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Introduction: Substance use disorder (SUD) recovery typically requires transformative change and prioritizing long-term healthy 
goals. Unfortunately, successful recovery is threatened by relapse rates that typically exceed 50% in the first year. We previously 
reported on an experiential virtual reality (VR) SUD recovery intervention using personalized future self-avatars that produced 
emotional engagement and positive behavioral change, ie, stronger connection with the future self and future rewards, and reduced 
craving. Here, we used fMRI to identify brain engagement to a future self experience with divergent futures.
Methods: Twenty adults (14 males, 33 years old) in early SUD recovery (<1 year) interacted with age-progressed versions of 
themselves in two different VR future “realities”: an SUD Future Self and a Recovery Future Self. Vivid lifelike visual and audio 
animation was augmented with a personalized narrative concerning future drug use and recovery. MRI immediately followed. 
Participants viewed videos of their future selves in the virtual environment and were directed to contemplate what they were seeing 
during MRI.
Results: Viewing and contemplating the future selves elicited activation in midline default mode regions (posterior cingulate and 
ventromedial prefrontal cortices), visual regions including the occipital and fusiform face areas, and left middle frontal gyrus. The 
Recovery Future Self produced significant left occipital face area activation compared with the SUD Future Self. Midline default mode 
activation correlated with VR-induced increases in delayed reward preference, and also with greater trait perseverance.
Discussion: Using digital selves as therapeutic agents reveals novel possible interventions and opens exciting new frontiers in 
behavior change methodology. Future studies targeting decision-making and future behavior could be informed by evaluating 
increased midline default mode engagement, with uniquely self-focused mechanisms signaled by executive network and face area 
coactivation. While preliminary, these data suggest promise for a range of new restorative experiences enabled by immersive digital 
therapeutics.

Plain Language Summary: High relapse rates in early substance use disorder recovery remains a serious challenge. To promote 
better outcomes, our team recently developed a virtual reality experience where people interacted with future versions of themselves. 
We used magnetic resonance imaging (MRI) to understand how the brain activated to this experience, and what brain responses were 
linked to relevant outcomes. 

We worked with 20 adults in early recovery. Each person used a headset to experience immersive virtual reality and interact with 
two different future selves 15 years in the future: one who had returned to substance use, and one who had stayed in recovery. These 
digital future selves looked and sounded like the participants and were paired with a personalized story about future drug use and 
recovery. Right after the virtual reality session, participants were told to “think about what you see”, while they watched videos of 
these future selves and had their brains scanned. 

When people viewed and reflected on their future selves, brain areas involved in self-reflection and imagining the future became 
activated, along with regions that process faces. The future selves triggered brain activation in “self-focused” brain networks and in 
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face-processing regions. Activity in key “self-focused” brain regions was linked to choosing larger, delayed rewards over smaller, 
immediate ones, and to lower impulsivity. 

These findings suggest that lifelike digital versions of people’s future selves engage brain systems that support thinking ahead, 
persistence, and valuing long-term outcomes, and that the degree of this heightened brain activity corresponds with behavior favoring a 
better future. This creates a promising new avenue for immersive digital therapeutic experiences to encourage lasting behavior change 
in early recovery from substance use disorder. 

Keywords: SUD remission, addiction, therapeutic alliance, precision medicine

Introduction
Substance use disorder (SUD) is widely regarded as a chronic condition1 requiring effective long-term aftercare.2 

Relapse occurs at high rates (50–90% within 6 months), even with evidence-based treatment,3–6 highlighting the urgent 
need for better treatment outcomes that include strong recovery support. Long-term outcomes are greatly improved by 
recovery support, up to doubling SUD remission in longitudinal follow-up years later.7 Emergent technologies show 
promise in improving SUD treatment aftercare, with virtual reality particularly attractive for its capacity to deliver highly 
salient personalized therapeutic experiences.

The ability to organize behavior for optimized future outcomes relies on the capacity for visualizing and identifying 
with possible futures and selves.8,9 When visualizing a personal future, those with SUD have shorter time horizons and 
less detailed imagined futures compared to controls.10–12 This impairment plausibly explains why those with SUD overly 
discount the value of delayed rewards13–15 and focus on the present rather than the future.16 Valuation of delayed rewards 
is directly linked to the degree of connection with the future self.17,18 Increasing the psychological connection to the 
future self with immersive digital simulations portraying future selves increases delayed reward preference19,20 and 
healthier behaviors.21 Construal-level theory22,23 predicts that making the abstract more concrete amplifies the salience of 
the future and, in the context of SUD remission, increases the attractiveness of recovery rewards and aversiveness of drug 
use. Therefore, immersive digital simulations using future selves could offer a practicable technique to promote adaptive, 
pro-recovery choices and healthier outcomes.

We created a highly personalized immersive virtual reality (VR) experience for participants in early SUD recovery 
that shows considerable promise.20 These vivid animated renderings of age-progressed selves narrated the events of two 
possible futures in their own voice. First traveling to the SUD Future, and then to the Recovery Future, participants 
experienced future selves who described profoundly divergent outcomes for the next 15 years. Face, body, voice, and 
content were tailored to enhance vividness—an important factor to increase prosocial behavior change.24 The spoken 
content was constructed from participants’ own stated costs and benefits, in the fashion of motivational interviewing.25 

This experiential therapy integrated future self-continuity19,26 and self-discrepancy27,28 to increase salience and the 
psychological connection with future selves. Variations on the future self approach have been tested for reducing 
smoking29 and increasing exercise.21 Our VR experience was iteratively designed together with members of the local 
SUD recovery community and specifically intended to be emotional and transformative—echoing epiphany experiences 
often reported by those in recovery.30,31 While this intervention produced significant pro-recovery behavioral and self- 
reported improvements in a pilot study,20 the brain mechanisms governing these are unknown. Identifying brain areas 
that respond to the intervention and that correlate with key behavioral outcomes and traits can elucidate neurobiological 
mechanisms of action, informing target engagement and providing data for direct brain interventions (eg transcranial 
magnetic stimulation). Filling this knowledge gap is an important step toward advancing understanding of the brain basis 
of the broader category of future self-based approaches, a promising new therapeutic direction.

