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Abstract

Post-traumatic stress disorder (PTSD) is associated with a greater risk of incident hypertension
and cardiovascular disease. Inflammation, impaired baroreflex sensitivity (BRS) decreased
parasympathetic nervous system (PNS) and overactive sympathetic nervous system (SNS) activity
are suggested as contributing mechanisms. Increasing severity of PTSD symptoms has been linked
to greater cardiovascular risk; however, the impact of PTSD symptom severity on inflammation
and autonomic control of blood pressure has not yet been explored. We hypothesized that
increasing PTSD symptom severity is linked to higher inflammation, greater SNS activity, lower
PNS reactivity and impaired BRS. Seventy Veterans participated in this study: 28 with severe
PTSD ((Clinical Administered PTSD Scale (CAPS)>60; S-PTSD), 16 with moderate PTSD
(CAPS = 45 <60; M-PTSD) and 26 Controls (CAPS<45; NO-PTSD). We recorded continuous
blood pressure (BP), heart rate (HR) via EKG, heart rate variability (HRV) markers reflecting PNS
and muscle sympathetic nerve activity (MSNA) at rest, during arterial baroreflex sensitivity (BRS)
testing via the modified Oxford technigue, and during 3 min of mental stress via mental
arithmetic. Blood samples were analyzed for 12 biomarkers of systemic and vascular
inflammation. While BP was comparable between severity groups, HR tended to be higher
(p=0.055) in S-PTSD (76+2 beats/min) than in Controls (67+2 beats/min) but comparable to M-
PTSD (70+3 beats/min). There were no differences in resting HRV and MSNA between groups;
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however, cardiovagal BRS was blunted (p=0.021) in S-PTSD (10+1 ms/mmHg) compared to
controls (16+3 ms/mmHg) but comparable to M-PTSD (12+2 ms/mmHg). Veterans in the S-PTSD
group had a higher (p<0.001) combined inflammatory score compared to both M-PTSD and NO-
PTSD. Likewise, while mental stress induced similar SNS and cardiovascular responses between
the groups, there was a greater reduction in HRV in S-PTSD compared to both M-PTSD and NO-
PTSD. In summary, individuals with severe PTSD symptoms have higher inflammation, greater
impairment of BRS, a trend towards higher resting HR and exaggerated PNS withdrawal at the
onset of mental stress that may contribute to cardiovascular risk in severe PTSD.
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1. INTRODUCTION

PTSD is associated with an increased risk for developing hypertension and cardiovascular
disease and is a growing public health concern (Edmondson & von Kénel, 2017). PTSD
affects up to 20% of military service members, and is also high in the general population,
affecting about 7% of adult Americans (Kessler et a/., 2005). In addition to debilitating
psychological symptoms and adverse effects on quality of life, multiple large epidemiologic
studies have demonstrated that PTSD is independently associated with an increased risk of
hypertension and cardiovascular disease (Bedi & Arora, 2007; Edmondson & Cohen, 2013;
Vaccarino et al., 2013). In addition, studies have shown that the severity of PTSD symptoms
impacts risk of cardiovascular disease, such that patients have a step-wise increase in
cardiovascular disease risk with increasing PTSD symptom severity (Howard et a/., 2018).

The mechanisms underlying increased hypertension and cardiovascular risk in PTSD remain
unclear, but prior studies including from our laboratory and others have reported alterations
in autonomic function, including decreased resting parasympathetic nervous system (PNS)
activity and heightened reactivity of the sympathetic nervous system (SNS) during mental
stress in PTSD (Buckley & Kaloupek, 2001; Pole, 2007; Park et al., 2017). One potential
mechanism underlying abnormalities in autonomic reactivity is impaired arterial baroreflex
sensitivity (BRS) which has been shown to be impaired in military Veterans with PTSD
(Park et al., 2017). Importantly, both exaggerated neurocirculatory reactivity (Matsukawa et
al,, 1991b) and blunted BRS (Matsukawa ef a/., 1991a) are independently associated with
hypertension and cardiovascular disease. However, the potential impact of PTSD symptom
severity on neural cardiovascular function and regulation remains unknown. Since
cardiovascular risk increases with increasing PTSD symptomatology, it is plausible that
PTSD patients have greater derangements in SNS and PNS function and regulation with
higher PTSD symptom burden. Furthermore, PTSD is also characterized by increased
inflammation (Gill et a/., 2009; Pace & Heim, 2011; Baker et a/., 2012) that could contribute
mechanistically to impaired arterial BRS at the level of vascular nerve endings or both
afferent and efferent pathways involved in baroreflex control (Bristow et al., 1969; Takagishi
et al., 2010; Marvar et al., 2016), as well as increased central SNS activation directly.
Therefore, we hypothesized that military Veterans with PTSD have higher SNS activity,
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greater inflammation and greater impairment of arterial BRS with worsening PTSD
symptom severity. We further hypothesized that increasing PTSD symptom severity is linked
to BP reactivity, SNS activation and PNS withdrawal during acute mental stress in Veterans
with PTSD.

2. METHODS
2.1. Ethical Approval

This study conformed to the standards set by the Declaration of Helsinki and was approved
by the Emory University Institutional Review Board and the Atlanta Veterans Affairs Health
Care System (VAHCS) Research and Development Committee. All participants provided
written informed consent for study participation via forms approved by the regulatory
committees mentioned above.

