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Abstract

Background: Biofeedback-based virtual reality (VR-BF) is a novel, nonpharmacologic method for teaching patients how to
control their breathing, which in turn increases heart rate variability (HRV) and may reduce pain. Unlike traditional forms of
biofeedback, VR-BF is delivered through a gamified virtual reality environment, increasing the accessibility of biofeedback. This
is the first study to systematically integrate VR-BF use in the pediatric perioperative setting, with the ultimate goal of evaluating
the efficacy of VR-BF to reduce pain, anxiety, and opioid consumption once feasibility and acceptability have been established.

Objectives: The primary objective was to develop a clinical trial protocol for VR-BF use in the pediatric perioperative setting,
including preoperative education and training, and postoperative application of VR-BF in children undergoing surgery. A secondary
objective was to evaluate the patient and parent experience with VR-BF.

Methods: A total of 23 patients (12-18 years of age) scheduled for surgery at Nationwide Children’s Hospital were recruited
using purposive sampling. Following training, participants independently completed a daily, 10-minute VR-BF session for 7 days
before surgery and during their inpatient stay. Participants could use VR-BF up to 2 weeks after hospital discharge. Patient- and
session-level data of VR-BF usage and achievement of target HRV parameters were measured to identify the optimal frequency
and duration of sessions before and after surgery for this population. Standardized questionnaires and semistructured interviews
were conducted to obtain qualitative information about patients’ experiences with VR-BF.

Results: Patient-level data indicated that the highest odds of achieving 1 session under target HRV parameters was after 4
sessions (odds ratio [OR] 5.1 for 4 vs 3 sessions, 95% CI 1.3-20.6; OR 16.6 for 3 vs 2 sessions, 95% CI 1.2-217.0). Session-level
data showed that a session duration of 9 to 10 minutes provided the greatest odds of achieving 1 session under target HRV
parameters (OR 1.3 for 9 vs 8 min, 95% CI 1.1-1.7; OR 1.4 for 8 vs 7 min, 95% CI 1.1-1.8; OR 1 for 10 vs 9 min, 95% CI 0.9-1.2).
Qualitative data revealed patient satisfaction with the VR-BF technology, particularly in managing perioperative stress (17/20,
85%). Few patients reported VR-BF as beneficial for pain (8/20, 40%).
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Conclusions: Children and adolescents undergoing surgery successfully learned behavioral strategies with VR-BF with 10-minute
sessions once daily for 5 days. To integrate VR-BF as a therapeutic intervention in a subsequent clinical trial, patients will be
instructed to complete three 10-minute sessions a day for 7 days after surgery.

Trial Registration: ClinicalTrials NCT04943874; https://clinicaltrials.gov/ct2/show/NCT04943874

(JMIR Perioper Med 2024;7:e48959) doi: 10.2196/48959
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Introduction

For many patients, the postoperative period is associated with
significant and sometimes uncontrolled pain [1-4]. Not only
can these circumstances lead to higher morbidity, increased
hospital costs, and longer recovery times, but uncontrolled
postoperative pain also increases the risk of exposure to and
persistent use of opioids [4-8]. Despite greater emphasis on the
use of multimodal, opioid-sparing analgesic regimens for
postoperative pain, the percentage of patients experiencing
severe pain after surgery has not changed significantly since
the early 2000s, and narcotics remain the primary treatment for
pain management [9-11]. Thus, the demand for
nonpharmacologic alternative therapies for pain control has
never been greater for children and adolescents [12].

One nonpharmacologic alternative is biofeedback, a mind-body
therapy that provides sustained pain relief [13,14] in various
clinical settings [15-26]. Biofeedback reduces pain by teaching
patients behavioral modifications (eg, decreasing respiratory
rate) to change their physiological status (eg, increasing heart
rate variability [HRV]) [27], characterized as the increase and
subsequent decrease in heartbeats during inhalation and
exhalation, respectively [28]. Higher HRV downregulates the
sympathetic nervous system and activates the parasympathetic
nervous system, increasing vagal tone and reducing pain [29,30].
However, many barriers exist to the routine use of biofeedback
[31], including the need for trained personnel and specialized
equipment, and the lack of patient engagement and motivation
for session repetition [32]. Thus, alternative strategies to deliver
this effective therapy at point-of-care are needed in children
and adolescents.