Brain activity related to the concept of “self” resides largely in cortical midline structures, especially the posterior 
cingulate cortex (PCC) and ventromedial prefrontal cortex (vmPFC).32 These central connectivity hubs33 comprise the 
medial components of the default mode network, a distributed resting-state network widely implicated in future-oriented 
and self-reflective thought, ie, prospection and introspection34,35 While initially described as deactivating during goal- 
directed tasks, considerable work now implicates the DMN, particularly in self-referential tasks such as autobiographical 
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planning36–38 and imagining the future or past.39 Converging evidence suggests that the DMN integrates prior experi
ences, personal identity, simulations of the future, and action intent to create an internal narrative that guides behavior.40 

We believe that maximizing brain responses to recovery messaging is best accomplished with potent narrative technique. 
Prior work demonstrates the power of VR to capture attention and elevate “presence” (the perception of being in a 
place).41 VR’s power to captivate is a function of sensory engagement,42,43 which mediates emotional outcomes,44 and 
surpasses non-immersive methods of narrative delivery.43,45

To best understand brain activation during an immersive VR experience, functional magnetic resonance imaging 
(fMRI) data would ideally be acquired during the VR experience. However, immersive VR using a head-mounted display 
is not readily deployed in MRI scanners, due to metallic components, and the serious limitations of presence and 
agency46 imposed by MRI-compliant immobility. However, we reasoned that a video from a recently experienced VR 
environment, containing VR self avatars, would be expected to elicit brain activity representing activation to the 
experience itself. We previously reported that our novel VR future self experience increased delayed reward preference 
and future self-continuity and decreased craving in early-recovering SUD participants.20 We hypothesize that viewing the 
future self during fMRI, immediately following an immersive VR experience with future selves, will increase activation 
in introspective and prospective brain regions, relative to the control condition. Specifically, we predict increased 
activation in posterior and anterior midline default mode regions, ie, the PCC and vmPFC to the future self We also 
hypothesize that this default mode activation will correlate with the recovery-related factors responding to the interven
tion—delayed reward preference, future self-continuity, and craving.20 We additionally performed exploratory correla
tions between brain responses and SUD-relevant traits and quality of life factors related to DSM-5 criteria for SUD 
diagnosis. Testing our a priori hypotheses and performing exploratory analyses can confirm or reveal regions and 
networks that are most relevant for this as well as other future self-based interventions. Specifically, our neuroimaging 
findings allow us to quantify the extent to which the three major networks (default mode, frontoparietal/central executive, 
salience)47 are implicated in early SUD recovery and addiction disorders, and further, to assess key differences in how 
different future selves engage the brain. Further, activation patterns will inform the general mechanism likely operating— 
that is, activation patterns in DMN would reflect a primarily introspective or prospective mechanism, whereas fronto
parietal activation would suggest a more executive pathway. Other responses, such as in the amygdala or nucleus 
accumbens, would support a more affective or reward-related explanation, respectively.

Methods
Study Design Overview
Study procedures were as reported in Shen et al20 Briefly, participants were phone screened, interviewed in-person, and 
scheduled for a study day—avatars were constructed in the intervening time. On the study day, participants underwent 
VR habituation, personality and behavioral assessments (pre- and post-VR), the VR intervention, and fMRI. For 30 
subsequent days, participants received daily smartphone reminders of their experience, “mRecovery”, and then provided 
longitudinal 30-day follow-up data. Study elements are illustrated in Figure 1, with the senior (first) author pictured as a 
participant.

Participants
Twenty participants were recruited from treatment centers and recovery houses in and around Indianapolis, Indiana, 
targeting adults in recovery from alcohol and/or substance use disorders (SUD). Initial eligibility was determined via 
phone screening (including demographics, substance use history, treatment history, medical conditions, and current 
medications) to determine initial eligibility, which was confirmed by detailed in-person interviews (below). Study 
inclusion criteria were as follows: in early SUD recovery, between 21 and 50 years old, English fluency, diagnosis, 
and treatment for use disorders of alcohol and/or illicit drugs, greater than 14 days abstinent from drug/alcohol use at the 
time of the study day (one participant with a single alcohol lapse 6 days prior to the study day was included), negative 
urine screen and breath alcohol results, and actively engaging in recovery activities. Early SUD recovery was defined as 
less than 1 year of continuous abstinence, in addition to a desire for an alcohol- and drug-free future. (NB: 15 out of 18 
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participants endorsed complete abstinence from alcohol and all illicit drugs, and three participants allowed for some 
future use under specific conditions: variously, use of marijuana if legalized, occasional drinking, and hallucinogens 
following 1 year of total abstinence). Note that for the purposes of this study, “SUD” refers to alcohol and illicit drug use 
disorders (excluding nicotine and caffeine), reflecting the concept and definition of “addiction” familiar to our research 
participants. While the DSM-5 recognizes nicotine and caffeine use disorders as SUD, these drugs are often viewed 
differently, and their use is generally tolerated or accepted by treatment programs and clients. Comorbid psychiatric 
conditions were permitted to maximize generalizability. Exclusions were contraindications for VR or MRI, current use of 
alcohol or illicit drugs, >1 lapse event between the interview and the study day, not self-identified as being “in recovery”, 
disorders or history of neurological disease of cerebral origin, head injury with > 20 min loss of consciousness, or left- 
handedness. Participants signed written informed consent documents and were compensated ($250 total) for study 
completion, which included the 30-day follow-up appointment. All recruiting and study procedures were approved by 
the Indiana University Institutional Review Board (IRB Protocol #1805574553), and the study complies with the 
Declaration of Helsinki. N=21 were reported in Shen et al20 but one of those participants was unable to complete 
MRI due to claustrophobia-related anxiety, resulting in the n=20 sample reported here. Two of these did not perform the 
delay discounting task at the follow-up due to Covid-19-related research restrictions. Participant characteristics are 
detailed in Table 1.