2.2. Study Population

The study population consisted of 70 military Veterans: 28 patients with severe PTSD (S-
PTSD), 16 patients with moderate PTSD (M-PTSD) and 26 age-matched controls without
PTSD (NO-PTSD). All study participants (both PTSD and Controls) were physically
healthy post-9/11 Veterans, without hypertension or other medical comorbidities.
Participants were recruited from mental health clinics serving post-9/11 Veterans at the
Atlanta Veterans Affairs (VA) Health Care Systems hospital and surrounding clinics.
Exclusion criteria for all participants included hypertension, diabetes, heart or vascular
disease, illicit drug use, excessive alcohol use (> 2 drinks per day), hyperlipidemia,
autonomic dysfunction, medications known to affect the SNS (clonidine, B-blockers,
angiotensin-converting enzyme inhibitors), treatment with monoamine oxidase inhibitors
and any serious systemic disease. Participants with a prior documented diagnosis of PTSD
from medical records were recruited to the PTSD groups and those without a prior diagnosis
were recruited to the Control (NO-PTSD) group.

2.3. Measurements and Procedures

2.3.1. CAPS and PCL-M.—The diagnosis and severity of PTSD was confirmed in
PTSD patients and excluded in Controls using the Clinician Administered PTSD Scale for
Diagnostic Statistical Manual for Mental disorders, fourth edition (DSM-1V) (CAPS)-IV
(Blake et al., 1995) and/or the PTSD Checklist Military version (PCL-M) (Blanchard et al.,
1996). The CAPS is a validated and reliable measure of PTSD which can be used for
diagnosis as well as quantification of symptom severity within the intrusion, avoidance, and
hyperarousal domains (Blake et a/., 2000). The PCL is a validated and reliable self-report
measure of PTSD symptoms which provides a continuous measure of symptom severity
(Bovin et al., 2016). Both the CAPS-IV and PCL-M have excellent psychometric properties
with high inter-rater reliability, test-retest reliability, and internal consistency (Blake et a/.,
1995; Blanchard et al., 1996). The PCL and the CAPS scores have been shown to be highly
correlated (r=0.929)(Blanchard et al., 1996). CAPS-IV was administered by a single, trained
investigator specifically for the current study. Patients required a CAPS-1V and/or PCL-M
severity score of 245 to confirm the presence of PTSD (Blanchard ef a/., 1996; Weathers et
al., 2001). Those with a CAPS-IV or PCL-M>60 were classified as having severe PTSD (S-
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PTSD) while a CAPS-1V or PCL-M = 45 <60 was classified as moderate PTSD (M-PTSD).
The absence of PTSD in the NO-PTSD group was confirmed with a CAPS-IV score of < 45,
The use of the two different scales (PCL-M and CAPS) was evenly balanced across the three
groups.

2.3.2. Blood pressure (BP), heart rate (HR) and respiratory rate (RR).—Three
seated BP measurements separated by 5 min were taken during at least 2-3 separate
screening visits in all 70 participants. A single study coordinator took all BP measurements
using the standard American College of Cardiology (ACC)/American Heart Association
(AHA) guideline technique (Whelton et a/., 2018) with an appropriately sized cuff placed on
the upper arm with the arm resting at heart level after at least 5 min of quiet rest using an
automated digital BP device (Omron, HEM-907XL, Omron Healthcare, Kyoto, Japan).
During the experimental protocol, beat-to-beat arterial BP was measured continuously and
noninvasively using digital pulse photoplethysmography (CNAP Monitor 500, CNSystems,
Graz, Austria) as previously described (Fonkoue et al., 2018a). Absolute values of BP were
calibrated with upper arm BP readings using an internal calibration system at the start and
every 15 min throughout the study. This device has been validated to reflect accurate
absolute and beat-to-beat fluctuations in BP when compared with invasive intra-arterial
catheter readings (llies ef al, 2012). HR was measured using continuous electrocardiography
with a Bio Amp (model ML 132, ADInstruments, Colorado Springs, CO). Respiratory rate
(RR) was continuously monitored via a respiratory belt pressure transducer placed around
the upper abdomen (Pneumotrace Il, ADInstruments).

2.3.3. Muscle sympathetic nerve activity (MSNA).—Multiunit postganglionic
sympathetic nerve activity directed to muscle (MSNA) was recorded using
microneurography, as described previously (Wallin & Fagius, 1988). A tungsten
microelectrode (tip diameter 5-15 um; Bioengineering, University of lowa, lowa City, |1A)
was inserted into the peroneal nerve with a reference microelectrode inserted in close
proximity. The efferent nerve signals were amplified (total gain 50,000-100,000), filtered
(700-2,000 Hz), rectified, and integrated (time constant 0.1 s) to obtain a mean voltage
display (Nerve Traffic Analyzer, model 662C-4; Bioengineering, University of lowa) of
MSNA that was recorded using LabChart 7 (PowerLab 16sp, ADInstruments, Sydney,
Australia) along with continuous ECG, BP, and RR. All MSNA recordings met previously
established quality standards (Mano et al., 2006). MSNA was ascertained by verifying
entrainment to the HR with bursts falling between R-R intervals with a 3:1 burst-to-baseline
ratio and activity increasing with apnea and Valsalva. Skin sympathetic nerve activity was
also ruled out by verifying lack of reactivity to acoustic startle. All MSNA data were
analyzed by a single investigator blinded to the participant’s group status.

2.3.4. Arterial baroreflex sensitivity (BRS) using the Modified Oxford
technique.—The gold-standard method for evaluation of arterial BRS was performed by
measuring changes in MSNA and R-R interval during arterial BP changes induced by
sodium nitroprusside (NTP) and phenylephrine (PE) (Rudas ef a/., 1999). NTP 100 ug in 10
ml of normal saline (NS) was bolused through an antecubital intravenous (V) catheter,
followed 60 s later by an IV bolus of PE (150 pg in 10 ml of NS) during continuous MSNA,
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ECG, and hemodynamic monitoring. Medications were room temperature at the time of
administration. These medications induce a decrease of ~15 mmHg, followed by an increase
above baseline of ~15 mmHg in arterial BP (Bonyhay & Freeman, 2004).

