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Opinion Statement

Purpose In this article, we present data incorporating heart rate variability (HRV) into a
graded virtual reality protocol performed in both a combat environment and an active
control (classroom) environment, for combat Veterans with and without PTSD.
Recent Findings Exposure therapy for PTSD has proven effective. There is increasing
interest in the use of virtual reality exposure therapy (VRET)-customized environ-
ments incorporating auditory, visual, and olfactory sensory modalities, to aug-
ment exposure-based treatment for PTSD. Particularly for combat Veterans, VRET
may offer the advantage of a more realistic in vivo exposure for treatment. When
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combined with concurrent psychophysiological data, VRET has the potential to
inform PTSD diagnosis, predict therapeutic responsiveness, and provide objective
indicators of treatment response. HRV was not different between Veteran with
and without PTSD, but our group recently found that Veterans with PTSD had
differential skin conductance responses compared with Veterans without PTSD.
Summary Virtual reality is a promising treatment for PTSD. Methodological factors
may have influenced the absence of significant findings in the current data.
Future research which optimizes the potential use of psychophysiological assess-
ments for the development of biomarkers and prediction of PTSD treatment
response, or to inform the process of PTSD treatment, remain important.

Introduction

Treatment
The lifetime prevalence of posttraumatic stress dis-
order (PTSD) in the general US adult population is
estimated to be 6.8% [1]. Estimates among Vet-
erans range from 30.9 to 18.7% in Vietnam-era
Veterans [2]. Virtual reality exposure therapy
(VRET) is growing as a treatment for posttraumatic
stress disorder. VRET is relatively new, with the first
case studies appearing in the treatment of Vietnam
Veterans in 1999 and 2001 [3, 4]. The potential to
utilize VRET for the benefit of a large number of
Iraq and Afghanistan Veterans returning with PTSD
was recognized early [5]. This, coupled with ad-
vances in VR technology, contributed to the prolif-
eration of VRET as a treatment modality for PTSD.

Accumulating evidence supports the efficacy of
VRET for PTSD treatment [6–10], and an additional
advantage of VRET is the ability to tailor exposure
to the individual. A recent meta-analysis suggests
that VRET provides benefits similar to in vivo ex-
posure with generalizable gains that can impact
participant quality of life [11]. Additionally, data
from Veterans undergoing PTSD treatment suggests
VRET is well tolerated [12]. While combat Veterans
in the Department of Veterans Affairs (VA) have
benefitted from this innovation in treatment, addi-
tional biomarker data are needed to optimize VRET
for individual patients and to understand the
mechanisms of therapeutic action.

Heart rate variability
Heart rate variability (HRV) is a candidate psycho-
physiologic biomarker with potential to inform dif-
ferential diagnosis, endophenotyping, or prediction
of VRET effectiveness or other health outcomes in

PTSD. HRV refers to beat-to-beat variability in
heart rate as represented by the R-R interval in
the electrocardiogram (Fig. 1). HRV is governed
by the balance between sympathetic and parasym-
pathetic outflow in the autonomic nervous system
(ANS; [13, 14]) and can provide insight about
central nervous system (CNS) function. Changes
in HRV are clinically relevant, in that, reduced
HRV has been associated with cardiovascular dis-
ease and adverse health-related outcomes [13].
HRV is particularly relevant to PTSD because this
disorder is characterized by hyperarousal and in-
creased autonomic reactivity to stimuli [15]. While
HRV is transiently reduced during times of acute
stress, anxiety, or emotional strain in healthy indi-
viduals [16, 17], PTSD has been associated with
sustained reductions in HRV [18–21] at rest, sug-
gesting a chronic sympathetic autonomic predomi-
nance. Recently, resting pre-deployment HRV dem-
onstrating a relative sympathetic autonomic pre-
dominance was found to be associated with in-
creased risk of post-deployment development of
PTSD in the Marine Resiliency Study [22•]. Re-
duced HRV may also have negative health effects,
suggested by findings that lower HRV in response
to emotional scripts predicted impaired arterial
function (an index of cardiovascular health) in
relatively young Veterans [23].

When examining HRV, several indices can be calcu-
lated from the electrocardiogram and used to character-
ize the sympathovagal balance. Time-domain indices
and frequency-domain indices impart information re-
garding components of autonomic control. Specifically,
low-frequency HRV is indicative of sympathetic auto-
nomic tone, while high-frequency HRV largely reflects
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parasympathetic tone [13]. The relative predominance
of activity in these frequency bands provides insight into
the balance between sympathetic and parasympathetic
activity at a given point in time. Furthermore, low- and
high-frequency power can be normalized to allow for
comparisons between individuals or groups. The stan-
dard deviation of the R-R interval can be used as a global
index of total HRV over a fixed recording time and
compared between treatment conditions or portions of
a protocol.

