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Context: Patients in the Pediatric Intensive Care Unit (PICU) are limited in their ability to engage in developmentally typical activity. Long-term hospitalization, especially with minimal interpersonal engagement, is associated with risk for delirium and delayed recovery. Virtual reality (VR) has growing evidence as a safe, efficacious, and acceptable intervention for pain and distress management in the context of uncomfortable healthcare procedures, and for enhancing engagement in, and improving outcomes of rehabilitation therapy.

Hypothesis: Critically ill children may experience high levels of engagement and physiologic effects while engaging with VR.

Methods and Models: This cross-sectional study of 3–17-year-old children admitted to a PICU used a VR headset to deliver 360-degree immersive experiences. This study had a mixed-method approach, including standardized behavioral coding, participant and parent surveys, and participant physiologic responses. Investigators noted comments the child made about VR, observed emotional responses, and documented an engagement score. To determine physiologic response to VR, integer heart rate variability (HRVi) was collected 30 min before, during, and 30 min after VR.

Results: One hundred fifteen participants were enrolled from 6/18 to 10/19, and they interacted with VR for a median of 10 min (interquartile range 7–17). Most children enjoyed the experience; 83% of participants smiled and 36% laughed while using VR. Seventy-two percent made positive comments while using VR. The strongest age-related pattern regarding comments was that the youngest children were more likely to share the experience with others. Seventy-nine percent of participants were highly engaged with VR. Ninety-two percent of parents reported that VR calmed their child, and 78% of participants felt that VR was calming. HRVi Minimum scores were significantly higher during VR than pre- (p < 0.001) or post-VR (p < 0.001). There was no significant difference between pre-and post-VR (p = 0.387); therefore, children returned to their pre-intervention state following VR.

Interpretations and Conclusions: Children admitted to the PICU are highly engaged with and consistently enjoyed using VR. Both participants and parents found VR to be calming, consistent with intra-intervention physiologic improvements in HRVi. VR is an immersive tool that can augment the hospital environment for children.
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INTRODUCTION

Critically ill patients in the Pediatric Intensive Care Unit (PICU) are limited in their ability to engage in developmentally typical activity and may spend their days as passive observers of screens, such as television (1, 2). Long-term hospitalization, especially with minimal interpersonal engagement, is associated with risk of delirium and delayed recovery, often defined as post-intensive care syndrome (PICS) (3, 4). Incidence of these co-morbidities is increased in the PICU (3, 5), negatively impacts patient and family quality of life (4, 6), and may lead to short and long term cognitive or psychological impairment (4). Virtual reality (VR) technology has growing evidence as a safe, efficacious, and acceptable intervention for pain and distress management in the context of uncomfortable healthcare procedures, and for enhancing engagement in and improving outcomes of rehabilitation therapy. Our group recently demonstrated that VR is a safe, feasible, and innovative experience for critically ill children, and it is perceived as enjoyable and calming by both parents and patients (7). There is value in investigating VR for its potential in mitigating the negative morbidities of extended PICU admission.

Research on the potential mechanisms for how VR may benefit critically ill children is lacking. If VR subjectively improves a patient's response to a stressful or painful event (8, 9), this subjective experience is likely associated with a consistent, corresponding shift in physiologic response during, and potentially persisting past, the VR episode. Identifying a link between observed and perceived benefits of VR with physiologic biomarkers of health could reveal valuable clues to optimizing VR technology that is both subjectively satisfactory to patients and families and objectively beneficial for clinical health outcomes. However, it is currently unclear to what extent VR alters physiology. One way physiology can be measured at the bedside of a critically ill child is via heart rate variability (HRV), which is controlled by the autonomic nervous system (ANS). The ANS is a unique system that regulates functions in all organ systems, maintaining homeostasis when confronted with stressors, including severe infections (10). ANS dysfunction (ANSD) occurs during an imbalanced or maladaptive response to stress and is often due to excessive, uncontrolled, or prolonged sympathetic activation or inappropriate regulation by the parasympathetic nervous system (11). Most of the evidence on ANSD in critical illness is focused on HRV, a non-invasive, continuous physiologic marker of ANS function; low HRV is inversely correlated with organ dysfunction and mortality in adult and pediatric patients (12–15). Importantly, HRV also increases as critical illness resolves (16). It is unknown whether virtual reality has the potential to influence the ANS or modify the trajectory and recovery of HRV toward a child's baseline.