2.3.5. Inflammatory biomarkers.—Venous blood samples were collected in all
participants on the day of the experiment prior to any instrumentation and tested for the
following biomarkers: a) highly sensitive C-reactive protein (h\SCRP) as a general marker of
systemic inflammation; b) pro-inflammatory cytokines and chemokines including interferon
(IFN), tumor necrosis factor a (TNFa), interleukin-1p (IL-1p), interleukin-2 (1L-2),
interleukin 6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1); interleukin 1
receptor antagonist (IL-1RA), tumor necrosis factor receptor Il (TNF-RII); ¢) vascular
inflammatory biomarkers including lipoprotein-associated phospholipase A2 (Lp-PLA2), E-
selectin and intercellular adhesion molecule-1 (ICAM-1). Blood was collected in EDTA-
treated whole blood tubes and were centrifuged for 15 minutes at 2200-2500 RPM. The
collected samples were stored at —80°C for subsequent immunohistochemical analyses.
HsCRP and Lp-PLA2 were tested for all participants. However, the rest of the inflammatory
biomarkers were only tested for a subset of 50 participants (14 S-PTSD, 12 M-PTSD and 24
NO-PTSD). HsCRP was determined by immunoturbidometric method on the Beckman
AU460 (Beckman Diagnostics, LaBrea, CA, USA) using reagent kits from Sekisui
Diagnostics (Lexington, MA, USA). Pro-inflammatory cytokines (INF, TNFa, IL-1p, IL-2,
IL-6), chemokine (MCP-1), anti-inflammatory cytokines (IL-6R, IL-1RA, TNF-RII),
adhesion molecules ICAM-1 (intercellular adhesion molecule-1), and E-selectin (CD62E; E-
SEL) were measured in duplicate in the biomarker core laboratory at Emory University,
using the Meso Scale Discovery (MSD) human multiplex ELISA. This
electrochemiluminescence system has been validated by comparisons with traditional
ELISA and produces measurements that have high content validity (Fichorova et al., 2008;
Leviton ef al., 2011). Human E-selectin and ICAM-1 in plasma were measured using the
human multiple V-PLEX kit (Meso-Scale Discovery, Rockville, MD) according to the
manufacturer’s protocol. The signals were read on the MSD QuickPlex instrument and the
concentration was evaluated on the MSD software platform. The activity of lipoprotein-
associated phospholipase-A2 (Lp-PLA2) was measured at the Biomarker Core laboratory of
the Atlanta VA, using a PAF-AH activity assay kit, which produces results based on a
colorimetric shift (Biovision, Milpitas, CA), according to the manufacturer’s instructions.
Performance characteristics for the Lp-PLA2 test were established using the enzymatic
method Beckman Coulter AU400, a dual monoclonal antibody immunoassay standardized to
recombinant Lp-PLA2 (PLAC test, diaDexus, Inc) (Dada et al., 2002). To assess intra-assay
precision and total variability for Lp-PLA2 measurement, five human serum samples and
two buffer controls with Lp-PLAZ2 activity distributed throughout the calibration range of the
assay were measured in 40 separate assays to determine the intra-assay coefficient of
variation (Le et al., 2015).

2.3.6. Heart rate variability (HRV).—HRV was derived from the continuous EKG
recordings and quantified in the time domain as standard deviation of R-R intervals (SDNN)
and root mean square of differences in successive R-R intervals (RMSSD). HRV was
quantified in the frequency domain using a fast-Fourier transformation over the measured
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time period as HF power (0.15-0.40 Hz). These HRV measures have been validated as
reflecting cardiac PNS activity (Malik et a/., 1996)

2.3.7. Mental stress via mental arithmetic.—As previously described (Fonkoue et
al., 2018b) participants were asked to serially subtract a one- or two-digit number from a
three- or four-digit number and were urged to do so as quickly and accurately as possible,
for a duration of 3 min. An investigator used flash cards with a three- or four-digit number
and were urged by two additional study team members in white coats to answer ‘faster’ and
‘get it right’.

2.4. Experimental Protocol

2.4.1. Screening visits.—All participants presented for two or three screening visits
prior to experimental procedures. During the screening visits, BP was taken a total of three
times (separated by 5 min) and averaged to ensure the absence of hypertension and obtain
baseline hemodynamic values. Hypertension was defined as 1) a prior diagnosis of
hypertension and/or treatment with antihypertensive medications; and/or 2) a resting blood
pressure >140/90 mm Hg (James et a/., 2014) during the screening visits in patients without
a prior diagnosis of hypertension. CAPS-1V and/or the PCL-M was administered by a single
investigator during the screening visits to confirm the diagnosis and severity of PTSD in
patients and to exclude the diagnosis of PTSD in Controls.

2.4.2. Experimental study visit.—All participants were studied in the morning, after
abstaining from food, caffeine and alcohol for at least 12 h, as well as smoking and exercise
for at least 24 h. The study room was quiet, semi-dark and temperate (~21° C). Participants
were placed in a supine position on a comfortable stretcher. A 20-gauge IV catheter was
placed into the antecubital vein of the arm and blood was obtained for inflammatory
biomarkers. Finger cuffs were fitted and placed on the fingers of the dominant arm for
continuous beat-to-beat arterial BP measurements, and an upper arm cuff was placed for
intermittent automatic calibrations with the finger cuffs. ECG patch electrodes were placed
for continuous ECG recordings and a belt-type sensor was placed for monitoring continuous
respiratory rates. The leg was positioned for microneurography, and the tungsten
microelectrode was inserted and manipulated to obtain a satisfactory nerve recording. After
10 min of rest, baseline BP, HR and MSNA were recorded continuously for 15 min. After
baseline measurements, BRS testing was performed by infusing IV boluses of 100 pg of
nitroprusside, followed 60 s later by 150 g of phenylephrine, as described above. After 15
minutes of rest to ensure return to baseline conditions, participants underwent 3 minutes of
mental stress via mental arithmetic as described above. After 5 minutes of recovery data
were obtained, participants were observed for an additional 15 minutes and then discharged.