As technological advances have allowed for greater use of
virtual reality (VR), VR has been implemented in many clinical
situations to minimize pain during acutely painful procedures
[33-42]. The sense of immersion created by VR can complement
the therapeutic effects of distraction therapy during short, painful
procedures by redirecting attention [43,44] and engaging the
patient in simple mind-body therapies such as guided relaxation
and slow breathing [45,46]. However, to date, VR-based
delivery of distraction- and relaxation-based therapies have
shown only transient reductions in pain that are insufficient to
assist with more prolonged pain experiences, including
postoperative pain [45,47-49].

To fill the unmet critical need for accessible, nonpharmacologic
analgesia, we are exploring the integration of biofeedback with
VR (VR-BF) as a promising new therapy that may be effective

for postoperative pain management and may overcome the
challenges of existing mind-body interventions [50]. However,
VR-BF has yet to be systematically used in the perioperative
period; thus, no defined treatment protocols exist for its
application [51]. This study aimed to refine a treatment protocol
for preoperative education and training and postoperative
application of VR-BF in children and adolescents undergoing
surgery requiring management by the Acute Pain Service by
assessing the impact of VR-BF use on HRV parameters. To
gain additional qualitative acceptability data of this technology,
standardized questionnaires were used to assess patient and
parent perceptions of their experience with VR-BF.

Methods

Overview
This single-center, prospective observational study of pediatric
surgical patients aimed to refine a VR-BF protocol consisting
of a preoperative education and training period to identify the
optimal frequency and duration of VR-BF sessions to achieve
target physiological parameters. Findings from this study will
inform the design of a clinical trial to assess the ability of a
VR-BF intervention to reduce postoperative pain, anxiety, and
opioid consumption in children and adolescents.

Ethical Considerations
This study was approved by the institutional review board
(#STUDY00002080) at Nationwide Children’s Hospital (NCH)
and conducted per the rules and regulations for ethical clinical
research. This study was registered with ClinicalTrials.gov on
May 17, 2021 (NCT04943874) and adhered to the CONSORT
(Consolidated Standards of Reporting Trials) guidelines. Written
consents from parents (and assent for patients younger than 12
years) were obtained from all participants before the first study
visit. A stipend of up to US $100 per patient was given for
completing all pre- and postsurgical study procedures.

Patients
A total of 23 patients scheduled for surgery anticipated to cause
moderate to severe pain were recruited using purposive sampling
between March 2022 and September 2022. Patients at NCH
undergoing surgical procedures associated with moderate to
severe pain (eg, laparotomy and spine surgery) are managed by
the Acute Pain Service and receive intravenous opioids for pain
management. All patients received standard postoperative care
and were not withheld from medications during study
participation.
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Patients were identified up to 2 months in advance of their
surgery for recruitment. Eligibility criteria can be found in

Textbox 1.

Textbox 1. Inclusion and exclusion criteria.

Inclusion criteria

• 12-18 years old (all inclusive)

• Able to read, understand, and speak English

• Scheduled to undergo surgery at Nationwide Children’s Hospital anticipated to cause moderate to severe pain with 1-night postoperative hospital
admission

• Require postoperative pain management by the Acute Pain Service

• Own or have access to a mobile device or computer

Exclusion criteria

• Younger than 12 years or older than 18 years

• Non–English-speaking

• History of significant developmental delay, psychiatric conditions associated with hallucinations or delusions, or significant neurological disease,
especially epilepsy or seizure disorder

• History of significant motion sickness

• History of chronic pain

• Chronically using opioids or benzodiazepines for the management of pain preoperatively

• Actively experiencing nausea or vomiting

• Any conditions that preclude their ability to use the VR headset, such as craniofacial deformities or surgeries of the head and neck

Equipment
All participants in this study used the Meta Quest2 VR headset
(Meta Platforms Inc) and the guided relaxation-based VR app,
Mindfulness Aurora, developed by the Stanford Chariot
program. Mindfulness Aurora encourages relaxation practice
by being focused on slow breathing. Patients are transported to
an alpine meadow, where visual and auditory cues associated
with the changing environment prompt participants to mirror
and synchronize their breathing to the app. These changes
include floating butterflies, swaying trees, and cloud movements
as the 3-dimensional world transitions from day to night over
a period of 10 minutes (Figure 1).