This study explores the emotional and physiological responses of critically ill children experiencing VR. The first objective was to explore whether children engaged in and enjoyed the VR experience through in-moment behavioral coding and parent- and participant-surveys. This includes whether there were any adverse effects of the experience. The second objective was to assess patterns of physiological responses by measuring changes in HRV associated with the VR experience.



MATERIALS AND METHODS


Study Design and Patient Population

This cross-sectional, single institution study enrolled a convenience sample of 115 PICU patients. Eligible patients were 3-to 17-years-old, sufficiently alert to interact with VR, and capable of wearing the VR device (e.g., no obstructive medical equipment). Exclusion criteria included moderate or heavy sedation, vasoactive support, encephalopathy, recent neurologic injury, significantly impaired vision, or clinical instability. Mechanical ventilation was not an exclusion criterion, although given that many patients receiving mechanical ventilation also received moderate or heavy sedation, many of these patients were excluded. Informed consent was obtained prior to participation. This study was approved by Ann & Robert H. Lurie Children's Hospital of Chicago Institutional Review Board (IRB 2018-1564).

Given the large range in ages for this sample (3–17 years), the primary analyses focused on overall patterns for the full sample. As exploratory analyses, subgroups were generated in 3-year bands (n = 23 in each band) to examine whether there were developmentally based differences in how children experienced VR.



VR Intervention

Three hundred-sixty-degree monoscopically recorded immersions were delivered using a simple VR headset and smartphone videos from a widely available multimedia source. This type of VR experience has been safely used in other research on pediatric patients under the age of 13 (7). Each participant selected a set of curated, developmentally appropriate VR experiences organized into themes of adventure (e.g., snowboarding and roller coasters), animals (e.g., puppies, bunnies, and lions), or nature (e.g., serene landscapes). A parent or investigator chose videos in cases in which the child had challenges making the decision. The research investigator monitored participants for anxiety or distress (e.g., child comments or body language indicating dissatisfaction) and recorded any adverse events. Children were permitted to use VR for as long as they requested and the duration of the VR experience was recorded by investigators.



Behavioral Observations: Participant Verbal and Behavioral Indicators of Engagement With VR

During the session, the research investigator documented three categories of behavioral observation data points through written field notes. The first set of data collected was the content of child comments while using VR, which were later categorized according to: (1) emotional expression, including “positively valenced” or “negatively valenced” categories; and (2) content of participant utterances. Open-ended comments were coded into thematic categories and age-related differences in the types of comments being made were examined with a multivariate ANOVA. The second set of data collected was the total of number of smiles and laughs the child demonstrated while using VR. These behaviors were chosen for the high reliability at which coders could consistently identify them and their unambiguous fit as behavioral indicators of positive emotions in this context. The third set of data collected was an “engagement score”. This investigator-developed score ranked the child's engagement on a 10-point scale, referring to three categories, with scores of 8–10 classified as “total distraction” (i.e., highest degree of engagement in the VR experience), 4–7 “partial distraction” (i.e., moderate engagement), and 1–4 being “simple distraction” (i.e., lowest degree of engagement). The two investigators who conducted the majority of the VR events co-observed 24 encounters (21%).



Parent- and Child Participant-Report: VR Acceptability and Subjective Emotional Response

Immediately following VR, parents and participants completed an investigator-developed questionnaire (Supplementary Figure 1). On a 4-point Likert scale (1 = strongly agree, 4 = strongly disagree), parents were asked if their child enjoyed VR, if they enjoyed watching their child use VR, if their child wanted to use VR longer, if VR calmed their child, and if VR was confusing, difficult, or uncomfortable. Parents were also asked about prior VR use, observed adverse effects, and if they would allow future use of VR. Parents responded with Yes (1) or No (0) to these questions. The participant survey asked similar questions, using the same Likert scale (Supplementary Figure 2). The surveys concluded with open-ended feedback about the VR experiences.



Heart Rate Variability Measurement

Continuous heart rate data were extracted from bedside monitors using the BedMaster system (Hillrom, Jupiter, FL) and stored locally in an archiving system within hospital servers. HRV was estimated using the integer HRV (HRVi), which was calculated as the standard deviation of the heart rate sampled every 1 s over 5 consecutive minutes and normalized for age as previously described (15). A minimum of 50% of the heart rate samples in each 5-min interval were needed to be included in the analysis. HRVi was assessed at three time points: occurring 30 min before the VR experience started (“pre”), during VR (“during”), and 30 min after the VR experience ended (“post”). The minimum and median HRVi values were calculated for each of these time periods. We assessed for main effects of time using an Analysis of Variance (ANOVA). We also used a series of Analysis of Covariance (ANCOVA) tests to examine interaction effects between HRVi, time, and the following covariates, sex, age, ethnicity, type of VR experience the child chose, duration of VR encounter, length of stay in the PICU and level of severity of the illness.