2.5. Data Analysis

2.5.1. Hemodynamics, Muscle sympathetic nerve activity and BRS
assessment.—For all baseline analyses, we used the last 10 min of the 15-min baseline
recording to ensure true resting state. MSNA, BP, and ECG data were exported from
Labchart to WinCPRS (Absolute Aliens, Turku, Finland) for analysis as previously
described (Park et al., 2017). The continuous arterial BP waveforms were analyzed for beat-
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to-beat changes in systolic BP (SAP), diastolic BP (DAP), and mean arterial pressure
(MAP). R-waves were detected and marked from the continuous ECG recording. MSNA
bursts were automatically detected by the program using the following criteria: burst-to-
noise ratio of 3:1 within a 0.5-s search window with an average latency of 1.2-1.3 s in burst
occurrence from the previous R-wave. After automatic detection, the ECG and MSNA
neurograms were visually inspected for accuracy of detection by a single investigator
without knowledge of the PTSD or the severity status. MSNA was expressed as burst
frequency (bursts per minute) and burst incidence (bursts per 100 heartbeats). Sympathetic
BRS was quantified as the slope of the linear relationship between MSNA burst incidence
and DAP during pharmacological manipulation of BP. Cardiovagal BRS was quantified as
the slope of the linear relationship between R-R interval and SAP. Only slope values with a
correlation value > 0.5 were included. At least 2 min of data (Park et a/., 2017), including
both the decreases and increases in BP induced pharmacologically were analyzed for each
overall BRS assessment.

2.5.2. Statistical Analysis.—Data were analyzed statistically using commercial
software (SPSS 25.0; IBM SPSS, Armonk, NY) and the R Language and Environment for
Statistical Computing (R Foundation for Statistical Computing, Vienna, Austria). All data
were tested for normal distribution. Multivariate analysis of variance (ANOVAS) were used
to compare variables (BP, MSNA, BRS and biomarkers) between the three groups. A
principal component (PC) analysis (Jolliffe & Cadima, 2016) was used to create a combined
inflammatory score that aggregates all inflammatory markers tested in the subset of 50
participants. PC analysis is a well-known dimension-reduction tool for multivariate data,
reorganizing raw data to summary statistics in a much lower dimension. Joint associations
between PTSD and inflammatory markers were examined through principal component (PC)
analysis and ANOVAs. Estimation and inference of linear mixed models (LMM) was
performed using the R environment as previously described (Fonkoue et a/., 2018a). LMM
was used to compare differences in “slopes” of mental stress responses between the groups,
which indicate rates of change during the intervention. A x 2-squared test for independence
was used to compare all categorical variables. An independent t-test was performed as post
hoc analysis to compare the continuous variables, including resting hemodynamics, MSNA,
BRS and individual inflammatory biomarkers between S-PTSD, M-PTSD and NO-PTSD
groups. Pearson’s correlation coefficients were calculated to examine the relationships
between variables. Significance level was set at a < 0.05.

3. RESULTS
3.1. Demographics, Resting BP and HR

A total of seventy Veterans (S-PTSD, N=28; M-PTSD, N=16; and NO-PTSD, N=26) were
enrolled in the study. Among the 70, the diagnosis or exclusion, and symptom severity of
PTSD were confirmed by both CAPS-1V and PCL-M in N=23, CAPS-1V only in N=11 and
PCL-M only in N=36 participants (Table 1). CAPS-1V and PCL-M scores in the subset of 23
were highly correlated (r=0.806, <0.001).
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As shown in Table 1, groups were well-matched for age, body mass index (BMI), race and
sex. The majority of participants in each group were African-American and male. As
expected, the CAPS-1V and PCL-M scores were higher in S-PTSD versus M-PTSD versus
NO-PTSD. There were no differences in proportion of smokers or major depressive
disorders (MDD) between groups, and there was a trend towards a greater proportion of
participants on selective serotonin receptor inhibitors (SSRI) in both PTSD subgroups
compared to the NO-PTSD group (p=0.061). There was a greater use of prazosin, an alpha-1
adrenergic receptor blocker, at night for nightmares in S-PTSD and M-PTSD compared to
NO-PTSD (p=0.007). Resting BP was similar between the groups. SAP ranged from 100 to
139 mmHg for the S-PTSD group, 101 to 144 mmHg for the M-PTSD and 99 to 143 mmHg
for the NO-PTSD; DAP ranged from 63 to 90 mmHg for the S-PTSD group, 57 to 97 mmHg
for the M-PTSD and 62 to 97 mmHg for the NO-PTSD. While baseline BP was comparable
between the groups, HR (p=0.055), however, tended to be higher in S-PTSD compared to
M-PTSD and NO-PTSD.

3.2. Baseline Autonomic Function

Baseline MSNA burst frequency (p=0.443) and burst incidence (p=0.477), reflecting resting
SNS activity, were not different between S-PTSD, M-PTSD, and NO-PTSD groups (Table
1). Suitable MSNA recordings were not obtained in 9 participants; therefore, the MSNA
results are given for a subset of 61 participants (26 S-PTSD, 13 M-PTSD and 22 NO-
PTSD). Also shown in Table 1 are the time domain (SDNN and RMSSD) measures of HRV
reflecting PNS control of the heart for all 70 participants. Resting SDNN (p=0.470) and
RMSSD (p=0.368) were also not different between S-PTSD, M-PTSD and NO-PTSD
groups.

3.3. Arterial BRS

Figure 1 shows the results for cardiovagal BRS (panel A) and sympathetic BRS (panel B),
quantified during pharmacological manipulation of BP as described above. Cardiovagal BRS
was lower (p=0.021) in S-PTSD compared to M-PTSD and NO-PTSD. A post hoc analysis
revealed that S-PTSD was different from NO-PTSD but not from M-PTSD. Likewise,
sympathetic BRS tended to be blunted (P = 0.066) in S-PTSD when compared to M-PTSD
and NO-PTSD.