Patient physiological parameters were recorded during VR-BF
sessions using HeartMath Inner Balance (HeartMath Institute),

a commercially available heart rhythm monitoring device used
to teach patients biofeedback. HRV is collected using an ear-clip
sensor and integrated directly with the Inner Balance mobile
app through Bluetooth. Data were then stored in an online data
cloud accessible by the study team using HeartMath’s emWave
Pro software. HeartMath uses a method of quantifying heart
rhythms derived from spectral power analysis, and the ideal
fluctuations in the HRV waveform over time are depicted as a
sine wave on a power spectrum [28]. The degree of how
sine-wave-like the user’s HRV pattern was scored into low
(poor), medium, and high (good) states of coherence. Each
coherence state is then assigned a numerical value depicting the
proportion of time the user was in each state of low, medium,
and high coherence (displayed as red, blue, and green,
respectively, in emWave Pro).
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Figure 1. Snapshots of the Mindfulness Aurora app. (A) Daytime scene as patients are verbally instructed to sync their breathing with the wings of a
floating butterfly. (B) The Mindfulness Aurora app transitioning from day to night. (C) Night scene in the Mindfulness Aurora app in which patients
are verbally instructed to sync their breathing with the Northern Lights.

Biofeedback-Based VR Sessions

Before Arrival for Surgery
Participants underwent a single in-person or virtual training
session, up to 2 weeks before surgery. During this visit,
participants watched a prerecorded video on the benefits of
HRV biofeedback and received a scripted device and content

tutorial from a trained clinical research coordinator. Participants
were instructed to independently complete a daily, 10-minute
session at home for 7 days before their procedure. Session
frequency and duration were determined in line with the standard
protocol for mind-body therapies [29,52]. Participants were
asked to record each session (date, time, and duration) directly
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into a web-based data capture tool, REDCap (Research
Electronic Data Capture; Vanderbilt University).

Day of Surgery and Post Surgery
Participants were instructed to bring the devices to the hospital
on the day of surgery and to resume daily sessions for the
duration of hospital admission starting on postoperative day 0.
Patients also had the opportunity to use VR-BF as needed
outside of the daily 10-minute session while admitted to the
hospital, particularly when in pain. A study team member
provided technical assistance as needed.

A final study visit was conducted before discharge to obtain
patient feedback using investigator-derived questionnaires. For
those who opted to continue independent pain management with
VR-BF for up to 14 additional days after hospital discharge,
the final study visit was scheduled after the additional time or
when participants decided to stop, whichever came first. The
same web-based data capture tool was used for recording
postoperative sessions. The final study visit occurred in person
(in the clinical research department or at a surgery follow-up
visit) or by phone.

Measures
The primary outcome of this study was the development of a
VR-BF treatment protocol, including the frequency and duration
of sessions before and after surgery for children and adolescents
to be applied in a future efficacy trial.

Patient Information
Before surgery, the patient’s age, sex, race, ethnicity,
comorbidities, and current pain or anxiety medications were
collected. Following surgery, the patient’s American Society
of Anesthesiologists (ASA) status [53], diagnosis at surgery,
surgery type, and anesthesia type and duration were also
collected.

Biofeedback-Based VR and Heart Rate Variability
The patient’s ability to complete at least 1 session in which 50%
or more of the session time achieved high HRV coherence
(target parameter) was recorded. Changes in the frequency
(number of sessions) and duration (time in minutes) of VR-BF
sessions completed during the preoperative and postoperative
periods were measured. The target parameter was selected based
on the clinical experience of what constitutes a relaxing
breathing training session for youth and youth with pain using
the metrics available through the HeartMath program indicating
success (eg, achieving “green” when in high HRV coherence).

Patient Experience
Patient experience was measured with a questionnaire (patient
experience questionnaire—child [PEQ-C]; Multimedia
Appendix 1) created by the study investigators. A similar survey
(patient experience questionnaire—parent [PEQ-P]; (Multimedia
Appendix 2) was given to the participant’s parent or guardian
to understand their experience and perspective with their child
using VR-BF; PEQ-P was optional for parents of adult patients.
Patients and parents used a 5-point Likert scale to rank the extent
to which they agree to statements on the PEQ-C and PEQ-P
from “strongly agree” to “strongly disagree.” Responses to each

questionnaire item provided feedback for making iterative
protocol refinements on 5 domains of VR-BF acceptability, that
are VR content and usability, preoperative education and
training, postoperative application, perceived efficacy, and
acceptability and satisfaction.

Participants completed surveys at the final study visit on paper
or electronically with an iPad (Apple, Inc).