Participant Demographic and Clinical Information

Participant demographic information and clinical characteristics were collected via chart review. One hundred fifteen participants were enrolled from June 2018 through October 2019. Participant characteristics are reported in Table 1. The median age was 10 years [interquartile range (IQR) 6–13]. Forty-nine percent of participants were male and 29% identified as Hispanic/Latino. The most common reason for PICU admission was respiratory disease (34%). VR was administered most often on the first day of PICU admission (median 0.8 days, IQR 0.2–2.4). Participants had a median PICU length of stay of 2.7 days [interquartile range (IQR) 1.5–4.8] and hospital length of stay of 6.3 days (IQR 3.1–17.3). The median pediatric risk of mortality (PRISM) III score, a marker of illness severity on admission, was 3.0 (IQR 0–7) (Table 1).


Table 1. Demographic and clinical characteristics of study population (N = 115).
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RESULTS


Behavioral Observations

The majority of patients selected the video category of “animals” (51%), followed by adventure (35%) and nature (11%). Children enjoyed the experience (Table 2); 83% percent of participants smiled while using VR, and 36% laughed while using VR. Seventy-two percent of participants made positively valenced comments while using VR (e.g., “This is really cool,” “This is so awesome,” “Oh my gosh!” and “Whoa!”), with only 9% of participants sharing negatively valenced comments during the experience. The median engagement score was 9 (IQR 8–10), with 91 children (79%) rated as “total distraction” (i.e., highest degree of engagement) (Supplementary Table 1). Inter-rater reliability for the engagement in VR score was modest, with percent agreement for engagement 77.3%.


Table 2. Participant and parent survey responses (N = 112).
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Parent- and Child Participant-Report

Ninety-seven percent of participants and parents completed the post-VR survey (Table 2). Ninety-seven percent of participants agreed or strongly agreed that they enjoyed using VR, and 68% wanted to use VR for a longer duration. Ninety-eight percent of parents agreed or strongly agreed that their child enjoyed VR, and 99% agreed or strongly agreed that they enjoyed watching their child use VR. Ninety-two percent of parents reported that VR calmed their child, and 78% of participants felt that VR was calming. Longer duration of the VR encounter was significantly associated with participant and parent reports of greater child enjoyment of the VR experience [child: r(112) = 0.37, p < 0.001; parent: r(112) = 0.28, p = 0.006]. Similarly, there was a positive association between greater length of VR encounter and higher parent- and child-reported rating of VR as calming [child: r(108) = 0.27, p = 0.005; parent: r(111) = 0.28, p = 0.003].



Exploratory Age-Related Analyses
 
Behavioral Observations

Patients interacted with VR for a median of 10 min (M = 12 min; IQR 7–17). There were no age-related differences in the length of viewing by age group [F(4, 114) = 0.36, p = 0.84]. In some circumstances, parents or the researchers selected the category of video, which occurred more frequently for child participants in the 3–5 year-old group (44%) than older ages groups (6–8 years: 30%; 9–11 years: 26%; 12–14 years: 8%; 15–17 years: 0%). When the child selected the video, the youngest age groups preferred “animals” (3–5 years: 83%; 6–8 years: 63%), whereas the older age groups preferred “adventure” (9–11 years: 65%; 12–14 years: 52%; 15–17 years: 48%). There were no significant differences across ages in the total number of positively or negatively valenced comments during VR encounter, although the number of positive comments was trending toward significance [F(4, 110) = 2.12, p = 0.083]. Post-hoc comparisons with Fisher's Least Significant Difference (LSD) test revealed that this was driven primarily by low numbers of positive responses in the 3–5 year-old group and 12–14 year-old group compared to other groups (Supplementary Table 2). There were no significant age group differences in the number of smiles or laughter occurrences.