Figure 1 Study procedures. (Screening) initial eligibility confirmed. (Interview) detailed characteristics collected, including data required for creating personalized VR 
experiences. (Study Day) Prior to, and following the VR experience, participants performed tasks and assessments. The VR experience (gray background) comprised a brief 
habituation, then interaction with future selves. Following assessments, participants were scanned at 3T (pink background) while contemplating the virtual park and future 
selves shown. Views of videos displayed inside the VR headset and MRI head coil are shown in the lower level. See Figure 2 for a close-up view of the three avatars presented in 
the intervention. (mRecovery) daily images of the Recovery Future Self were sent to participants’ smartphones via MMS for 30 days. (Follow-up) Participants again completed 
assessments and self-reported drug/alcohol use. All in-person visits included toxicology screening (Tox); breath alcohol testing and urine screens. DD, delay discounting; 
QOL, quality of life survey. Approximate completion times shown above each study stage.

Table 1 Participant Characteristics (N = 20)

Mean (SD) or n (%)

Age 33.25 (7.50)

Sex (male) 14 (70)

Race (white)a 18 (90)
Years of education 14.80 (3.12)

Days of abstinence 73.80 (45.72)

Current nicotine use 13 (65)
Family history ASUDb 12 (60)

Recovery activities per monthc 24.30 (15.71)

Notes: aAdditionally, one black and one multiple-race participant in 
sample. bAt least one 1st degree relative with alcohol and/or illicit 
substance use disorder (ASUD). cIncludes clinical appointments and 
group meetings.
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Interview
The in-person interview comprised elaborated demographic information, nicotine use, family history of SUD, and quality 
of life survey. SUD symptom counts for alcohol and the three most-used substances were quantified with the SCID-5- 
RV48 structured clinical interview for DSM-5 disorders. The Timeline Follow-back (TLFB)49 characterized participants 
substance use patterns 35 days prior to treatment. Accuracy was enhanced with memorable event dates, past text 
messages, and any useful memory triggers. Alcohol and illicit drug use was characterized by type and amount, and 
SUD family history was quantified by degree of relatedness with probable SUD positive relatives. We also characterized 
current recovery-related activities, treatment history, and confidence in remaining abstinent. Participant-specific visual, 
audio, and content were collected for personalized avatar creation, detailed below.

Avatar and Script Generation
The avatars were constructed from studio-lit high-resolution photos (three face angles, two full-body angles, and close- 
ups of the eyes). Voice recording captured participants’ tonal quality, which was approximated with manual adjustment to 
Google’s text-to-speech engine. The phrasal template was personalized with information provided by the participant at 
the interview (names of loved ones, motivations for maintaining recovery, three specific costs and punishments of prior 
drug use, and three specific rewarding future goals, ie, “hopes and dreams”). The avatars were rendered three- 
dimensionally (Avatar SDK; https://avatarsdk.com/) with face aging features (custom texture and shader methods) and 
realistic eye movement and tracking (RandomEyes) implemented within an integrated VR environment (Unity 3D). The 
spoken script was synced with animated mouth and facial musculature. Some idiosyncratic features, primarily certain 
hairstyles and tattoos, required hand-editing to maximize personalization and realism. The two future selves were age- 
progressed to approximate 15 years into the future; this interval portrays sufficiently obvious visual markers of aging and 
is intermediate to delays commonly used in temporal discounting tasks.50 Close-up renditions of the first author were 
generated with the same methods to illustrate the visual differences between the avatars (Figure 2).

Study Day Procedures
Urine screening (Wondfo Biotech, Ltd) and breathalyzer confirmed ongoing drug and alcohol abstinence, and participants 
were queried for ongoing self-identification with “recovery”. Daily nicotine users were provided an appropriately dosed 
nicotine patch (CVS Pharmacy, Inc.) per manufacturer’s recommendations to prevent withdrawal (unless refused, n=2). 
Vital signs were taken to confirm healthy state, and lack of MRI contraindications was confirmed.

Figure 2 Avatar renditions. Close view of avatars illustrating key visual aspects of aging and physical appearance outcomes. (A) The Present Self “guides” participants in Scene 
1, the white room, and in Scene 4, the debrief. (B) The SUD Future Self represents 15 years of continued drug use, in appearance, posture, body language, and spoken 
content in Scene 2. (C) The Recovery Future Self embodies 15 years of sustained recovery, reflecting a healthier appearance, more satisfaction, and confidence in Scene 3. 
Social realism is maximized through avatars speaking to participants using an individually matched voice and precisely animated mouth movements and musculature; 
participants’ position is tracked with eye and head movement.
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Behavioral and Personality Assessments
Delay Discounting
An adjusting-amount delay discounting (DD) task quantified relative preference for delayed rewards.51,52 Choices 
between smaller immediate versus larger delayed monetary rewards adjusted the next trial’s immediate amount down 
or up, respectively, allowing the procedure to converge on indifference points for each delay. The $100 amount was 
delayed by 2 days, 1 week, 1 month, 6 months, 1 year, and 5 years in 30 choice trials (5 trials × 6 delays). Participants 
were instructed to choose according to their real preference, and that some choices would be selected at random and paid 
according to their choice. The actual payout was an additional $20 at the end of the study day, obfuscated by computer 
selection and rounding.

Future Self-Continuity
The validated future self-continuity scale indexes the perceived psychological distance to the imagined future self.18 

Participants endorsed future self-similarity and connectedness with Euler circle pairs labeled “Current Self” and “Future 
Self” that vary in degree of overlap. We used the original scale with two minor modifications: an additional option 
depicting complete overlap;18,20 and an expanded temporal window of 15 years matching the age progression represented 
in the paradigm (the first four participants rated according to 10 years).

