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Intensive care unit (ICU) staff continue to face recurrent work-related traumatic events throughout the COVID-19 pandemic.
Intrusive memories (IMs) of such traumatic events comprise sensory image-based memories. Harnessing research on preventing
IMs with a novel behavioural intervention on the day of trauma, here we take critical next steps in developing this approach as a
treatment for ICU staff who are already experiencing IMs days, weeks, or months post-trauma. To address the urgent need to
develop novel mental health interventions, we used Bayesian statistical approaches to optimise a brief imagery-competing task
intervention to reduce the number of IMs. We evaluated a digitised version of the intervention for remote, scalable delivery. We
conducted a two-arm, parallel-group, randomised, adaptive Bayesian optimisation trial. Eligible participants worked clinically in a
UK NHS ICU during the pandemic, experienced at least one work-related traumatic event, and at least three IMs in the week prior
to recruitment. Participants were randomised to receive immediate or delayed (after 4 weeks) access to the intervention. Primary
outcome was the number of IMs of trauma during week 4, controlling for baseline week. Analyses were conducted on an
intention-to-treat basis as a between-group comparison. Prior to final analysis, sequential Bayesian analyses were conducted
(n= 20, 23, 29, 37, 41, 45) to inform early stopping of the trial prior to the planned maximum recruitment (n= 150). Final analysis
(n= 75) showed strong evidence for a positive treatment effect (Bayes factor, BF= 1.25 × 106): the immediate arm reported fewer
IMs (median= 1, IQR= 0–3) than the delayed arm (median= 10, IQR= 6–16.5). With further digital enhancements, the
intervention (n= 28) also showed a positive treatment effect (BF= 7.31). Sequential Bayesian analyses provided evidence for
reducing IMs of work-related trauma for healthcare workers. This methodology also allowed us to rule out negative effects early,
reduced the planned maximum sample size, and allowed evaluation of enhancements. Trial Registration NCT04992390
(www.clinicaltrials.gov).
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INTRODUCTION
Throughout the COVID-19 pandemic, frontline healthcare workers have
been repeatedly exposed to potentially psychologically traumatic
events, such as untimely and excess deaths of patients. After trauma, it
is common to experience intrusive memories (IMs) of the event. These
are emotional, sensory, and primarily visual memories (mental imagery)
of the traumatic event that intrude repeatedly into mind, comprising a
core clinical feature of post-traumatic stress disorder (PTSD) [1].
Anecdotal examples of an IM include a vivid mental image of the eyes
of a young patient dying while resuscitation fails; or an image of an
ambulance stretcher bearing a former colleague. IMs can be distressing
and disruptive. Even before COVID-19, emergency-room nurses
reported high levels of IMs of work-related trauma [2], and meta-
analysis estimates show that healthcare workers are twice as likely to
develop PTSD compared to the general public [3]. Due to the COVID-19
pandemic, around 40% of healthcare workers in UK hospitals reported

a level of symptoms consistent with a diagnosis of PTSD as of June/July
2020 [4]—five times higher than in 2015 [5]. Reports of mental health
disorders in healthcare workers increased further to 64% inwinter 2020
of the pandemic [6].
The urgent need for scalable approaches to support the mental

health of frontline healthcare workers, such as Intensive Care Unit
(ICU) staff, was highlighted early in the pandemic [7]. To address
this, novel approaches are needed for this population. Given their
high workload demands, a brief and flexible intervention
approach would be beneficial. Moreover, the nature of the trauma
exposure facing healthcare workers is not single-event trauma but
is repeated and ongoing through the pandemic. Harnessing
research on preventing IMs with a novel behavioural intervention
on the day of trauma [8], here we take critical next steps to
develop this approach as a treatment for ICU staff who are already
experiencing IMs days, weeks or months post-trauma. The new
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intervention approach to reduce IMs here aims to be readily
repeatable for different traumas as well as brief, flexible and low
stigma.
An imagery-competing task intervention approach (which