Parent- and Child Participant-Report

Open-ended comments were coded into the following categories: Blurring the real and virtual worlds [e.g., “Wow how are you [monkey] up there?”, “Can my bunny come to life?”, and “Aww he is talking to me”; F(4, 114) = 2.08, p = 0.088]; general experiences with the device [e.g., “I want to turn around” and “Too dizzy, fun dizzy though”; F(4, 114) = 2.59, p = 0.041]; descriptions of the video content [e.g., “It's a beautiful mountain,” “The lion sneezed on me,” “I see a puppy,” and “It's SpongeBob haha”; F(4, 114) = 2.58, p = 0.041]; descriptions related to time and space [e.g., “There is a plane on top of my head,” “We're upside down,” and “I am going to float over that cliff”; F(4, 114) = 2.87, p = 0.027]; and sharing the experiences with others in the room [e.g., “Whoa mom, look at this”; F(4, 114) = 3.40, p = 0.012]. Although varied age patterns are evident (see Supplementary Table 3 for means and standard deviations; Supplementary Tables 4–8 for significance between ages), generally, the strongest age-related pattern regarding comments was that the youngest children were more likely to attempt to share the experience with people in the room than older children.




Adverse Events

Ten children (8%) made comments indicating that they experienced mild discomfort during the VR experience, but none required or requested discontinuation of their encounter. Five children (4%) commented that they felt dizzy or nauseated (i.e., motion sick). Two children (2%) commented on vision-related discomfort. One child started coughing (not VR related), one had neck discomfort, and one adverse event was not further specified.



Heart Rate Variability Results
 
HRVi Median

Ninety-five patients had sufficient continuous heart rate data for HRVi analysis. Table 3 displays the descriptive information for HRVi Median pre-, during, and post-VR experience. There was no significant differences in HRVi Median scores at the different time points (p = 0.73). There was a small main effect of sex [F(2, 93) = 5.45, p = 0.022, η2p = 0.055] by which males had higher HRVi Median at every time point compared to females (see Figure 1). There was not a main effect of time or an interaction effect between sex and time. There were no main effects or interaction effects with age, ethnicity, the type of VR experience children chose, duration of VR encounter, length of stay in the PICU, or level of severity of illness (all p's > 0.10).


Table 3. HRVi median and minimum pre-, during and post-VR.
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FIGURE 1. Differences in HRVi Median by sex. Males had higher HRVi Median at every time point compared to females (F(2, 93) = 5.45, p = 0.022, η2p = 0.055).




HRVI Minimum

Table 3 displays the descriptive information for HRVi Minimum pre-, during, and post-VR experience. There was a significant quadratic relationship for HRVi Minimum scores, F(2, 93) = 32.24, p < 0.001, η2p = 0.255. Post-hoc analysis revealed that children's HRVi Minimum scores were significantly higher during the VR experience than pre- (p < 0.001) or post-VR (p < 0.001). There was no significant difference between pre- and post-VR (p = 0.387); therefore, children returned to their state after playing. There was a small main effect of sex [F(2, 93) = 34.011, p = 0.015, η2p = 0.062] where males had a higher HRVi Minimum at every time point compared to females (see Figure 2); the main effect of time remained significant in this model, but there was not an interaction effect. There was a small main effect of ethnicity [F(2, 93) = 5.27 p = 0.024, η2p = 0.054] where children who were not Hispanic/Latino had higher HRVi Minimum at every time point compared to children who were Hispanic/Latino (see Figure 3), the main effect of time remained significant in this model, but there was not an interaction effect. There was a significant interaction with duration of VR encounter [F(2, 93) = 6.5, p = 0.002, η2p = 0.065] and a main effect of duration [F(2, 93) = 5.83, p = 0.018, η2p = 0.059]. Duration was correlated with HRVi Minimum only during the VR experience, r = −0.307, p = 0.002; the longer a child used VR the lower their HRVi Minimum score was. There were no main effects or interaction effects with age, the type of VR experience children chose, length of stay in the PICU, or level of severity of illness (all p's > 0.20).
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FIGURE 2. Differences in HRVi Minimum by sex. Males had a higher HRVi Minimum at every time point compared to females (F(2, 93) = 34.011, p = 0.015, η2p = 0.062).
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FIGURE 3. Differences in HRVi Minimum by ethnicity. Children who were not Hispanic/Latino had higher HRVi Minimum at every time point compared to children who were Hispanic/Latino (F(2, 93) = 5.27, p = 0.024, η2p = 0.054).