SUPPS-P Impulsive Behavior Scale
Derived from the original UPPS scale containing four subscales and 45 items,53 this shortened version comprises 20 
items across five subscales (negative urgency, lack of perseverance, lack of premeditation, sensation seeking, and positive 
urgency) and is a reliable and valid low-burden alternative for assessing impulsivity traits.54

Zimbardo Time Perspective Inventory (ZTPI Short Form)
This shortened version of the original contains 22 items in two subscales that quantify time perspective, ie, orientation to 
the Future or Present.16

Quality of Life (QOL)
The QOL survey55 quantifies key aspects of subjective well-being that tend to improve in SUD remission.56 This 16-item 
scale is rated on a 7-point Likert-type scale ranging from “Delighted” (7) to “Terrible” (1) with increments labeled 
“Pleased”, “Mostly Satisfied”, “Mixed”, “Mostly Dissatisfied”, “Unhappy” in 16 items across 6 domains (well-being, 
relations with people, social/community activities, personal development, recreation, and independence).

VR Questionnaire
Participants rated the VR experience on elements of presence,57 tolerability, cybersickness, and enjoyment. Items and 
scores were previously reported in Shen et al.20

VR Delivery
VR was delivered on a Samsung Odyssey (6DoF, 90Hz, 2880×1600 pixels per-eye, 110° horizonal FoV) running on an 
Acer Predator laptop (Intel Core i7 CPU, Nvidia GeForce GTX 1060 GPU). VR experiences were conducted in a cleared 
laboratory space with a metal park bench, with the researcher closely supervising, managing the cables, and preventing 
stumbles or collisions. Interpupillary distance, headband tightness, and earphone placement were adjusted for each 
participant prior to beginning the experiences.

VR Habituation
Participants experienced the virtual park, without avatars, for 4.62 ±1.79 minutes. The city park was nearly identical to 
the environment used for the intervention, complete with chirping birds, rustling of leaves in a breeze, and distant lawn 
mowing noise. Participants were instructed to sit on the park bench, which was spatially registered to a real metal park 
bench. This habituation session was designed to reduce novelty effects and familiarize participants to the environment 
where the key messaging would be delivered.
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VR Intervention
The VR paradigm featured personalized avatars representing the Present Self and age-progressed SUD Future Self, and 
Recovery Future Self. The intervention was designed to take ~5 minutes to complete, although in practice took 5.12 
±0.53 minutes due to inter-subject variation. The intervention comprised four scenes: (1) white room introduction with 
Present Self, (2) SUD Future Self scenario, (3) Recovery Future Self scenario, and (4) debriefing in a white room with 
the Present Self. In scene 1 (white room setting), a disembodied narrator explained that this would be a simulated time 
travel experience 15 years into the future. Participants were instructed to turn around and view themselves in a mirror and 
move their head and hands. The mirrored Present Self matched participants’ movements via tracked head and hand 
positions and inverse kinematics solving for ~30 seconds to establish “body transfer”.19,58 The Present Self then appeared 
as a non-playable character and gestured to the participant to sit on the park bench. The Present Self referred to the 
participant, “I am you” and shared personal details. The Present Self addressed the participant in the first scene using first 
person inclusive plural language (eg, “We enjoy…”, or “our main reason for…”), but upon advancing to the future— 
scenes 2 and 3—the future self used first person singular retrospective language (eg, “I always thought…”, “Life turned 
out better than I imagined…”). The use of inclusive plural first person language was designed to increase connection with 
the future self by semantically reducing psychological distance. Participants were then asked to “Choose your future” 
with two possible options. After choosing, the intervention transitioned into scene 2 (city park setting) where participants 
met their SUD Future Self. The SUD Future Self was unkempt, hunched forward, avoided eye contact, and discussed the 
past 15 years’ costs and punishments (from interview responses). The scene closed with the SUD Future Self saying, 
“don’t let this happen to us”. After a brief transportation back to the white room for a different choice (Present Self: 
“choose a different future”), participants were transported to the city park to meet the Recovery Future Self in scene 3. 
The Recovery Future Self was poised and presented as healthy and positive, with a vague smile and steady eye contact. 
The Recovery Future Self described the past 15 years in terms of success and achievement of future goals (“hopes and 
dreams”). Finally, in scene 4, participants were transported back to the white room where they were debriefed by the 
Present Self. These closing comments highlighted the contingency between present action and future outcomes, 
promoted agency, and offered positive encouragement with confidence. The shirt colors were blue and green for SUD 
and Recovery futures selves for visual emphasis of different futures (randomized).

Neuroimaging
MRI Acquisition
Imaging was conducted using a Siemens 3T Prisma MRI scanner (Erlangen, Germany) with a 32-channel head coil array. 
Structural imaging included T1-weighted MPRAGE (5 min 12 sec, 1.05×1.05×1.2 mm3 voxels) and was followed by a 
pair of 16-second phase-reversed spin echo scans to assess field distortion (5 A-P and 5 P-A phase direction volumes, 
repetition/echo time; TR/TE= 1370/51.60 ms, other parameters matched the BOLD scan parameters detailed below). The 
13 min 51 sec virtual park video viewing scan used a multiband echo planar imaging (MB EPI) sequence from the Center 
for Magnetic Resonance Imaging at University of Minnesota (1018 blood oxygenation level dependent (BOLD) volumes, 
gradient echo, MB factor 4, TR/TE = 810/29 ms, 56° flip angle, 2.5 mm/side isotropic voxels, 220×220 mm2 field of 
view, 48 slices59). Prior to the park video viewing task, participants completed a resting-state scan with eyes fixated on a 
white crosshair on the black background (10 min 7 sec, other parameters as in the park video scan). Following the virtual 
park videos, a delay discounting task and diffusion-weighted imaging were administered (diffusion-weighted imaging 
data will be reported elsewhere).