Statistical Analysis

Overview
Statistical analysis was conducted using SAS 9.4 (SAS Institute).
A P value of .05 was the cutoff for statistical significance.
Although no confirmatory hypothesis testing was done,
exploratory analyses were conducted to investigate the
association, if any, between VR-BF and HRV parameters. Any
missing data were examined, and all available data were used
in the statistical analyses.

Descriptive Analysis
Descriptive statistics (categorical variables: frequency and
percentage; continuous variables: mean and SD or median and
IQR) were generated for study variables, including baseline
characteristics and perioperative VR-BF use (adjusted and
nonadjusted for preoperative, postoperative, and home sessions).

Associations Between Biofeedback-Based VR Use and
Achievement of Target Heart Rate Variability
Logistic and spline regression with and without adjustment for
preoperative, postoperative, or home VR-BF applications were
used to explore relationships between different frequencies and
durations of VR-BF sessions and patients’ ability to achieve a
high HRV coherence for 50% or more of a session time.
Patient-level and session-level data were used to determine the
appropriate VR-BF dosing and to refine the treatment protocol.

Analysis of Patient-Level Data
A total of 2 outcomes were separately derived at the patient
level by preoperative, postoperative, or home use. One is the
percentage of sessions achieving target parameters: n1/n, where
n1 is the number of sessions achieving target parameters, and n
is the total number of sessions. The other is a binary outcome
of any session achieving the target parameter, which equals 1
if n1>0, 0 otherwise.

Patient-level number of sessions and average session duration
were also derived separately by preoperative, postoperative, or
home use. Comparisons in the number of sessions and average
session duration between patients completing at least 1 session
with 50% or more of session time under target HRV coherence
versus those that did not (miss) were conducted using Wilcoxon
rank-sum tests. Nonlinear regression and nonlinear logistic
regression with spline (for the number of sessions and average
session duration) were used for the 2 outcomes, the percentage
of sessions, and any session achieving the target HRV parameter,
respectively. This allowed us to examine the impact of frequency
and duration of VR-BF use on the outcomes while adjusting
for preoperative, postoperative, or home use. Random participant
effect was included in the models when significant.
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Analysis of Session-Level Data
A binary outcome of a session achieving or failing to achieve
the target HRV parameter was derived at the session level. Its
association with session number and duration was examined
using logistic regression with spline for session-level outcomes
while adjusting for preoperative, postoperative, or home use.
Random participant effect was included in the models when
significant.

Sample Size
Due to the nature of this pilot study, no statistical power analysis
was done to determine the sample size. Instead, the sample size
was based on findings from this team’s work in a previous pilot
clinical trial [45,49,54,55], the investigators’clinical experiences
with the patient population, and existing literature on protocol
refinements in intervention development [56,57]. Purposive
sampling was used for a representative patient population.
Patient enrollment and data review were carried out in groups
of 4 to allow for iterative protocol refinements between patients.

Results

Participant Characteristics
Over 8 months, 23 patients were enrolled in this study. Data
from 22 (96%) patients were included in the final analysis; 1
(4%) dropped out on the second day of study participation. The
education and training session was conducted preoperatively
for 22 (96%) participants, and 1 participant completed the
education and training session on postoperative day 1. Although
this patient deviated from protocol due to noncompliance with
the study protocol, the patient’s data are included in the analysis
as data were obtained. Missing data resulted from challenges
in patient adherence, including compliance to study protocol,
experiencing pain and other negative symptoms due to surgery,
and inability to contact the patients’ families.

Most participants were female (16/23, 70%) and Caucasian
(19/23, 83%), consistent with the demographics of our surgical
population (Table 1). Of the 23 patients, 9 (39%) underwent
abdominal, bariatric, colorectal, or urological surgeries; 2 (9%)
underwent chest procedures; and 12 (52%) underwent orthopedic
surgery. Most patients (14/23, 61%) were classified as ASA
physical status I or II, and 39% (9/23) were classified as ASA
physical status III or IV (Table 1).

In the preoperative period, 87% (20/23) out of the total number
of enrolled patients completed ≥1 session (median 6, IQR 4-7;
Figure 2) with an average duration of 9.6 (SD 2.3) minutes. In
this group, 95% (19/20) achieved the target HRV (eg, high HRV
coherence) for 50% or more of session time in at least 1
completed session. During the postoperative (eg, inpatient stay)
period, 70% (16/23) participants completed at ≥1 session
(median 2, IQR 1-2.5) with an average duration of 9.5 (SD 2.3)
minutes; of which 81% (13/16) successfully achieved the target
parameters. Following hospital discharge, 43% (10/23)
participants opted to continue VR-BF therapy at home and
completed ≥1 session (median 2.5, IQR 2-4) lasting on average
9.2 (SD 1.9) minutes; 80% (8/10) participants were able to
achieve the target HRV (Figure 2). More than half of the total
participants declined further participation in the study following
hospital discharge as they considered Mindfulness Aurora to
be “boring.”