3.4. Inflammatory biomarkers

Figure 2 depicts the results of a principal component (PC) analysis (Jolliffe & Cadima,
2016) used to create a combined inflammatory score for each participant that aggregates the
11 inflammatory biomarkers (IFN, TNFa, IL-1p, IL-2, IL-6, IL1-RA, IL-6R, TNF-RII,
MCP-1, E-selectin and ICAM-1) tested in the subset of 50 participants. The scale used did
not affect the PC analysis results. The combined inflammatory scores were correlated with
CAPS scores (r=0.456, p= 0.033) as well as with PCL-M scores (r=0.407, p= 0.006). The S-
PTSD group had a combined inflammatory score higher (p<0.001) than M-PTSD and NO-
PTSD. This difference remained even when adjusting for SSRI and smoking (p=0.006) and
also when adjusted for MDD (p<0.001). The aggregate PC-scores correlated with CAPS-1V
scores (R=0.456; p= 0.033) and PCL-M scores (R=0.407; p= 0.006; data not shown).
Individual results for inflammatory biomarkers that were different based on PTSD severity
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are shown in Figure 3. hsCRP (panel A), a general marker of systemic inflammation, was
significantly higher (p=0.022) in S-PTSD (2.21 + 0.5mg/L) compared to M-PTSD (1.0

+ 0.2mg/L) and NO-PTSD (0.9 + 0.3mg/L). Pro-inflammatory cytokines and their
associated signaling receptors TNFa and TNF-RII (panels Band C, respectively), IL-1f and
IL-1RA (panels Dand £, respectively) and IL-6 and IL-6R (panel ~Fand G, respectively)
were higher in S-PTSD compared to NO-PTSD. hsCRP, TNFa.,, TNF-RII, IL-6, and
ICAM-1 were also higher in S-PTSD compared to both M-PTSD and NO-PTSD, while
IL-6R was higher in S-PTSD and M-PTSD compared to NO-PTSD. IFN, IL-2, and MCP-1
were comparable (p>0.05) between the groups (results not shown). The vascular
inflammatory biomarker ICAM-1 (panel H), was significantly higher (p=0.012) in S-PTSD
(619 £ 49 ng/mL) compared to M-PTSD (440 £ 25 ng/mL) and NO-PTSD (508 + 24 ng/
mL). However, vascular biomarkers Lp-PLA2 and E-selectin were comparable (p>0.05)
between the groups (data not shown). When analyses for individual inflammatory
biomarkers were further adjusted for MDD, results remained largely the same. TNFa
(p<0.001 and 0.002) and TNF-RII (p=0.015 and 0.045) remained elevated in S-PTSD
compared to M-PTSD and NO-PTSD, respectively. IL-6 (p=0.035) and ICAM-1 (p=0.009)
remained higher in S-PTSD compared to M-PTSD; IL-18 (p=0.029) and IL-6R (p=0.030)
remained higher in S-PTSD compared to NO-PTSD. However, IL-1RA (p=0.05) tended to
be higher in S-PTSD than in M-PTSD, and there was no difference in hsCRP levels between
groups (p>0.05) after adjustment for MDD.

3.5. Mental stress

During 3 min of MA, there was no significant difference in SAP (Figure 4A; time*PTSD,
p=0.133), DAP (Figure 4B; time*PTSD, p=0.507) or HR (Figure 4C; time*PTSD, p=0.522)
responses amongst S-PTSD, M-PTSD and NO-PTSD groups. There was also no difference
in MSNA reactivity (Figure 4D; time*PTSD, p=0.497) during MA between the three groups.
However, there was a significantly greater decrease in SDNN during MA in S-PTSD
compared to M-PTSD and NO-PTSD (Figure 4E; time*PTSD, p=0.038), while RMSSD
(Figure 4F; time*PTSD, p=0.101) reactivity was comparable between the groups.

4. DISCUSSION

In the current study, we examined the effects of PTSD symptom severity on the
cardiovascular, sympathetic and inflammatory state of post-9/11 veterans with PTSD. We
report for the first time that increasing PTSD symptom severity is linked to increasing
resting HR, greater impairment of arterial BRS, higher levels of inflammation and
exaggerated reductions in parasympathetic activity during mental stress. Specifically, we
report that: 1) resting sympathetic activity was similar between the groups; 2) HR tended to
be elevated in S-PTSD compared to NO-PTSD; 3) cardiovagal BRS was reduced and
sympathetic BRS tended to be reduced in S-PTSD compared to NO-PTSD; 4) systemic and
vascular markers of inflammation were increased with increasing PTSD symptom severity;
and 5) PNS withdrawal during mental stress was exaggerated in S-PTSD compared to M-
PTSD and NO-PTSD. These results suggest that increasing severity of PTSD symptoms is
linked to greater autonomic dysfunction and inflammation. Therefore, the blunted BRS and
inflammation previously described in PTSD patients (Edmondson & von Kénel, 2017; Park
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et al.,, 2017), as a potential mechanism for increased cardiovascular risk, may be largely
driven by those with the most severe PTSD symptoms. Taken together, our current findings
shed light on the link between the severity of psychological symptoms of PTSD and the risk
of hypertension and cardiovascular disease.