Virtual Park Videos
Participants viewed videos of the three-dimensional park environment and avatars from the VR intervention. Three 
different videos (one with only the empty bench in the middle of the park, and two showing the animated future self 
avatars sitting on the bench in the park) were designed to engage the recent memory of the VR intervention. Each video 
was a single 3-minute camera shot comprised a left-to-right dolly movement focusing on the avatar (or empty bench) 
from a viewpoint 2 meters away (constructed in Timeline and exported using Unity Recorder). The avatars were shown 
sitting on the bench as though waiting, using the same posture, dress, and mannerisms programmed for the intervention. 
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Avatars did not interact with or acknowledge the viewer. This video presentation was intended to evoke the recent VR 
experience and engage introspection, positioning the viewer as an unseen observer. Participants were instructed to “Think 
about the place and person shown”. The videos were presented in the following fixed order: Empty Park Pre, SUD Future 
Self, Recovery Future Self, and Empty Park Post. To facilitate return to cognitive baseline, 30-second still images of the 
same park view were positioned after the Future Self videos with 15-second stills positioned prior to and following the 
entire video block. In videos featuring the park bench and avatars, participants were instructed to button-press when a 
leaf fell behind the bench at fixed times (twice; 46 and 120 seconds from video start) to verify attentional engagement.

Neuroimaging Analyses
Preprocessing
Image preprocessing used FEAT (FMRI Expert Analysis Tool) Version 6.00, part of the FMRIB Software Library FSL,60 

including BOLD volume geometric distortion correction with topup/applytopup that utilized distortion field estimates 
from the spin echo field mapping scans, motion correction with mcflirt, brain extraction with bet, registration to each 
participant’s T1-weighted image and MNI152 standard space with flirt and fnirt, and 6mm FWHM Gaussian filter spatial 
smoothing. Subsequently, BOLD data were presented to FSL’s MELODIC version 3.15 to automatically estimate and 
retain an optimal number of independent components for each scan61 and perform denoising with an unsupervised ICA- 
AROMA62 classifier. The resulting denoised data were assessed for residual head motion, transformed to a standard 
Montreal Neurological Institute (MNI) space, and interpolated to 2mm isotropic voxels for subsequent statistical analyses 
in SPM12.63

Within-Subject BOLD fMRI Models
Within-subject fixed effects of the BOLD response to each of the conditions (eg, videos listed in 62) were estimated in 
SPM12 using the canonical hemodynamic response function (HRF). Six head motion parameters from realignment 
served as multiple regressors. The residual temporal autocorrelation was removed using SPM’s FAST approach appro
priate for short TR data, while high-pass filter (1/128 Hz) removed low-frequency noise.64

Mobile Health (mRecovery)
Daily texts displaying an image of the Recovery Future Self were sent to participants for 30 days. These were designed to 
elicit memory of the VR experience and invoke a positive future. Image viewing was verified with a single query (“how 
confident am I that I will remain abstinent today?”) that required a response on a 0–100% sliding scale (Qualtrics). The 
system was tested with participants on their smartphones just prior to discharge on the study day. Participants were 
familiarized with the system and informed of bonus incentives for compliance.

30-Day Follow-Up Procedures
Longitudinal follow-up appointments included urine drug screen, breath alcohol testing, and self-reported drug use 
(positive responses triggered TLFB interview to quantify use amount, frequency, and type). Delay discounting, future 
self-continuity, and QOL were assessed again. All responses to the mRecovery reminders were logged. The actual 
follow-ups occurred at 37 ±8.8 days due to scheduling variability; n=2 completed follow-up over phone due to Covid-19- 
related disruptions.

Power and Statistical Analysis
Planned Analyses
The study was powered for behavioral effects, with N=18 sufficient at power = 80% and alpha =0.05 (G*Power 3.1.9.7) 
based estimates from prior work,19 as previously reported.20 Planned analyses included random effects models of brain 
responses to avatars [Futures > Empty Park], and the inverse [Empty Park > Futures]. The empty park control contained 
all visual and audio elements of the experience except the future self avatar. Significant brain responses to futures were 
tested for associations with effects (behavioral and self-report) previously reported in Shen et al,20 ie, increased delayed 
reward preference, increased future self-continuity, and decreased craving. These were Δ%DD AUC, Δfuture self- 
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similarity, and Δfuture self-connectedness, and Δcraving for pre-VR versus study day and pre-VR versus follow-up; 8 
factors total. Alpha was set to 0.05 for all analyses. Significant clusters (functional regions of interest; fROIs) were tested 
for correlation with SUD recovery-specific outcomes, with false discovery rate set to <5%, ie, Benjamini–Hochberg;65 

q<05 satisfied by p<0.00625 (8 tests) for each cluster. Means and standard deviations are reported as (M ±SD) in text and 
tables.

Exploratory Analyses
Exploratory correlations were performed with 13 potentially informative factors, where 7 related to SUD traits, and 6 to 
QOL aspects reflecting DSM criteria expected to improve in recovery. SUD trait-related factors were as follows: ZTPI 
Future, ZTPI Present, and 5 SUPPS subscales. Changes in QOL (delta between study day and 30 days later) were as 
follows: Health, Family, Love/Romance, Work, Social life, and Recreation. Exploratory analyses tested for associations 
with brain activation in 13 factors total. Significant clusters were tested for correlation, with false discovery rate q<0.05 
satisfied by p<0.00385 (13 tests) for each cluster in exploratory analyses.

Statistical Models
This future visualization intervention was designed to increase delayed reward preference and future self-continuity by 
increasing focus on the future. We combined both futures (SUD and Recovery) together for analyses, as both represented 
plausible outcomes for people in early recovery. Both empty parks were combined for the control condition. A group- 
level random effects model was constructed from participant-level contrasts of virtual park videos to yield [Futures > 
Empty Park] and [Empty Park > Futures] contrasts in SPM12. Significant clusters were identified by meeting family-wise 
error correction pFWE < 0.05 at a cluster-forming threshold of puncorr <0.001 (corresponding cluster size k ≥ 108). To 
identify behavioral intervention responses correlating with brain activation, mean contrast values were extracted from 
each cluster (MarsBar toolbox; https://github.com/marsbar-toolbox/marsbar). Correlations between extracted values and 
key behavioral changes were tested in SPSS (v29; IBM). We performed exploratory correlations between 13 key SUD 
and QOL factors and both [Futures > Empty Park] and [Empty Park > Futures] contrasts. To examine if the two futures 
differed from each other, [SUD Future > Recovery Future] and [Recovery Future > SUD Future] were examined for 
differences within areas activated by any future thinking (ie, masked by [Futures > Empty Park]).