Our group recently found that sympathetic auto-
nomic activity, as measured by galvanic skin re-
sponse during a graded VR exposure, discriminated
between combat Veterans with PTSD and those with-
out [24••]. This finding underscored the notion that
psychophysiologic data are useful for the evaluation
of PTSD patients during times of heightened arousal
or pathological sympathetic regulation, such as that
experienced during VRET. Only two prior studies

have examined HRV during VR, and these were con-
fined to the study of cardiovascular responses to
social stress or anxiety-provoking situations [25,
26]. No prior work on this topic has examined
HRV during VR involving graded exposure stimuli
with PTSD patients.

The purpose of the present study was to exam-
ine the HRV response of combat Veterans with and
without PTSD to a series of combat-related VR
events as well as to non-combat VR stimuli (class-
room scenes). The classroom scenes were included
to control for potential autonomic responses to
neutral stimuli of increasing complexity in the vir-
tual environment, in comparison with VR combat
stimuli. We hypothesized that the PTSD group
would demonstrate reductions in HRV (increased
sympathetic autonomic predominance) compared
to the non-PTSD group during combat scenes,
and no difference during classroom scenes.

Methods
Participants

Nineteen adult Veterans with PTSD and 24 non-PTSD Veteran controls were
recruited from the Providence, RI VA Medical Center (VAMC) where the study
was performed. Treatment (psychopharmacology or therapy) is not provided in
the suite where the VR equipment resides, and therefore, no participants were
acclimated to the study environment specifically. All had combat exposure
during operations in Iraq or Afghanistan, and PTSDpatients were required to be
currently engaged in treatment. Demographic and clinical data are presented in
Table 1. Participants with an abnormal electrocardiogram and those taking
benzodiazepines, beta-blockers, or alpha-2 agonists were excluded. PTSD di-
agnosis and symptom severity were evaluated using the Clinician-Administered

Fig. 1. Left Electrocardiogram illustrative the R-R interval; Right an example of a power spectrum generated from a set of HRV data
showing distribution of power in the power spectrum with frequency on the x-axis.
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PTSD Scale (CAPS; [27]) and the Structured Clinical Interview of DSM Disor-
ders (SCID; [28]).

Virtual reality
Participants were randomized with regard to order of VR content (i.e.,
combat scenes or classroom scenes first) and a 5-min baseline period
preceded each battery of scenes. VR content was delivered with visual,
auditory, haptic, and olfactory stimuli in the combat scenarios, present-
ed as six 1-min scenes which increased progressively in intensity with
each scene (Table 2). Neutral, non-combat VR stimuli comprised a series
of six 1-min classroom scenes, with visual and auditory stimuli that
increased in complexity over time (Table 2). Between scenes, Veterans
sat quietly for 2 min while wearing VR equipment and viewed a blank
screen.

HRV
Electrocardiogram data were continuously acquired during the 5-min
baseline and 15-min VR exposure + rest trials using a single-lead elec-
trocardiogram, with one electrode positioned at approximately the 4th
intercostal space to the right of the sternum and the other on the left
wrist (Biopac Systems Inc., Goleta, CA). All data processing steps were
done offline using specialized software to exclude ectopic beats and
generate the HRV indices of interest (LabChart 8, ADI Instruments,

Table 1. Demographic and clinical characteristics in PTSD and non-PTSD veteran groups with p value for chi-square or t test
of group differences. Data are presented as means, percentage, or count (standard deviation) as appropriate

PTSD (N = 19) Non-PTSD (N = 24) p value
Age (years) 36.4 (8.3) 38.8 (11.4) .45

% male 100 96 .38

% white 84 67 .21

Months since combat deployment 61.0 (29.4) 44.5 (31.3) .09

Major depressive disorder

Current 10 5 .03

Prior 5 8 .62

Alcohol use disorder

Current 0 0 –

Prior 4 6 .76

Other drug use disorder

Current 0 0 –

Prior 3 3 .75

CAPS score 64.84 (11.61) 25.96 (17.64) G.0001

PCL-M 47.83 (12.80) 29.14 (13.29) .0001

CAPS Clinician-Administered PTSD Scale, PCL-M PTSD Symptoms Checklist Military Version
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Colorado Springs, CO). Activity in low-frequency (0.04 to 0.15 Hz) and
high-frequency (0.15 to 0.4 Hz) HRV bands were analyzed in normal-
ized units (LFnu) as well as the ratio between low- and high-frequency
power (LF/HF) calculated by LabChart 8 software. A global measure of
HRV, the standard deviation of the R-R intervals of the electrocardio-
gram (SDRR), was also calculated by the software.