PTSD is a psychiatric disorder affecting as many as 20% of Veterans (Seal et a/., 2009) with
symptoms including avoidance, hyperarousal, reexperiencing of trauma and negative
feelings. In a recent representative sample of almost 200,000 veterans of the wars in Iraq and
Afghanistan, Burg et al observed a 24%—46% greater risk for incident hypertension
associated with untreated PTSD (Burg et al., 2017). Prior studies have reported increased
resting blood pressure and HR in PTSD compared to controls (Shalev ef a/., 1998; Buckley
& Kaloupek, 2001; Bedi & Arora, 2007). In contrast, we previously showed that in a cohort
of combat veterans, resting BP and HR were not different between PTSD and controls (Park
et al., 2017). In the present study, resting HR tended to be higher in severe PTSD compared
to controls, but not different from moderate PTSD. It is possible that this difference in
resting HR was not detected previously (Park et al., 2017) because the severity of PTSD was
not considered in the previous analysis. Higher resting HR has previously been shown to be
a marker of future cardiovascular risk (Hansen et al., 2008; Woodward et al., 2014; Zhang et
al., 2016). In addition, increased resting heart rate after trauma (Shalev et a/., 1998) and
lower HRV (Minassian et al., 2014; Minassian et al., 2015) are predictors of the subsequent
development of chronic PTSD. Although the SNS is responsible for 20% of HR control
under normal conditions (White & Raven, 2014), its influence may be significantly higher
under pathologic conditions such as PTSD (Tadic et a/., 2018). It is also important to note
that 32% of participants with severe PTSD and 19% of participants with moderate PTSD
were on the alpha-1 adrenergic receptor blocker Prazosin. While Prazosin causes relatively
less reflex tachycardia compared to other alpha blockers (Reid & Vincent, 1986), the use of
prazosin may have contributed to higher resting heart rates in severe PTSD.

Currently, the pathophysiological mechanisms by which PTSD is independently related to
increased hypertension and cardiovascular disease risk are still under investigation, but SNS
overactivity is thought to be an underlying mechanism (Bedi & Arora, 2007; Pole, 2007).
Previous studies have described an autonomic imbalance in PTSD characterized by a
decrease in the low frequency of heart rate variability (HRV) (Chang et a/., 2013; Shah et al.,
2013) and an increase in plasma (Bremner ef al., 1996), urinary (Wingenfeld et a/., 2015),
and cerebrospinal fluid (Geracioti ef a/., 2001) catecholamines suggestive of exaggerated
SNS activation. In our previous studies, where SNS activity was assessed using direct,
intraneural measures of MSNA via microneurography, heightened SNS activity at rest was
not apparent in PTSD, although PTSD patients had exaggerated MSNA reactivity during
mental stress. The current data also show, as previously reported (Park et al., 2017), that
resting MSNA is similar in PTSD and controls regardless of the severity of PTSD
symptoms. It is important to note that MSNA in the general population is very variable
between individuals (Carter & Ray, 2009), remaining often comparable at rest between at-
risk and not-at-risk populations (Ray & Monahan, 2002; Fonkoue et a/., 2016). Our findings
suggest that this might also be the case in PTSD and that the increased HR we observed in
participants with severe PTSD is possibly driven by differences in baroreceptor control.
Similar to MSNA, HRV (SDNN, RMSSD) was comparable between the groups at rest
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suggesting that in this cohort of PTSD individuals, those with more severe PTSD symptoms
did not have a greater impairment in HRV measures of PNS activity at baseline. We
previously reported impaired cardiac PNS activity in PTSD individuals with concomitant
prehypertension (Fonkoue et al., 2018b); therefore, it is possible that in the absence of
elevated resting blood pressure, PTSD is not associated with significant impairment of PNS
activity in the resting state. The failure of the baroreflex to elicit the appropriate changes in
SNS activity and parasympathetic control of the heart could be a possible mechanism for the
increased HR in severe PTSD.

Decreased arterial baroreflex sensitivity is an independent risk factor for hypertension and is
associated with poorer clinical outcomes (Bristow ef a/., 1969; Nasr et al., 2005). We
previously demonstrated that PTSD patients have blunted baseline sympathetic and
cardiovagal BRS compared to controls (Park et al., 2017). Interestingly, the current report
demonstrates that impairment in cardiovagal BRS is largely driven by those with severe
PTSD, as cardiovagal BRS remained intact in moderate PTSD. Blunted cardiovagal BRS has
been described in other patient populations characterized by increased CVD risk like
hypertension (Bristow et al., 1969), atherosclerosis (Nasr et al., 2005), and chronic kidney
disease (Johansson et al., 2010). These findings suggest that greater cardiovascular disease
risk associated with greater PTSD symptom severity may be linked to greater impairment in
regulation of the autonomic nervous system by the arterial baroreflexes.

Given recent reports linking inflammation, MSNA and BRS (Fonkoue et al., 2019), we also
explored the link between PTSD symptom severity and inflammation. Chronic inflammation
could contribute mechanistically to BRS dysfunction via its direct effect on the vasculature,
compromising the baroreceptor nerve endings or affecting its afferent and efferent tracts in
the central nervous system prior to the development of hypertension (Chapleau et a/., 2001).
Furthermore, chronic low-grade inflammation contributes to the pathogenesis of
atherosclerosis, the precursor of coronary heart disease (Golia et al., 2014). A recent study
by Vaccarino et al conducted in 562 twins (281 pairs discordant for PTSD) revealed that the
incidence of coronary disease was more than double in twins with PTSD (22.6%) than those
without PTSD (8.9%) (Vaccarino et al., 2013). Prior literature has reported a pro-
inflammatory state in PTSD (von Kanel et a/., 2007; von Kanel et al,, 2010; Park et al.,
2017). Some of the inflammatory markers elevated in PTSD such as C-reactive protein
(Kaptoge et al., 2010), IL-1(Herder et al., 2017) and IL-6 (Sarwar et al., 2012) have been
linked to the development hypertension and cardiovascular disease. In the current study, we
tested multiple pro-inflammatory cytokines and chemokine vascular biomarkers, allowing us
to assess a global inflammatory score, which was higher with increasing severity of PTSD,
even when adjusting for MDD. These results support previous reports by Lindqvist et al.
(Lindgvist et al., 2014) and demonstrate that severity of PTSD symptoms impacts the degree
of inflammation in PTSD.