Results
Neuroimaging
fMRI activation and correlations are reported below. Behavioral and self-reported data were previously reported in Shen 
et al20 including sustained drug/alcohol abstinence at 30 days for 18 out of 21 participants.

Virtual Park Videos Whole-Brain Results
Videos of avatars sitting on the park bench (versus control) elicited activation primarily in midline and left lateral default 
mode network as well as visual attention areas. Seven significant clusters of activation in the [Futures > Empty Park] 
contrast were detected: posterior cingulate cortex, ventromedial prefrontal cortex (extending caudally into subgenual 
anterior cingulate), bilateral inferior occipital cortex (extending dorsally into left angular gyrus) that included occipital 
and fusiform face areas, left fusiform gyrus, left superior frontal gyrus, and left middle frontal gyrus, Figure 3. The 
opposite contrast [Empty Park > Futures], indicating deactivation, included bilateral lingual gyrus, supramarginal gyrus, 
precuneus, bilateral lateral temporal area (planum temporale), and right middle frontal gyrus; see Table 2 for details.

Activation Correlated with Recovery-Relevant Responses
Eight behavioral and psychological responses to the VR intervention20 were tested for correlation with mean contrast 
values from significant clusters from both [Futures > Empty Park] and [Empty Park > Futures]. The percent change in 
DD from pre-VR to the 30-day follow-up was correlated with activation to the future selves [Futures > Empty Park], in 
the posterior cingulate cortex r(16)=.644, p=0.004, q<0.05 and ventromedial prefrontal cortex r(16)=.621, p=0.006, 
q<0.05; Figure 4. No other significant results were detected in [Futures > Empty Park] contrast, and no significant 
correlations were detected in any regions from the [Empty Park > Futures] contrast. Post hoc analyses indicated that both 
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future selves contributed to these effects; PCC, SUD r(16)=.72, p<0.001, Recovery r(16)=.44, p=0.066; vmPFC SUD r 
(16)=.58, p=0.012, Recovery r(16)=.54, p=0.021.

Exploratory Correlations with SUD Traits and QOL Changes
Activation in the posterior cingulate cortex cluster correlated with greater perserverence; that is, negatively with UPPS 
Lack of Perseverance r(18)=−.636, p=0.003, q<0.05; Figure 5, as measured in the UPPS inventory. No other significant 
results were detected in [Futures > Empty Park] contrast, and no significant correlations were detected in any regions 
from the [Empty Park > Futures] contrast.

Figure 3 Activation during future self contemplation. Activation in the [Futures > Empty Park] contrast produced 7 significant clusters. (A) View from rear right illustrates the 
right inferior occipital cortex (R iOC); (B) the cutaway view from the left front shows the ventromedial prefrontal cortex (vmPFC), left superior frontal gyrus (L SFG), left 
middle frontal gyrus (L MFG), the posterior cingulate cortex (PCC), and left inferior occipital cortex (L iOC); (C) the cutaway complement further illustrates vmPFC, PCC, 
and SFG; displayed at puncorr<0.001, k>100.

Table 2 Significant Clusters: Viewing Virtual Future Selves and Park

[Future Selves > Empty Park] Peak Voxel Z Peak MNI Coordinates (mm) Response to 
Future Selvesa

Brain Region k Cluster pFWE x y z

R iOC 2862 <0.001 >8.00 40 −82 −16 0.45 ±0.24*

L iOC 1912 <0.001 6.81 −46 −76 0 0.37 ±0.21*
L FuG 141 0.015 4.70 −36 −52 −20 0.28 ±0.35*

L SFG 405 <0.001 4.48 −12 60 22 0.25 ±0.23*
PCC 560 <0.001 4.33 −6 −52 26 0.37 ±0.51*

vmPFC 240 0.001 4.22 −4 60 −16 0.31 ±0.34*

L MFG 137 0.018 4.16 −46 12 44 0.26 ±0.33*

[Empty Park > Future Selves]

R LiG 2397 <0.001 6.25 18 −68 −8 −0.42 ±0.27*

L LiG 1096 <0.001 5.84 −24 −48 −10 −0.42 ±0.32*

R SMG 167 0.006 4.51 54 −36 42 −0.20 ±0.30*
R PCu 310 <0.001 4.43 10 −54 52 −0.23 ±0.19*

R PT 117 0.036 4.20 54 −24 8 −0.06 ±0.31

R MFG 217 0.001 4.11 36 8 46 −0.18 ±0.19*
L PT 171 0.006 4.00 −44 −26 2 −0.02 ±0.37

Notes: aMean ±SD contrast values within the cluster for the combined future selves condition, with significant mean activation (+) or 
deactivation (−) indicated by an asterisk (p<0.05 in one-sample t-test versus zero). k=cluster size in voxels; MNI = Montreal Neurological 
Institute. 
Abbreviations: iOC, Inferior occipital cortex; FuG, Fusiform gyrus; SFG, Superior frontal gyrus; PCC, Posterior cingulate cortex; vmPFC, 
Ventromedial prefrontal cortex; MFG, Middle frontal gyrus; LiG, lingual gyrus; SMG, Supramarginal gyrus; PCu, Precuneus, PT, Planum temporale; 
R and L, right and left, respectively.
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Recovery and SUD Futures
Significant activation was detected in the [Recovery Future > SUD Future] in the inferior occipital cortex (occipital face 
area), Figure 6, but no activation was detected in the opposite contrast [SUD Future > Recovery Future].

Figure 4 Brain responses to futures correlated with increased delayed reward preference. [Futures > Empty Park] activation (mean contrast values) in posterior and anterior 
medial default mode regions (center). Activation in the (left) posterior cingulate (red), and (right) ventromedial prefrontal cortex (green) correlated with changes in delay 
discounting (AUC; area under the curve) from pre-VR to the 30-day follow-up, qs<0.05.