includes computer gameplay) to prevent IMs was developed from
insights from cognitive neuroscience and experimental research
[9, 10] by taking a mechanistically informed single-symptom
approach [11]. The aim was to offer a new low-intensity
intervention post-trauma. The intervention included a memory
reminder cue plus playing a computer game with high
visuospatial demands (Tetris®) using mental rotation, theorised
to disrupt the consolidation of sensory elements of the trauma
memory. More specifically, the intervention exploits principles of
working memory theory (i.e., limited capacity to process similar
cognitive information simultaneously), and the malleability of
memory to updating, by using a competing cognitive task to
interfere with mental imagery-based (mainly visuospatial) trauma
memory. The disruption of visuospatial processing while memory
is being stored or updated should render the memory less likely to
be triggered, i.e. from becoming intrusive [8–10, 12, 13].
Laboratory studies indicating specificity of the intervention to
target intrusive trauma memory whilst leaving voluntary non-
traumatic memory are consistent with this hypothesised mechan-
ism [14, 15].
A first proof-of-concept translation study from lab to clinic

included patients in the emergency department (ED) within 6 h of
a motor vehicle accident [8]. It was predicted that if the
intervention was administered in the first hours after a traumatic
event, the number of IMs would be reduced. The randomised
controlled trial (RCT) compared the imagery-competing task
intervention with an attention-placebo control. Results indicated
the efficacy of the intervention in that there were fewer IMs
reported in the week post-intervention. Participants found the
single session intervention easy, helpful, and minimally distres-
sing. Similar findings were found in a subsequent study in the ED
[16] including more trauma types than motor vehicle accidents.
Further, addressing a previous limitation, results showed the
reduction in IMs at 1 week persisted to 1 month. A similar
intervention approach with mothers after traumatic childbirth
showed an effect of reducing IMs [17].
While showing promise for the “prevention” of IMs soon after

trauma [8, 12, 16, 17], critically we also need interventions for the
treatment of “established” IMs i.e. rather than on the day of
trauma, treatment delivery when a longer time has elapsed (days,
weeks or months later) for individuals already experiencing IMs.
Accordingly, to adapt the imagery-competing task intervention we
drew on insights from memory reconsolidation studies on older
established memories [10, 12, 18, 19]. In laboratory [20] and case
studies [21, 22] we adapted parameters of the intervention (e.g.
timings) to promote a reduction of established IMs (Anemone™).
We digitised intervention delivery procedures [23] so that they
could be administered remotely due to contagion risk during the
COVID-19 pandemic. In collaboration with healthcare workers with
lived experiences of IMs, the tailored intervention was piloted in
the pandemic [24].
In the current trial, we sought to optimise and evaluate a brief

digital imagery-competing task intervention [8, 20] to reduce the
number of IMs of work-related traumatic events for ICU staff. The
imagery-competing task intervention consisted of a brief reminder
cue to a specific intrusive memory, followed by playing the
computer game Tetris® for 20 min with mental rotation. The first
session was guided by a researcher. Thereafter the intervention
could be used self-guided, i.e. was repeatable. Participants in the
present trial were already experiencing IMs, with many facing
ongoing trauma exposure. This is the first trial to evaluate the brief
imagery-competing task intervention for traumatic events that
could have taken place days, weeks or months ago, for healthcare
workers, and using a remotely delivered digitised version of the

intervention on i-spero®. The primary outcome diary was 4 weeks
after the guided intervention session.
Given the rapid need for novel approaches during a pandemic,

it was advantageous to evaluate the intervention, both swiftly and
robustly. However, RCTs are notoriously lengthy, spanning several
years before an intervention is optimised and evaluated. The
COVID-19 pandemic has led to difficulties with participant
recruitment and testing, underscoring the need to minimise
sample sizes where possible [25]. Our solution to the challenge of
being able to assess evidence rapidly while upholding, and
arguably even improving, the standards of RCTs was to apply
advances in Bayesian statistical methodology. Bayesian methods
provide powerful tools for inference (see “Statistical analysis”), and
have been applied widely in medical research, e.g. for SARS-CoV-2
virus [26]. However, reporting of frequentist null hypothesis
significance testing is still the prevailing norm in clinical trials [27].
The sequential Bayesian design used here has previously been