Data analyses
Baseline HRV data, acquired with participants at rest while wearing the
VR headset at the beginning of each session, were averaged across the 5-
min baseline period preceding the start of VR stimuli. HRV data during
VR stimuli were averaged across the 1-min stimuli periods. Data were
analyzed using SPSS software (IBM corporation, Armonk, NY). Demo-
graphic and HRV indices during baseline were compared between PTSD
and non-PTSD groups using chi-square or independent sample t tests, as
appropriate. Group differences on HRV indices during combat and
classroom VR scenarios were tested using a 6 (Scenario: 1–6) × 2 (VR
content: combat vs classroom) × 2 (Group: PTSD vs non-PTSD) repeated
measures ANCOVA, with Scenario and VR content as a within subject
variable and Group as a between subject variable. Baseline HRV indices

Table 2. Description of the six combat and classroom virtual reality scenes. HMMWV High Mobility Multipurpose Wheeled
Vehicle

Scene Combat Classroom
1 -Riding in HMMWV -Seated in classroom

2 -Riding in HMMWV
-Armed insurgent firing on vehicle

-Seated in classroom
-Teacher answers door

3 -Riding in HMMWV
-Armed insurgent firing on vehicle
-IED explosion visible in front of vehicle

-Seated in classroom
-Teacher answers door
-Student raises hand

4 -Riding in HMMWV
-Armed insurgent firing on vehicle
-IED explosion visible in front of vehicle
-IED explosion involves Humvee in front of participant’s vehicle

-Seated in classroom
-Teacher answers door
-Student raises hand
-Student in classroom coughs

5 -Riding in HMMWV
-Armed insurgent firing on vehicle
-IED explosion visible in front of vehicle
-IED explosion involves Humvee in front of participant’s vehicle
-Haptic stimulus (seat rumbles)

-Seated in classroom
-Teacher answers door
-Student raises hand
-Student in classroom coughs
-Student throws paper airplane

6 -Riding in HMMWV
-Armed insurgent firing on vehicle
-IED explosion visible in front of vehicle
-IED explosion involves Humvee in front of participant’s vehicle
-Haptic stimulus (seat rumbles)
-Gun smoke smell

-Seated in classroom
-Teacher answers door
-Student raises hand
-Student in classroom coughs
-Student throws paper airplane
-Student passes a note
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were entered as covariates. In cases where sphericity cannot be assumed,
a Greenhouse-Geisser correction was performed. Pearson correlations
were used to investigate potential associations between baseline HRV
measures and PTSD symptoms based on total CAPS score. A Bonferroni
correction was applied to this analysis to adjust the significance thresh-
old appropriately given the number of correlations (.05/12 = .004).

Results
SDRR

Repeated measures ANCOVA demonstrated no significant main effect of
Scenario (F(1.26,49.25) = .52, p = .76), suggesting that SDRR did not
change over the VR scenarios. There was also no significant main effect
of VR content (F(1,39) = .97, p = .33) suggesting that SDRR did not
differ across all combat versus classroom scenes. Neither was there a
significant main effect of Group (F(1,39) = .36, p = .55), demonstrating
that Veterans with and without PTSD did not differ from each other on
SDRR across all classroom and combat VR scenarios. Finally, none of
the interactions between VR content, Scenario or Group (2-way or 3-
way) were significant, all p 9 .05.

LFnu
A repeated measures ANCOVA demonstrated a significant main effect of
Scenario on LFnu (F(5,35) = 2.67, p = .04), suggesting that LFnu
increased over the course of the six VR classroom and combat scenarios.
There was no significant main effect of VR content (F(1,39) = .02,
p = .88), suggesting that LFnu in response to all six VR classroom
scenarios did not differ from all six combat VR scenarios. Again, there
was also no significant main effect of Group (F(1,39) = .33, p = .57),
suggesting there were no significant differences on LFnu between PTSD
and non-PTSD groups across scenes. Neither were any of the 2- or 3-way
interactions significant, all p 9 .05.

LF/HF
Finally, for LF/HF, repeated measures ANCOVA revealed a non-
significant main effect of Scenario (F(1.06,41.25) = .47, p = .79), sug-
gesting no effect of increasing complexity of VR scenario on LF/HF.
Neither was there a significant main effect of VR content (F(1,39) = .27,
p = .61), again demonstrating no effect of VR combat or VR classroom
content on LF/HF. Lastly, the main effect of Group was also non-
significant (F(1,39) = 1.10, p = .30) as were all 2- and 3-way interac-
tions, all p 9 .05, suggesting no differences in LF/HF as a function on
PTSD, VR content, or increasing complexity.

