbid psychological and physical 

dysfunction in trauma patients. These markers may help identify trauma patients who may be 

vulnerable to chronic, pain-like physical symptoms as well as inform the development of 

novel treatments tailored for comorbid trauma and chronic pain. In addition, detecting and 

treating physical symptoms may be a useful adjunct to standard trauma treatment. 
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Table 1. Demographic and clinical characteristics. 
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    Trauma Control 
 

    
(n = 10) (n = 18)  

Demographics      

  Age (years) 28.9 (11.1) 27.9 (7.2)  

  Sex, female 9 (90.0%) 15 (83.3%)  

  Race, Caucasian 6 (60.0%) 10 (55.6%)  

  Education (years) 14.3 (2.4) 16.0 (2.3)  

  Shipley (IQ) 113.0 (5.4) 112.4 (8.0)  

DSM-5 Trauma Diagnoses      

  PTSD (current) 7 (70.0%) 0 (0%)  

  Other Trauma Disorder (current) 2 (20.0%) 0 (0%)  

  PTSD (lifetime) 1 (10.0%) 0 (0%)  

DSM-5 Comorbid Diagnoses      

 Anxiety (current) 3 (30.0%) 0 (0%)  

 Substance (current) 1 (10.0%) 0 (0%)  

Note: DSM-5 = Diagnostic and Statistical Manual of Mental Disorders 5; PTSD = Post-

Traumatic Stress Disorder; Other Trauma Disorder = Other Specified Trauma- and Stressor-

Related Disorder; Anxiety = Anxiety Disorders; Substance = Substance-Related and 

Addictive Disorders. Mean values (and standard deviations) are denoted for age, education, 

and Shipley IQ scores. Frequency (and percentages) are denoted for sex, race, and DSM-5 

diagnoses. There were no significant group differences in any of these characteristics. 

 

 

 

 

 

 

 

Table 2. Daily physical symptoms reported during the follow-up period by category. 
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Note: 
**

p < 0.01. Trauma patients endorsed a significantly higher quantity of daily physical 

symptoms than controls. Each count denotes each instance that a physical symptom was 

reported on a daily survey. The overall survey compliance rate over the 30-day follow-up 

period was 91.4%, with no significant difference observed between trauma patients and 

healthy controls. 

Physical Symptom 
Trauma 

(n = 10) 

Control 

(n = 18) 

Headache 61 53 

Stomachache/Indigestion 16 11 

Chest pain 3 3 

Allergy symptoms 25 6 

Dizziness/Fainting feeling 27 3 

Shortness of breath 7 1 

Fatigue/Weakness 56 9 

Muscle aches/pain 66 43 

Cold symptoms/Flu 20 16 

Other   

     Bursitis 0 1 

     Clenched jaw  2 0 

     Shakiness 1 0 

     Itching/Eczema 3 0 

     Unspecified 2 1 

Total** 289 147 
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Figure Captions 

 

Figure 1. fMRI task design. The fMRI stress provocation task (adapted from Sinha et al. 

(2016)) consisted of two blocks representing the stress and neutral-relaxing conditions. 

Condition order was counterbalanced across participants. Each block consisted of three 

phases: baseline, provocation, and recovery. During the baseline phase, blank gray images 

with central fixation cross were displayed for three runs (Runs 1-3). During the provocation 

phase, participants viewed either stressful or neutral-relaxing images for six runs (Runs 4-9). 

During each run, 11 images (or gray blanks) were shown in succession for 5 seconds each 

with a 1-second interstimulus interval (ISI), for a total of 66 seconds (1.1 minutes) per run. 

During the recovery phase (4 minutes), participants were asked to relax and were not shown 

any images. Participants were asked to rate their stress and arousal using two-button fMRI 

response pads. Stress (1 = not at all stressed to 9 = extremely stressed) and arousal (1 = 

calm/relaxed to 9 = aroused/excited) ratings were collected after each baseline and 

provocation run and after each recovery phase. 
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Figure 2. fMRI task ratings. (a) Stress Ratings: Both trauma patients and healthy controls 

reported significantly higher stress ratings during stress provocation than at baseline (p < 

0.01). However, only trauma patients exhibited elevated stress ratings after stress recovery 

relative to baseline (p < 0.05). (b) Arousal Ratings: Both trauma patients and healthy controls 

reported significantly higher arousal ratings during stress provocation than at baseline (p < 

0.01). Note: 
*
p < 0.05, 

**
p < 0.01. Error bars represent ± 1 standard error (SE) of the mean. 
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Figure 3. Physical symptoms and stress. After the fMRI scan, participants completed daily 

smartphone surveys monitoring their stress and physical symptoms over a 30-day follow-up 

period. (a) Trauma patients experienced a higher frequency of physical symptoms (indexed 

by the number of days on which at least one physical symptom was reported) compared to 

healthy controls, t(26) = 3.57, p < 0.01. (b) In all participants, higher fMRI stress ratings after 

stress recovery were associated with a greater number of days with physical symptoms in the 

follow-up period (β = 0.48, p = 0.01). Note: 
**

p < 0.01. Error bars represent ± 1 standard error 

(SE) of the mean. 
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Figure 4. fMRI results. Whole-brain voxel-based analysis indicated significant group 

differences in the fMRI BOLD response to stress. (a) Group differences during stress 

provocation (Trauma − Control): Trauma patients, relative to controls, showed decreased 

activity in the ventromedial prefrontal cortex (vmPFC), lateral prefrontal cortex (LPFC), 

temporal lobe (superior, middle, and inferior temporal gyri), and dorsal striatum (caudate and 

globus pallidus) but increased activity in the left hippocampus, right insula, occipital cortex 

(visual association areas), parietal lobe (angular and supramarginal gyri), fusiform gyrus, 

primary motor cortex, and midcingulate cortex (p < 0.001, α < 0.05, whole-brain family-wise 

error corrected). A blue/purple color denotes decreased brain activity (Trauma < Control), 

while a yellow/red color denotes increased brain activity (Trauma > Control). (b) The fMRI 

BOLD response to stress provocation relative to baseline are displayed by group (p < 0.001, α 

< 0.05, whole-brain family-wise error corrected). 

Note: R = Right; L = Left; vmPFC = ventromedial prefrontal cortex; LPFC = lateral 

prefrontal cortex; Hippo = hippocampus; GP = globus pallidus; ITG = inferior temporal 
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gyrus; MTG = middle temporal gyrus; STG = superior temporal gyrus; FG = fusiform gyrus; 

SMG = supramarginal gyrus; AG = angular gyrus; Visual = visual association areas; PM = 

primary motor cortex; MCC = midcingulate cortex. 

 

 

Figure 5. Neural correlates of physical symptoms and stress. Left hippocampal activity 

during fMRI stress provocation was positively associated with (a) number of days with 

physical symptoms over the 30-day follow-up period (β = 0.42, p < 0.05) and (b) fMRI stress 

ratings after stress task recovery (β = 0.51, p < 0.01). 
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