recommended for vaccine development [28] and used in COVID-
19 trials to lower required sample sizes without loss of scientific
integrity [25]. For example, in early-phase COVID-19 vaccine trials,
aspects of treatment such as dosage were modified based on early
evidence, allowing later confirmatory trials to test optimised
versions of a treatment [25, 29]. Compared to traditional designs, a
sequential Bayesian approach typically requires 50% to 70%
smaller samples to conclude the presence of an effect and has the
same or lower rate of false inference [30]. Using a sequential
Bayesian approach, with the ability to quantify and track evidence
over time, allowed for continuous learning from the data to guide
decision making (such as early stopping and optimising the
intervention). It provided the possibility of taking early action if we
saw evidence of a negative effect (greater number of IMs), as well
as to act on evidence of a positive treatment effect (fewer IMs)
(see “Results”).
In sum, we aimed to optimise a brief digital imagery-competing

task intervention to help reduce the number of IMs of work-
related trauma being experienced by ICU staff. To this end, we
used Bayesian statistical methodology to optimise trial design and
guide decisions. Taken all together, our aim was that this
intervention and the Bayesian methodology would help address
the need for accelerated mental health treatment development
for healthcare staff working during the COVID-19 pandemic.

MATERIAL AND METHODS
Study design and participants
We conducted a two-arm, parallel-group, randomised, adaptive Bayesian
optimisation trial of a remotely delivered digital intervention. Ethical
approval for the trial was granted by the Wales Research Ethics Committee
(Wales REC 6, 21/WA/0173). The trial was registered prospectively at
Clinical.Trials.gov (CTR: NCT04992390). The study protocol was added to a
public depository (osf.io/2xn5m), and the trial had a data monitoring
committee (DMC).
The study was advertised via email and Twitter directly from the

Intensive Care Society to its membership network, mailing list, and existing
social media followers, supplemented by advertisements through Face-
book. Advertisements contained a link to the study website: https://
www.p1vital-gains.com/, which included a summary of study information,
a video explaining IMs, and a participant information sheet.
Eligible participants were adults aged 18 years or older, who worked in a

clinical role in an NHS ICU or equivalent during the COVID-19 pandemic
(e.g. as a member of ICU staff or deployed to work in the ICU during the
pandemic), who had experienced at least one traumatic event related to
their work (meeting criterion A of the DSM-5 criteria for PTSD: “exposure to
actual or threatened death, serious injury, or sexual violence” by “directly
experiencing the traumatic event(s)” or “witnessing, in person, the event(s)
as it occurred to others”), had IMs of the traumatic event(s), and had
experienced at least three IMs in the week prior to screening. Further,
participants had internet access; were willing and able to be contacted by
the research team during the study period; were able to read, write, and
speak English; and were willing and able to provide informed consent and
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complete study procedures. Exclusion criteria were having fewer than
three IMs during the baseline week after informed consent (i.e. the run-in
week on Fig. 1). We did not exclude those undergoing other treatments for
PTSD or its symptoms, so that the study was as inclusive as possible to
meet the challenges that ICU staff were facing during the COVID-19
pandemic. Written informed consent was obtained before participation
(using an electronic signature via email).