Overall, 91% (21/23) of participants completed a session
throughout the observational period combined. Of these, 95%
(20/21) achieved the target HRV for 50% or more of session
time in at least 1 completed session. During the interviews,
participants shared that they did not find the contents of
Mindfulness Aurora engaging or entertaining enough for them
to undergo daily sessions, resulting in reduced completion of
postoperative sessions and a small number of patients continuing
home use following discharge.
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Table 1. Participant demographics and medical data.

ValueVariable

23Total number of participants, N

15.5 (1.8)Age (years), mean (SD)

3.1 (4.4)Length of hospital stay (nights), mean (SD)

Sex, n (%)

7 (30)Male

16 (70)Female

Race, n (%)

3 (13)African American or Black

19 (83)White

1 (4)Asian

Ethnicity, n (%)

1 (4)Hispanic

22 (96)Non-Hispanic

Surgery type, n (%)

3 (13)Abdominal

2 (9)Bariatric

2 (9)Chest

3 (13)Colorectal

12 (52)Orthopedic

1 (4)Urology

ASAa status, n (%)

14 (61)I or II (healthy or mild systemic disease)

9 (39)III or IV (severe or life-threatening disease)

aASA: American Society of Anesthesiologists.
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Figure 2. Boxplots of (A) number of sessions, (B) average session duration, (C) percentage of session achieving target, and (D) histogram of the first
session number to achieve target using patient-level data.

Biofeedback-Based VR Dosing

Number of Sessions
The Wilcoxon rank-sum test showed that the number of sessions
completed by patients who achieved target HRV (median 4,

IQR 2-6) was significantly higher than those who did not reach
the target HRV in any of the sessions (median 1.5, IQR 1-2,
P=.003; Table 2).

Table 2. Median (IQR) average duration and the number of biofeedback-based virtual reality sessions of patients completing one or more sessions with
50% or more of session time under target heart rate variability coherence versus those that did not (miss). The Wilcoxon rank-sum test was used to
compare the 2 groups.

P valueMedian (IQR)Patient level outcome

.003Number of sessions

1.5 (1-2)Miss

4 (2-6)Achieve target HRVa

.55Average session duration (minutes)

9.5 (5-11.3)Miss

10 (8.6-10.7)Achieve target HRV

aHRV, heart rate variability

Nonlinear logistic regression analysis of patient-level outcomes
of any session achieving target parameters adjusted for the
duration when the perioperative period the sessions were
completed showed that participants who completed 4 sessions
had the highest odds of having at least 1 session achieving target

parameters (odds ratio [OR] 5.1 for 4 vs 3 sessions, 95% CI
1.3-20.6; OR 16.6 for 3 vs 2 sessions, 95% CI 1.2-217.0; Tables
3 and 4). A nonlinear relationship was observed between the
patient-level number of sessions and the percentage of sessions
resulting in target outcomes. The percentage of sessions resulting
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in target outcomes increased, then peaked between 4 and 6
sessions (P=.04; Figure 3A). However, session-level analysis
using nonlinear logistic regression with the outcome of a session
achieving target HRV parameters and adjustment for
preoperative, postoperative, or home sessions did not show

significant associations between session number and achieving
target parameters (Table 5). In all analyses, sessions occurring
in the preoperative, postoperative, or home periods did not
impact any outcomes at either the patient or session level (results
not shown).

Table 3. Patient-level analysis of nonlinear regression with spline for the number of sessions and average session duration with adjustments for
preoperative, postoperative, or home sessions. Logistic regression with outcome—patients achieving target heart rate variability parameters in at least
one session.

Odds ratio (95% CIa)Session

Number of sessions

16.43 (1.24-217.00)3 vs 2

5.13 (1.28-20.62)4 vs 3

1.89 (0.49-7.34)5 vs 4

1.15 (0.19-6.79)6 vs 5

Average session duration

1.30 (0.68-2.48)8 vs 7 minutes

1.25 (0.68-2.29)9 vs 8 minutes

0.75 (0.45-1.25)10 vs 9 minutes

aCI: Wald CI.