Figure 5 Posterior cingulate activation and impulsivity. [Futures > Empty Park] activation in posterior cingulate cortex (left) negatively correlated with the UPPS Lack of 
Perseverance trait impulsivity measure (right), q<0.05.

Figure 6 Brain activation to recovery future. [Recovery Future > SUD Future] elicited significant activation in the occipital face area of the left inferior occipital cortex.
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Discussion
We previously demonstrated that interactions with age-progressed selves in an SUD or recovery future increased 
connection with the future self, increased valuation of future rewards, and reduced craving.20 To ascertain what brain 
systems were engaged by the VR experience, we presented a video of the future selves in the same virtual park during 
fMRI. This was designed to evoke the same prospective and introspective processing that occurred during the immersive 
VR experience. Brain activation to the future selves was largely concentrated in default mode and visual attention 
regions. The activation to future selves in midline default mode (PCC and vmPFC) correlated with increased valuation of 
delayed rewards. Further, PCC activation to the future selves correlated with greater perseverance (trait impulsivity 
subscale). While activation between the SUD Future Self and Recovery Future Self mostly overlapped, greater activation 
to the Recovery Future Self was detected in the inferior occipital cortex, indicating engagement of visual attention and 
associative processes specific to the recovery future. These findings suggest that this novel intervention recruits default 
mode network activity, and that this inwardly focused cognition shifts behavioral preference toward the future.

The visual scene presented during fMRI was designed to project attention into imagined and “pre-experienced” 
futures, ie, by simultaneously eliciting autobiographical mental time travel, perspective-taking, introspection, and 
prospection. The intervention engages four major modes of prospection: simulation, prediction, intention, and planning.66 

A large body of work supports the central role of the DMN in these internally generated processes, ie, stimulus- 
independent thought34,35,40,67 In our study, these internal states are induced by visual stimuli, which include the age- 
progressed self (future self avatars) and the environmental context representing the non-self future (city park), ie, other 
aspects of the future minus the future self. Tasks such as mental time travel, mental simulation, and scene construction 
recruit DMN regions in these prospective and introspective processes,68–71 with particular focus on the self.72 Activation 
to future selves in the current study reflects activity in the central hubs of the DMN; the PCC and vmPFC33,73 supporting 
the DMN’s role in animating a deep internal narrative. While cognitive processes engaged by “thinking about what you 
see” (instructions provided to participants for viewing the empty park bench or future selves during MRI) are technically 
unknowable, we infer that participants contemplated their personal futures, as they were immersed in an experience with 
future selves in the same visual environment just an hour earlier.

The VR intervention is designed to induce mental projection into the future that is both semantic (general) and 
episodic (specific). That is, participants interact with two semantic future selves that have lived according to divergent 
general strategies—one continuing to misuse drugs, and the other engaged in recovery. The episodic elements narrated by 
the future selves are events such as drunk driving accident (SUD future) or becoming a homeowner (recovery future). 
The park + avatar video during fMRI evokes the VR future simulation (albeit without avatar interaction) in a manner 
designed to induce contemplation. The semantic aspects are presumably linked to mind wandering, and therefore DMN 
activation, but the combined episodic elements might be expected to engage brain areas linked to intention and planning, 
ie, frontoparietal network. Converging evidence suggests that when planning is mixed with introspection (as in the 
current study), default mode systems co-activate with networks mediating goal-directed behavior, particularly the 
frontoparietal network. Prior work demonstrated that autobiographical planning produced correlated DMN and fronto
parietal network activity, whereas a simple visuospatial planning task did not.36 Other research examining the preparatory 
phase of verbal working memory execution indicates DMN coactivation with frontoparietal and inferior occipital cortex, 
ie, visual attention and association networks.74 Consistent with executive engagement, our findings in the left MFG 
(dorsal aspect) and left iOC (angular gyrus extent) overlap with the frontoparietal network,73 demonstrating at least left- 
lateralized frontoparietal coactivation. Contemplating a primed personal future after an immersive VR experience 
(containing both semantic and episodic elements) activates introspective default mode and executive frontoparietal 
network regions simultaneously. Future permutations of the intervention could target semantic or episodic aspects 
differentially, to maximize introspection or prospection, respectively. This would be presumed to favor DMN or 
frontoparietal activity in either case, and one could imagine a precision medicine approach delivering a personality (or 
neuroimaging)-based experience tuned to specific patient needs potentially yielding stronger results than a unitary 
experience.
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The degree of midline default mode activation to future selves appeared to index capacity for increasing delayed reward 
preference. Discounting of delayed rewards decreased after the intervention, suggesting that the future self VR experience 
shifted attention and preference toward future rewards. Prior work indicates that the key regions responsible for performing 
delay discounting tasks are largely localized to the default mode, frontoparietal, and salience (resting state-defined) 
networks,75–79 which are implicated in psychopathology more generally (the “triple network model”).80 While delay 
discounting is a complex decision task that recruits various brain regions to execute, the brain regions that respond 
specifically to interventions that increase delayed reward preference fall largely within the midline default mode regions 
PCC and vmPFC.81,82 Moreover, the self-referential “cortical midline system”, which is deeply involved with the self, 
familiarity, and making self/other distinctions,32,67,72,83 comprises the midline components of the default mode network. In 
the current work, PCC activation to the future selves correlated with lower trait impulsivity (lack of perseveration), 
suggesting a possible trait-level influence. Prior meta-analytic work indicates that posterior midline DMN (PCC/precuneus) 
responds acutely to interventions to increase delayed reward preference,81 PCC connectivity differentiates alcohol use 
disorder (AUD) from controls,84 posterior midline DMN within-network connectivity was greater in AUD than control and 
impulsivity negatively correlated with posterior midline DMN and vmPFC connectivity85 —together these data suggest a 
link between impulsive choice, PCC function, and trait impulsivity in SUD. The present data combined with prior 
demonstrations of the functional relationship between the PCC and vmPFC with self-focused thinking, prospection, and 
augmented delayed reward preference advances a mechanistic explanation: making the future self more real and “tangible” 
increases prospective brain activation and shifts preference towards future rewards.