More specifically, we found in multivariate analyses that systemic and vascular markers of
inflammation were higher in severe PTSD. Particularly, we found elevated levels of TNFa,
IL-1pB and IL-6 and their related cytokine receptors (TNFRII, IL6R, IL1RA) in in severe
PTSD. TNFa and IL-1p have been shown to have synergistic inflammatory effects and both
cytokines also induce the production of IL-6 (Neta ef a/., 1992). Von Kénel et al. also
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reported a dose-response relationship between severity of PTSD symptoms and
inflammation, including increased levels of TNF a and IL1B (von Kanel et a/., 2010). Our
current results highlight that chronic inflammation in severe cases of PTSD is wide-spread,
systemic and vascular and may contribute to impairments in BRS and changes in resting
HR. Additionally, the vascular inflammatory marker ICAM-1 was higher in the severe PTSD
group compared to the moderate PTSD and control groups in our cohort. Previous reports
support a role for cell adhesion molecule (CAM)-mediated leukocyte adhesion in the
development of early vascular lesions (Krieglstein and Granger 2001). CAMs are
increasingly viewed as critical participants in the vascular dysfunction and tissue injury that
are associated with a wide variety of inflammatory and cardiovascular diseases.
Furthermore, long term inflammation has been linked to longitudinal increases in arterial
stiffness, a risk factor for hypertension (Tomiyama et a/., 2017). While the majority of
inflammatory biomarkers were elevated in severe PTSD, we did not find a difference in Lp-
PLA2 and E-selectin levels between the groups in our cohort. Lp-PLAZ2 is an enzyme
produced in cells involved in the atherosclerotic process and is mainly bound to LDL in the
circulation, which may play less of a role in the pathogenesis of cardiovascular risk in
PTSD. E-selectin, on the other hand, is only expressed on endothelial cells after activation
by IL-1p or TNF a; while these cytokines were elevated in severe PTSD, levels may not
have been high enough to induce significant expression of E-Selectin. Taken together, the
overall increase in inflammatory cytokines in PTSD patients with high PTSD symptom
severity scores may be mechanistically linked to autonomic dysfunction and higher risk of
progression to overt hypertension in this subgroup of PTSD patients (Rusch et a/., 2019).
Moreover, these data highlight the importance and potential utility of an inflammatory score
or index in this patient population which could be used as an additional important prognostic
biomarker to assess severity of cardiovascular disease risk in PTSD.

Prior work (Park et al., 2017) has shown that although resting MSNA is not different
between PTSD patients and controls without PTSD, MSNA reactivity during mental stress
was exaggerated in PTSD. Interestingly, the current results show that increasing PTSD
severity does not augment the SNS reactivity that was previously shown in PTSD versus
controls, but increasing PTSD symptom severity does result in a greater reduction in HRV
during mental stress in those with severe PTSD. These findings suggest that in addition to
heightened SNS reactivity characteristic of PTSD patients, increasing symptom severity is
associated with greater PNS withdrawal during mental stress. Importantly, there were no
differences in hemodynamic reactivity between severity groups, suggesting that PNS
withdrawal did not translate to greater blood pressure or heart rate response to mental stress
in severe PTSD. However, lower HRV, and abnormal neurocardiovascular reactivity
independent of blood pressure have been linked to greater increases in cardiovascular
disease risk (Chida & Steptoe, 2010; Hillebrand ef a/., 2013) and may be one mechanism
underlying progressive increases in cardiovascular disease risk with increasing PTSD
symptom severity.

We recognize several limitations to our study. First, we were not able to obtain CAPS-1V
scores on all participants; the use of two different scales for the assessment of PTSD severity
was a limitation. The CAPS remains the gold standard for PTSD diagnosis and assessment
of symptom severity. However, the PCL-M and CAPS-1V scores were highly correlated in
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the current study, as has also been previously described (Blanchard et a/., 1996). Second, we
were unable to run the mesoscale inflammatory biomarker analysis on all 70 participants
which would have given us a larger sample for the inflammatory score. However, even with
the subset of 50, we observed a difference between the participants with severe PTSD
symptoms compared to those with moderate symptoms. Third, given our cutoffs scores for
the three groups, the control group may have included some cases of sub-threshold PTSD
which may have reduced the detection of differences in physiologic measures between the
control and moderate PTSD groups. However, our analyses still suggest that increasing
PTSD symptom burden is associated with derangements in sympathetic activation and
regulation that may be driven by increased inflammation. Fourth, our cohort included a
small sample size and was entirely comprised of medically healthy military Veterans and
predominantly composed of African American men; therefore, our results may not be
generalizable to other racial groups, women, non-Veteran populations or Veterans with
comorbid medical diseases such as hypertension or other cardiovascular disease. African
American men, however, remain both an at-risk group for hypertension and an understudied
population; thus, our findings may help advance the care of African American men living
with PTSD. Fifth, the severe PTSD subgroup had a higher proportion of participants treated
with prazosin; however, although prazosin reportedly has anti-inflammatory effects(Wang et
al., 2018), we detected higher inflammation with increasing severity of PTSD. Sixth, there
was a greater proportion of patients with MDD in the severe PTSD group, although not
statistically significant. However, after adjustment for MDD, the PC analysis as well as most
individual biomarkers except for hsCRP remained higher with increasing severity of PTSD.
Increases in hsCRP in severe PTSD may be more driven by comorbid MDD (Chamberlain et
al., 2019). Finally, the smoking status of the participants was self-reported and obtained
from the medical records. We did not test for serum cotinine levels.