Table 4. Patient-level analysis of nonlinear regression with spline for the number of sessions and average session duration with adjustments for
preoperative, postoperative, or home sessions. Regression with outcome—percentage of sessions achieving target heart rate variability parameters.

Least square mean (95% CIa)Effect

Number of sessions

0.49 (–0.15 to 1.12)3

0.59 (–0.08 to 1.25)4

0.60 (–0.08 to 1.28)5

0.58 (–0.12 to 1.28)6

Average session duration

0.21 (–0.22 to 0.63)7 minutes

0.26 (–0.17 to 0.69)8 minutes

0.31 (–0.13 to 0.76)9 minutes

0.27 (–0.19 to 0.73)10 minutes

0.10 (–0.38 to 0.58)11 minutes

aCI: Wald CI.
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Figure 3. Spline fit of (A) number of sessions and (B) percentage of sessions achieving target parameters.
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Table 5. Session-level analysis of nonlinear regression with spline for the number of sessions and average session duration with adjustments for
preoperative, postoperative, or home sessions. Logistic regression with outcome—session achieving target heart rate variability parameters.

Odds ratio (95% CIa)Session

Session number

1.33 (0.88-2.02)3 vs 2

0.81 (0.57-1.15)4 vs 3

0.72 (0.46-1.13)5 vs 4

0.72 (0.46-1.13)6 vs 5

Session duration (minutes)

1.41 (1.09-1.81)8 vs 7

1.35 (1.07-1.70)9 vs 8

1.04 (0.90-1.21)10 vs 9

0.65 (0.51-0.82)11 vs 10

0.52 (0.37-0.73)12 vs 11

aCI: Wald CI.

Session Duration
The Wilcoxon rank-sum test between patients achieving target
HRV (median 10, IQR 8.6-10.7 min) versus those that did not
(median 9.5, IQR 5-11.3 min) showed that regardless of when
the sessions occurred, the average session duration was not
associated with HRV concordance (P=.55; Table 2).

Nonlinear logistic regression of patient-level outcomes from
any session achieving target parameters with adjustment for
when the sessions were completed in the perioperative period
showed the average session duration did not impact target HRV
achievement (Tables 3 and 4). A nonlinear relationship existed
between the average session duration and the percentage of
sessions resulting in target outcomes at the patient level. The
percentage of sessions resulting in target outcomes increased
and peaked between an average session duration of 9-10 minutes
(P=.01; Figure 3B).

Session-level analysis using nonlinear logistic regression with
the outcome of a session achieving target HRV parameters and
adjustment for preoperative, postoperative, or home sessions
showed that session duration is nonlinearly associated with the
outcome (spline of session duration P<.001) and sessions with
a duration of 9 or 10 minutes had the highest odds of achieving
target parameters (OR 1.3 for 9 vs 8 min, 95% CI 1.1-1.7; OR
1.4 for 8 vs 7 min, 95% CI 1.1-1.8; OR 1 for 10 vs 9 min, 95%
CI 0.9-1.2; Table 5).

Patient Experience
The PEQ-C and PEQ-P were completed by 87% (20/23) patients
and 83% (19/23) parents. Overall, patients and parents both
expressed high satisfaction with VR-BF, reporting that they
“would recommend VR therapy to friends and family” (15/20,
75% patients; 12/19, 63% parents) and “would use VR again”
(12/20, 60% patients; 11/19, 58% parents) if given the
opportunity. Patients reported that they “received good
preoperative instructions” (18/20, 90%), they “understood how
to use the devices” (20/20, 100%), and “the VR technology was
easy to use” (19/20, 95%). Similarly, parents agreed that their

child “received good instructions” (18/19, 95%) and “could
easily use the technology” (15/19, 79%). Few patients “wished
the VR experience was more realistic” (8/20, 40%).

During the postoperative period, many patients were “happy to
have tried the VR therapy” (16/20, 80%). However, 10% (2/20)
of patients reported having “experienced adverse side effects
from the VR-BF sessions.” The interviews revealed that 1
participant experienced a mild headache during a session late
at night. The second participant reported experiencing nausea
due to not wearing prescription glasses during the session. From
the parents’ perspectives, nearly half reported that “VR therapy
helped them feel better about managing their child’s pain” (9/19,
48%).