Activation specifically to the Recovery Future Self, relative to the SUD Future Self, was localized in the occipital face 
area, outside the default mode network. The occipital face area integrates visual face perception86 with episodic and 
semantic information87,88 as part of the larger visual ventral stream (a brain system that derives object identity from raw 
visual information)89,90 In concert with the adjacent fusiform face area and lateral occipital cortex, the occipital face area 
comprises key nodes in the core early face-processing network.91,92 Beyond semantic information linked to face identity, 
this region also responds to episodic recall.39 Further, functional connectivity with this location and lateral prefrontal 
cortex in episodic simulation93 or with joint default mode and frontoparietal activation to mental simulation94 indicates 
its role in visual scene construction. Given that the Recovery Future Self delivered specific verbal messaging about a 
particular future, this information is presumably encoded with the visual information, linking this specific face to a 
panoply of semantic details about an imagined future—one in which recovery from addiction has provided considerable 
benefit compared with the alternative. While it is perhaps surprising that two future selves representing diametrically 
opposed futures yielded very similar brain activation, there are likely important differences at the individual level that 
may be difficult to isolate in a limited sample. Anecdotally, participants appeared to be moved by one or the other future 
variously, and this appeared to be at least partly personality dependent. Future efforts will characterize this tendency and 
examine corresponding brain activation to mark efficacy or as a personalized medicine approach. In most cases, 
participants “bought in” to the narrative, focusing on the emotional and contemplative aspects of the experience (see 
Supplemental in Shen et al20 for transcribed participant feedback).

Identifying key brain regions to mark successful SUD recovery is not as straightforward as might be presumed. Most 
prior work attempting to answer this question used drug cue reactivity paradigms to mark success or failure; however, the 
utility of this approach may be limited to identifying regions rather than clear directional interpretations. That is, greater 
brain activation to drug cues could reflect either drug reward drive (implying greater risk) or active resistance to 
temptation, ie, recovery reward drive and abstinence-related payoffs (suggesting lower risk). One or the other interpreta
tion may be favored by particular paradigms or even vary between individuals. Nonetheless, considerable prior work 
implicates midline default regions PCC and vmPFC in predicting abstinence in early recovery. PCC activation to visual 
cocaine cues correlated with worse treatment outcomes and differentiated abstainers from relapsers.95 During an 
executive functioning task, PCC activation was a predictor of relapse in the comparison of smoking satiety versus 
short-term abstinence.96 As the PCC is a structural and functional rich club,97 its central role in connectivity might be the 
most informative. Broadly, greater PCC connectivity with other networks and within the default mode network tends to 
be associated with better SUD treatment outcomes.98 Activation in the anterior aspect of the midline default mode 
network, ie, the vmPFC, predicts abstinence-related outcomes, but with mixed directionality Using visual alcohol cues, 
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activation in the vmPFC correlated with craving and time to first relapse,99 whereas greater activation to neutral relaxing 
cues predicted relapse to alcohol.100,101 However, greater vmPFC responsivity to visual heroin cues predicted better 
treatment adherence.102 Beyond the default mode network, left-lateralized frontoparietal (EEG) connectivity between the 
dlPFC and posterior parietal cortex differentiated early recovering AUD sustaining abstinence versus those who 
relapsed.103 This pattern of frontoparietal connectivity resembles the left-lateralized frontoparietal and midline default 
mode coactivation observed in the present report. Together, the regions and networks showing activation and behavioral 
correlation reported here map onto key regions that predict relapse and may underly recovery-related brain function.

Limitations
Some limitations should be acknowledged. While significant findings in this modest sample are promising104 and 
informed the approach (a larger ongoing randomized controlled trial based on these methods), results in a larger sample 
would enhance generalizability and confidence. We detected main effects and correlations of activations to future selves 
relative to the control condition in early recovery SUD, but we cannot extrapolate these findings to non-treatment seeking 
individuals or healthy controls. Main effects of activation to a personal future were identified, insofar as the virtual park 
video viewing reflected brain activation to the VR experience. As fMRI was performed within an hour of the VR 
experience, and the park viewing was a video of the same 3D environment (and avatars), this is presumably a reasonable 
assumption. The current study design does not resolve the possibility that observed effects were driven, at least in part, by 
individual differences in emotional lability, ie, that highly arousable participants could respond more to any intervention, 
both in brain and behavior. While one might speculate that the ideal control condition for detecting activation to a future 
self would be the Present Self, recall that the VR experience never showed the Present Self in the virtual park. That is, the 
Present Self was never associated with the virtual park. Thus, to best capture the effect of the future selves—the putative 
active ingredient of this experiential therapy—the proper control is the park without either future self in the visual field. 
Another limitation is the use of a fixed order during imaging, which potentially limited the capacity to detect differences 
between the two futures. The fixed order reflected the VR presentation order, which was fixed for clinical reasons 
(recency effect favoring the optimistic future was designed to lower the psychological danger potentially caused by the 
SUD future self). A larger sample with only one future self in a between-subjects design could resolve this issue. VR 
development necessarily limited subject numbers, precluding this approach in this study. One final consideration is the 
possibility that the spoken content alone—the personalized events for the SUD future and Recovery future—might elicit 
similar DMN activation as observed here when delivered by future self avatars, although we expect that the effect would 
be less pronounced than fully immersive content delivery. Future studies are warranted to evaluate this possibility.

Conclusion
VR permits bringing experiential therapies to life and implementing them in the clinic. We demonstrated that an 
autobiographical future simulation elicits positive pro-recovery effects (reduced impulsive choice and craving and 
increased identification with the personal future, along with low rates of relapse). This intervention produces semantic 
(introspective, contemplative) midline DMN and episodic (prospective, executive planning) frontoparietal coactivation 
while evoking general and specific SUD recovery elements. Our current report on brain engagement suggests that 
introspective and executive brain networks are involved with this reoriented future-focus, which corresponds with 
positive behavioral changes. The nascent digital therapeutic space is replete with new possibilities, allowing emerging 
technology to augment existing evidence-based techniques.
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