Randomisation and masking
Participants were randomly assigned (1:1) using a remote, secure web-
based clinical research system (P1vital® ePRO) to either immediate
intervention arm (immediate access to the brief digital imagery-
competing task intervention plus symptom monitoring for 4 weeks) or

delayed intervention arm (usual care for 4 weeks followed by access to the
intervention plus symptom monitoring for 4 weeks).
Randomisation occurred following the baseline week, and after baseline

questionnaires (see protocol; osf.io/2xn5m). The allocation sequence was
computer-generated consecutively using minimisation. Minimisation
allocated the first participant to either arm, thereafter allocation was
preferential to the arm with the fewest participants to minimise the
difference in group sizes. The randomisation allocation percentage was
originally set to 66% and altered to 85% after 61 participants were
randomised (to ensure balance of groups after early stopping decision, see
“Results”). Overall, 86 participants were randomly assigned to the delayed
(n= 43) or immediate (n= 43) arm.
Participants were blinded to group allocation. The statistician who

conducted the interim analyses (VR), and researchers who contacted

596 completed online pre-screening questionnaires

36 completed week 4 intrusion diary

43 allocated to immediate intervention arm

39 completed week 4 intrusion diary

43 allocated to delayed intervention arm

86 randomised

Eligible

Final Interim Analysis

102 commenced run-in/baseline intrusion diaryRun in week

36 analysed 39 analysed

40 received allocated intervention

Screening (in 
person)

14 excluded from study
7 had fewer than three intrusive 
memories
6 lost to follow-up (2 did not 
complete diary, 4 did not complete 
end-of-week questionnaires)
1 withdrawn

118 did not meet the researcher
60 did not respond to contact  
36 declined to participate 
22 did not attend scheduled 
meeting

125 met with researcher remotely for screening

88 eligible after run-in week

106 provided informed consent

Pre-screening 
(online)

Week 4

448 eligible at pre-screening

243 contacted by researcher

205 did not provide contact details/contact 
details not usable

4 did not meet inclusion criteria

19 did not meet inclusion criteria

148 did not meet inclusion criteria

2 excluded from study
1 lost to follow-up (did not complete 
baseline questionnaires)
1 withdrawn

3 did not receive allocated intervention
2 lost to follow-up (1 unable to 
contact, 1 did not attend 
intervention meeting)
1 withdrawn

Allocation

4 lost to follow up (did not complete diary)

4 did not complete primary outcome
2 lost to follow up (did not 
complete diary)
2 withdrawn

Fig. 1 Trial profile. CONSORT diagram showing enrolment, allocation, and the analysis populations.
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participants and facilitated the conduct of the task intervention were not
blinded to group allocation. A researcher supported the technical use of
the intervention in the first guided session in i-spero® and was aware that
the participant completed a cognitive task. It is noted that all outcome
data (including the primary outcome 4 weeks later) was self-reported by
participants independently and directly into the online platform (P1vital®
ePRO) removing the need for researcher input and reducing the risk of
bias. That is, outcome assessments were masked to group allocation since
they were self-reported by participants in the digital platform. Scoring of
data was automatic in P1vital® ePRO, and thus independent from the
researchers guiding the intervention session.

The intervention
Straight after randomisation, participants in the immediate intervention
arm gained access to the digital imagery-competing task intervention with
symptom monitoring of IMs for 4 weeks. The intervention was delivered on
a secure web platform (i-spero®) via smartphone, tablet, or computer.
Participants had an initial researcher-guided session (~1 h, via Microsoft
Teams) and thereafter used i-spero® in a self-directed manner (~25min;
with the option for support). The researcher-guided session consisted of
step-by-step instructions, animated videos and multiple-choice questions.
Participants were instructed to list their different IMs by typing a brief
description. They selected one IM from their list, and very briefly brought
the image to mind. After instructions on playing the computer game
Tetris® using mental rotation, they played for 20min. Finally, they were
instructed on monitoring IMs in i-spero® and encouraged to use the
intervention to target each memory on their list.
The brief digital intervention on i-spero® and P1vital® ePRO are owned and

manufactured by P1vital Products Ltd. Tetris® has been licensed for use within
i-spero® from The Tetris Company. P1vital® ePRO, i-spero® and the brief digital
intervention have been developed following a formal computerised system
validation methodology which complies with Good Clinical Practice, FDA
21CFR Part 11 and ISO13485 Quality Management System.