Furthermore, 85% (17/20) of patients and 63% (12/19) of
parents believed “VR-BF helped with stress and feeling calmer.”
In terms of pain reduction, patients (8/20, 40%) and parents
(6/19, 32%) reported lower levels of perceived efficacy with
VR-BF, and only 5% (1/20) of patients and 11% (2/19) of
parents “believed VR-BF helped to reduce consumption of pain
medications.” However, the majority of patient (16/20, 80%)
and parent (13/19, 68%) responses were neutral on whether they
“believed something other than VR-BF would have made the
participant feel better.”

Discussion

This pilot study aimed to develop a future protocol for
perioperative VR-BF use in children and adolescents undergoing
surgery. Because this technology is novel, assessing its
feasibility and acceptability and creating a treatment protocol
are essential before designing an efficacy trial. The findings
from this work provide preliminary support for the feasibility
and acceptability of a perioperative VR-BF intervention for
children and adolescents and lay the foundation for the next
step in the work to assess the ability of this technology to reduce
pain and anxiety in children and adolescents undergoing surgery.
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Quantitative results indicated that independent of when sessions
occurred, completing between 4 and 6 VR sessions of 9 and 10
minutes was most significantly associated with patients
achieving and maintaining target physiological parameters in
at least 1 session [27,29]. Qualitative results revealed that
perioperative use of VR-BF was well-received by patients and
families, particularly in terms of an increase in patient calmness.
These findings align with previous literature indicating that
mind-body therapies delivered through a gamified virtual world
may be viable options for managing pain and anxiety [58].
However, our work also emphasizes the need to tailor content
to children’s interests. Because of the lack of variety and type
of content (eg, guided relaxation), many patients considered the
VR intervention to be boring. As a result, their engagement with
the intervention was not as high, which can give rise to a lack
of compliance with the intervention [50].

In addition to establishing key parameters for protocol
development, the results of the study also identified a number
of directions for future research. Due to limited data points from
the postoperative periods, the adjusted analysis combined all
sessions during the pre-, post-, and home periods. Patients may
have been less likely to feel motivated to complete postoperative
sessions as many participants reported experiencing elevated
pain and stress after surgery, often for the first time, and this
may provide insight to why most completed sessions were
observed during the preoperative period. Additional research
is necessary to determine optimal dosing for postoperative
VR-BF application, which may support a different frequency
and duration [59]. In addition, participants did not find VR-BF
effective for pain reduction, with daily once postoperative use.
It is possible that “dosing” VR-BF 3 times daily after surgery
could strike a balance between enough uses to achieve target
physiologic parameters yet not too onerous to decrease
adherence. This regimen is consistent with a study reporting
significant transient decreases in pain among hospitalized
patients (18 years) using VR versus in-room televisual relaxation
programs, a standard of care for all patients [43]. Redesigning
the protocol that instructs patients to complete 3 sessions per
day after surgery will allow for evaluation of the impact of this
frequency and duration on pain reduction in phase 2.

Mind-body therapies, such as yoga, meditation, acupuncture,
and even hypnosis, are widely used for chronic pain
management. [60]. Only recently, mind-body therapies,
including biofeedback, and their relevance to treating acute pain
in the perioperative setting have been empirically studied.
However, there is insufficient information to establish
parameters for efficient HRV-focused biofeedback treatment
protocols regarding breathing duration, inhalation/exhalation
ratio, body position, or breathing control [61]. A systematic
review analyzed protocols implementing HRV-focused
biofeedback in 143 studies from the last 20 years and found that
many sessions lasted 20 minutes for adults [62], in contrast to
9-10 minutes in our study. Especially in a pediatric population,
a shorter session length may be preferred, given the possibility
of low motivation for session repetition [50,63] and that younger
patients may display an intrinsic apt to master and achieve HRV
coherence more quickly and by the first training session in
comparison to older patients [64].

To our knowledge, few studies have investigated daily
biofeedback use, and even fewer have tried to systematically
integrate such interventions into perioperative acute pain care
in children and adolescents. In addition, 1 study examined the
potential for HRV biofeedback to support self-regulation training
in 4 adolescents participating in a chronic pain rehabilitation
program and demonstrated improved cardiopulmonary
functioning during active training without active feedback,
suggesting self-regulation [32]. These results are promising for
using HRV biofeedback for children with chronic pain. Still, it
requires more extensive research studies with more rigorous
methodologies and detailed protocols to support the benefits
and implementation of HRV biofeedback in children and
adolescents.