DISCUSSION

The current study demonstrates the practicability of deploying VR for critically ill children hospitalized in the PICU. There were a few adverse events that were all mild, consistent with prior literature (17). Additionally, children demonstrated high engagement, and both children and parents reported that they enjoyed the experience. Indeed, longer periods of engagement were associated with higher child- and parent-reports of enjoyment and calming; overall, child participants and parents described VR to be a subjectively calming experience. Across all age groups, participants made few to no negatively valenced comments during the VR encounter, and positive comments explicate how children through adolescents perceived the VR world. Interestingly, participants of all ages had a positive experience with VR. Age patterns were identified related to child comments about the VR experience, with the strongest pattern being that younger children were more likely than older children to share the experience with people in the room. Lastly, we found brief physiologic changes in HRVi measurements for participants while using VR, which were not sustained in the period after VR. This suggests that the physiologic impact of VR on longer-term PICU outcomes, such as PICS, may be lacking, but more research is needed.

By employing auditory, visual, and sometimes tactile stimulation, VR distracts participants from the “real world.” It can be applied in many settings, including inpatient medical settings (18–20). In pediatrics, including in critically ill children, VR is a safe, cost-effective, efficacious, and acceptable intervention for managing acute, procedure-related pain and emotional distress (7, 19–25). Our study supports these findings; in this cohort of critically ill children, we found very high levels of satisfaction and engagement with VR, with low adverse events. Additional uses for VR in the pediatric inpatient setting include managing pain and anxiety (8), such as its use as a distraction tool in burn care (9). It can also be employed as an adjunct to motor and sensory deficit rehabilitation (26, 27). Future work should examine the efficacy of VR in critically ill children undergoing procedures or rehabilitation and examine the potential impact on critically ill children who are at risk for delirium or PICS.

The physiologic mechanisms behind improving anxiety, pain, and distraction remain unclear. Our work shows that there are brief changes in HRVi while using VR, but these are not sustained. When HRV has been examined in other sympathetic-driven activities such as exercise, both heart rate and HRV change during the activity then demonstrate a time-dependent recovery, with a rapid (yet incomplete) recovery to pre-exercise levels, and a complete recovery within 48 h (28). Additionally, the effect of exercise on HRV is mediated by the intensity of exercise, with results also demonstrating an association between the duration of exercise and HRV (29). We found that VR duration correlated with the minimum HRVi, with a time-dependent recovery within the 30 min post-VR. Interestingly, the median HRVi did not improve in this setting. We hypothesize that the minimum HRVi may have increased due to the calming nature of VR affecting parasympathetic output, however the median was statistically unaffected due to the pervasive imbalance between sympathetic and parasympathetic output. It is unclear if more frequent use, longer duration, or more intense VR experience would result in a more sustained balance between sympathetic and parasympathetic output and a longer time-to-recovery. While this study did not demonstrate a lasting improvement in HRV after the VR intervention, we acknowledge that a single administration of VR is likely insufficient to sustain an impact significant enough to outweigh ICU-related co-morbidities of hospitalization. Given that HRV increases as critical illness resolves (16), it remains unknown whether VR can influence the trajectory of HRV recovery in critically ill children.

This study has several strengths and limitations. Although this was a large sample size of critically ill children, being a single center study may have limited generalizability. Many children were recovering from critical illness at the time of enrollment and may have already returned to their baseline HRV; future work could examine the impact of VR on the physiology of children with more severe critical illness. We were unable to account for exposure to medications that could influence the autonomic nervous system, such as bronchodilators or sedatives. However, for children who were on these medications continuously, we would expect a blunted effect on HRVi during all three time points; therefore, the effect of VR on HRVi may be stronger when controlling for these potential confounders. Additionally, we administered VR for only one session per patient, thereby limiting our ability to assess for a dose-response relationship with PICU outcomes. A sustained physiologic response and impact on longer term outcomes such as PICS might be observed if there is a dose-response relationship. Next, we employed commercial VR products that lack diversity and meaningful design strategies; this may have limited engagement and physiologic response beyond simple distraction techniques (8). Furthermore, we calculated HRVi using integer heart rate data, which only requires a lightweight implementation and may be more generalizable than the more computationally-intense derivation of HRV from R-R intervals in the electrocardiogram waveform. However, HRVi may not completely capture the complexity of physiologic response in this population. Finally, throughout the study period there were data losses due to technical issues, most commonly server downtimes without back-ups. We do not believe this represents systematic bias in the study population as these data losses occurred at random.

In conclusion, children admitted to the PICU are highly engaged with and consistently enjoy using VR. Both parents and participants find VR to be a calming experience, which may be supported by brief physiologic changes in heart rate variability during the VR experience. VR is a tool that can be used to augment the hospital environment, and further research is required to understand the potential impact on patient physiology and clinical outcomes.
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