In summary, a growing number of studies (Willerson & Ridker, 2004; Golia et al., 2014;
Ruparelia et al., 2017; Howard et al., 2018) in recent years have highlighted the role of
inflammation as an early mechanism contributing to the development of cardiovascular
diseases. Our findings that demonstrate that the severity of PTSD symptoms are associated
with higher inflammation, as well as greater impairment of arterial baroreflex sensitivity,
higher resting heart rates, and exaggerated PNS withdrawal may mechanistically explain the
epidemiologic observations that link higher psychological symptoms in PTSD with even
greater risk of cardiovascular disease. However, the current study does not establish
causality, and a reverse causality, where individuals with autonomic imbalance and increased
inflammation, might be more susceptible to developing PTSD after a traumatic event is also
possible. A higher severity of PTSD symptoms not only contributes to increased
psychological distress, but is also associated with higher risk of hypertension and
cardiovascular disease that may be mediated by greater inflammation and autonomic
dysfunction. Finally, these results might have treatment implications. Early pharmacologic
and nonpharmacologic interventions aimed at reducing inflammation and sympathetic
activity, as well as the treatment of PTSD symptoms themselves, particularly in severe
PTSD, may have long-term beneficial effects on cardiovascular disease risk and should be
investigated in future studies.
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Highlights
. Symptom severity in posttraumatic stress disorder (PTSD) affects autonomic
function, regulation, and inflammation.
. Increasing PTSD symptom severity is linked to greater impairment in
cardiovagal baroreflex sensitivity and elevated resting heart rate.
. Patients with more severe PTSD symptoms have increased inflammation and

exaggerated withdrawal of parasympathetic activation during mental stress.
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Figure 1:

Cardiovagal (panel A) and sympathetic (panel B) baroreflex sensitivity (BRS) at rest.
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Cardiovagal BRS was blunted in 28 with severe posttraumatic stress disorder (S-PTSD)
compared to 16 with moderate PTSD (M-PTSD) and 26 Controls (NO-PTSD). Sympathetic

BRS tended to be blunted in 26 S-PTSD compared to 13 M-PTSD and 22 Controls. *

p<0.05.
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Figure 2:
Combined inflammatory scores using principal component (PC) analysis for 14 with severe

posttraumatic stress disorder (S-PTSD), 12 with moderate PTSD (M-PTSD) and 24 Controls
(NO-PTSD). Inflammatory scores were higher in S-PTSD compared to M-PTSD and NO-
PTSD. * p<0.05.
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Figure 3:

Highly sensitive C-reactive protein (hsCRP; panel A), tumor necrosis factor a (TNFa; panel
B), TNF receptor 1l ( TNF-RII; panel C), interleukin 1p (IL-1pB; panel D), IL-1 receptor A
(IL-1RA; panel E), interleukin 6 (IL-6; panel F), IL-6 receptor (IL-6R; panel G) and
intercellular adhesion molecule (I-CAM; panel H) at rest in 14 with severe posttraumatic
stress disorder (S-PTSD), 12 with moderate PTSD (M-PTSD) and 24 Controls (NO-PTSD).
* p<0.05.
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Time*PTSD, p=0.522

Time*PTSD, p=0.101

-

Baseline

Min 1

Min 2 Min 3

Changes in systolic arterial pressure (SAP; panel A), diastolic arterial pressure (DAP; panel
B), heart rate (HR; panel C), standard deviation of normal R-R intervals (SDNN; panel E)
and root mean square of the successive differences (RMSSD; panel F) during 3 min of
mental stress in 28 with severe posttraumatic stress disorder (S-PTSD) compared to 16 with
moderate PTSD (M-PTSD) and 26 Controls (NO-PTSD). Change in muscle sympathetic
nerve activity (MSNA; panel D) in 26 S-PTSD compared to 13 M-PTSD and 22 Controls.
SDNN reactivity to mental stress was significantly blunted in S-PTSD compared with M-
PTSD and NO-PTSD. SAP, DAP, HR, MSNA and RMSSD reactivity to mental stress were
not different between the groups. A linear mixed-model analysis was used to assess the
within-group and between-group differences. *£< 0.05
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Table 1:
Baseline Characteristics (sample of n=70)
Variable S-PTSD | M-PTSD | NO-PTSD | P-value
(n=28) (n=16) (n=26)
Age(years) 39+2 3Bv+2 3B +2 0.153
BMI (kg/m?2) 30+1 29+1 28+1 0.587
Race (B/W) 25/3 12/4 22/4 0.515
Sex (M/F) 20/8 11/5 20/6 0.683
CAPS-IV score 82+3 | 53z2 381 | «ooo1*
PCL-M score 71x2 | 5524 38322 | «ooo1*
Smoking (Yes/No) 11/17 4/12 4/22 0.132
SSRI (Yes/No) 14/14 5/11 5/21 0.061
MDD (Yes/No) 13/15 4/12 7/19 0.215
Prazosin (Yes/No) 9/19 3/13 0/26 0.007%
SAP (mmHg) 119+2 | 12043 | 122%2 0518
DAP (mmHg) 78+1 77+3 80+2 0.489
HR (beats/min) 762 70+£3 67 £2 0.055
MSNA (burst/min) 23%2 203 24+3 0.443
MSNA (burst/100hb) 35+3 32+4 39+3 0.477
SDNN (ms) 72+6 677 80+8 0.470
RMSSD (ms) 58 £7 52+6 68 +8 0.368

Values are mean+SE. S-PTSD, severe PTSD; M-PTSD, moderate PTSD; NO-PTSD, no PTSD or controls; BMI, body mass index; CAPS-1V,
Clinician Administered PTSD Scale 1V; PCL-M, PTSD CheckList - Military version; SSRI, selective serotonin receptor inhibitors; MDD, major
depressive disorder; SAP, systolic arterial pressure; DAP, diastolic arterial pressure; HR, heart rate; MSNA, muscle sympathetic nerve activity;
heart beats; SDNN, standard deviation of R-R intervals; RMSSD; root mean square of differences in successive R-R intervals. p-values are two-

tailed.

*
p<0.05.

For MSNA, n= 26 S-PTSD, 13 M-PTSD and 22 NO-PTSD. For CAPS-1V, N=34. For PCL-M, n=59.
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