With the increasing use of HRV biofeedback therapies in adults,
companies like HeartMath have begun developing noninvasive
devices to measure HRV for calmness and meditation across
the lifespan. This has allowed some critical differences between
adults and younger patients to emerge. A pilot study of patients
(13-55 years) with eating disorders using the same HeartMath
technology as in this study found that younger patients were
better at achieving 100% HRV coherence by the first session
than older patients [64]. Another study investigating biofeedback
and relaxation in children (8-14 years) receiving chemotherapy
treatment found significant improvements in HRV coherence
by the third and fourth 60-minute sessions [65]. Treatment
protocols investigating HRV-focused biofeedback in children
and adolescents have ranged from 3 to 36 sessions, each lasting
as little as 3 minutes to up to 1 hour [66]. Although there has
not been a consensus on the optimal protocol for HRV-focused
biofeedback, there is growing acceptance of this therapy, applied
independently or as an adjunct to other conventional treatments,
in routine medicine for pre- and postsurgical care [24-26].

The immersive environment and sense of awareness created by
VR technology are thought to improve patient’s motivation and
adherence to a treatment protocol [67], enhancing the therapeutic
benefits of complementary medicine. Our previous pilot work
using distraction-based VR [49] and guided relaxation-based
VR [45] on postoperative pain and anxiety paved the way for
combining biofeedback with VR to treat pediatric postoperative
pain in a novel and innovative integration of therapies.
Distraction-based VR redirects patients’ attention away from
the source of their pain. However, without VR, distraction alone
yields minimal benefits without any lasting or significant impact
on pain relief [42,44,68]. Guided relaxation-based VR, similar
to VR-BF, teaches patients relaxation techniques like slow
breathing and mindfulness, which can engage parasympathetic
or vagal responses to decrease pain [46]. Unlike VR-BF, neither
provides patients with instantaneous feedback nor teaches them
pain-reducing strategies. A VR-based delivery method may
effectively overcome challenges that often hinder the widespread
dissemination of conventional mind-body therapies, particularly
biofeedback [50]. VR-BF provides an affordable and engaging
nonpharmacologic means to safely reduce pain for longer than
a brief VR session. Furthermore, as a self-directed tool, VR-BF
can potentially reach more patients than biofeedback
interventions that rely on clinical instructions and specially
trained personnels. The combination of an effective pain and
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anxiety-reducing tool like biofeedback combined with an
immersive technology like VR has the potential to be a very
powerful, engaging, and efficacious novel therapy that could
be particularly well suited to children and adolescents.

This study has some limitations. The study design prioritized
feasibility and acceptability outcomes; therefore, it was not
designed as a randomized clinical trial with a control group. A
power calculation was not conducted before patient enrollment,
and the sample size was established based on the work of
previous pilot studies. In addition, the effects on pain, anxiety,
and opioid consumption were not measured as this was outside
of the scope of this work. The largest limitation with this work
was that Mindfulness Aurora and HeartMath do not provide
immediate feedback to patients while they are undergoing the
VR-BF experience. While the VR game provides a voice-guided
narrative to patients telling them how to breathe, and HeartMath
captures HRV parameter accomplishment; patients cannot
modify or alter their breathing during the experience as they do
not receive feedback from the system to help with these
modifications. Ultimately, a true VR-BF system would best
optimize training in and use of biofeedback in the perioperative

period. Having real-time physiological feedback is likely
essential to biofeedback learning and will guide patients to
improve their performance while progressing through VR-BF
sessions.

In summary, this study guided protocol development for the
use of VR-BF in the perioperative setting in children and
adolescents undergoing surgery. Critically, we found that
preoperative VR-BF training that incorporated between 4 and
6 once-per-day sessions, each with a duration of 9-10 minutes,
was associated with the highest probability of achievement of
target HRV parameters. To enhance protocol adherence and
increase the perception of VR-BF as an intervention in the
postoperative period, in the next phase of the study, patients
will be instructed to complete three 10-minute VR-BF sessions
for a total of 7 days after surgery. Our future research plan is
to conduct a randomized control trial using the developed
protocol [51] to investigate the efficacy of VR-BF in reducing
postoperative pain, anxiety, and opioid consumption. Ultimately,
this study is essential to developing a nonopioid pain
management base in children and adolescents experiencing pain
and anxiety.
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PEQ-C: patient experience questionnaire—child
PEQ-P: patient experience questionnaire—parent
REDCap: Research Electronic Data Capture
VR: virtual reality
VR-BF: biofeedback-based virtual reality
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