Association between baseline HRV and PTSD symptoms
There were no significant correlations between any baseline HRV indices
(SDRR, LFnu, LF/HF) and total CAPS score. For the PTSD group, corre-
lations between total CAPS score and baseline SDRR, LFnu, and LF/HF
prior to classroom scenes were r = .25, p = .31; r = .42, p = .08; r = .29,
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p = .22, respectively, and prior to combat scenes were r = .28, p = .25;
r = .08, p = .76; r = .26, p = .40. Correlational analyses for the non-
PTSD group between total CAPS scores and baseline SDRR, LFnu, and
LF/HF prior to classroom scenes revealed r = −.03, p = .90; r = .27,
p = .19; r = .08, p = .67, respectively, and prior to combat scenes r = .18,
p = .39; r = .03, p = .89; r = .07, p = .73, respectively.

Discussion

The results did not support our hypothesis that the Veterans in the
PTSD group would demonstrate a pattern of reduction in HRV, indica-
tive of greater sympathetic autonomic tone, as compared to non-PTSD
Veterans when exposed to graded combat-related VR scenes. HRV as-
sessments typically require an epoch longer than 1-min to reflect
changes in autonomic regulation, as sufficient beats to perform reliable
analyses (≥100 beats [13]) generally requires, a minimum of 2 min.
Although the current protocol was therefore not optimized to detect
changes in HRV, our results demonstrate that the acquisition of these
data during graded VR is feasible. We evaluated this duration of VR
presentation because during VRET, this might be the most sensitive
window to examine psychophysiology, including HRV. However, 1 min
may not be sufficient to provide an adequate amount of data for valid
assessment. Hence, the absence of group difference within this dataset
might be truly due to no differences between groups on HRV variables,
or due to limited data collection time window for analyses. It is at this
point not possible to distinguish these two potential reasons.

Recent work by our lab has elucidated the relationship between skin
conductance and graded VR stimuli in these same participants [24••].
Skin conductance is regulated by the sympathetic autonomic nervous
system, and changes may be seen on a shorter time scale than is
required to reliably determine HRV responses. In these same partici-
pants, the PTSD group demonstrated skin conductance responses indic-
ative of a more robust sympathetic autonomic response to combat
scenes as compared with classroom scenes. These findings suggest that
the collected HRV indices did not reveal differences in autonomic out-
flow and regulation in a graded protocol in Veterans with versus with-
out PTSD as acquired in the present study. These negative data are
informative for the development of potential biomarkers of VR treat-
ment, and at least one prior study reported similar findings. Wilhelm
et al. [29] examined heart rate and skin conductance responses to graded
height exposure in participants reporting high or low levels of fear of
heights. Utilizing a protocol with a very similar time course to the
present study, the authors found that skin conductance responses, but
not heart rate, differed between the two groups. While Wilhelm et al.
did not examine HRV specifically, the same autonomic outflow that
governs changes in HRV is also operant in the regulation of heart rate.

On the other hand, the work by Costanzo et al. (2014) showed significant
psychophysiological responses to a virtual combat environment in a group of
sub-clinical PTSD participants, with heart rate demonstrating the strongest
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correlation to Clinician-Administered PTSD Scale global symptoms [30•].
While heart rate variability was not calculated in the Costanzo study, the heart
rate response in the subthreshold PTSD population suggests a significant
change in sympathovagal balance during virtual combat environment expo-
sure. Our non-PTSD comparison group had a mean CAPS score of 26 while
subthreshold PTSD participants in the Costanzo study had a mean score of
31.4. Thus, it is possible that physiologic changes associated with subthreshold
symptoms in our non-PTSD comparison group contributed to the lack of
separation between groups. Categorical diagnostic approaches based on tools
such as the CAPSmay not capturemore nuanced physiologic changes occurring
across a broad spectrum of symptoms.

Conclusion

VRET is a promising approach for the treatment of PTSD, and combat
Veterans have great potential to benefit from this as a therapeutic
modality. Although HRV can provide important information on auto-
nomic function and regulation, these results suggest that it is not an
informative biomarker for a graded VR protocol of this design. While
the findings of this study were negative, they can inform future efforts to
integrate psychophysiological data collection into treatment and research
protocols. Such efforts are important for the development of objective
measures of treatment response, as well as biomarkers for the prediction
of treatment response among those afflicted with PTSD.
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