Assessments
Baseline. After informed consent, participants completed a daily IM diary
online for 7 days (baseline week, day 0–6 i.e. run-in week on Fig.1) to
record the number of IMs of traumatic events. This diary was adapted from
previous studies [8, 20] for digital delivery using P1vital® ePRO. Participants
were asked “Have you had any intrusive memories today?” and if answered
“yes” selected how many, prompted by email/SMS once daily. Those who
reported three or more IMs during baseline week and completed baseline
questionnaires (sent after baseline week to those meeting the study entry
criteria, see Fig. 1 and Supplementary Table 1) were randomised. The total
number of IMs of traumatic event(s) recorded during the baseline week is
used as a baseline covariate when modelling.

Primary outcome. During week 4, participants in both arms were asked to
again complete the daily IM diary for 7 days (i.e. from day 22 to 28, where
day 1 is the guided session in immediate arm/equivalent timeframe in
delayed arm) to record the number of IMs of traumatic event(s); The
primary outcome measure was the total number of IMs recorded by
participants in this daily IM diary in week 4.
The outcome measure was derived from diaries used in clinical practice

[31], laboratory [20] and patient studies [8]. Positive relationships between
diary IMs and the Impact of Events Intrusion subscale indicates convergent
validity with PTSD symptoms [32]. Count data provides greater sensitivity
than questionnaires with finite categories, with no upper bound. Daily
completion can reduce retrospective recall biases of completing measures
later. Service users report the diary is straightforward with typically good
adherence and limited missing data [32]. Remote and digital completion of
the diary here meant it was assessor blinded.
The clinical meaning of a change in score may depend on the trauma

population, as single-event trauma incurs fewer IMs than repeated trauma.
For a PTSD diagnosis, the Clinician-Administered PTSD Scale for DSM–5
(CAPS-5) [33] requires at least two IMs over the past month. The CAPS-5
maximum score is “daily”, and reducing this to “once-or-twice a week”/
“never” (CAPS-5 mild-minimum) represents a clinically meaningful out-
come target [34]. The CAPS-5 was not administered in the current study
due to considerations around participant burden of adding a clinician
interview. However, as it is a gold standard measurement in the field, we
here note its scoring scale range to shed light regarding the number of IMs
typically assessed clinically.

Safety. Adverse events were monitored through a standardised question
(“have you experienced any untoward medical occurrences or other
problems?”) at week 4 and week 8, as well as through any spontaneous
reports from participants at any time point during the study.

Other outcomes. The present article focuses solely on the sequential
Bayesian analyses on the primary outcome measure. A standard analysis
(using frequentist statistics) of the final study population including
secondary outcome measures will be reported elsewhere [35] (CTR:
NCT04992390).

Statistical analysis
Informed by power estimates based on an effect size of d= 0.63 (based on
pooled information from three previous related RCTs [8, 16, 17]) for the
primary outcome, we planned to recruit up to 150 participants, with the
potential to end recruitment earlier based on interim analyses. Therefore,
we employed a sequential Bayesian design with maximal sample size
[30, 36]. This allowed for interim analyses to guide decision-making, such
as when to adjust aspects of the intervention to optimise its effect, and
when sufficient evidence has been collected to end the optimisation trial,
and proceed to a follow-up pragmatic RCT to test the clinical effectiveness
of the optimised intervention.
The fundamental idea to a Bayesian approach is simple [37]: the

parameters that we are trying to estimate are treated as random variables
with distributions that represent our initial beliefs and uncertainty. After
observing data, initial beliefs can be updated with the new information to
get improved beliefs. This contrasts with the prevailing “frequentist”
statistical frameworks where these parameters are fixed, and probabilities
are seen as long-run frequencies generated by some unknown process.
The principal outcome of fitting a Bayesian model is the posterior
distribution: a probability distribution that indicates how probable
particular parameter values are, given the prior distribution (representing
initial beliefs) and the observed data. In a Bayesian model, the 95%
credibility interval states that there is 95% chance that the true population
value falls within this interval.
All analyses were completed in R (version 4.1.2) on an intention-to-treat

basis. We fitted a Bayesian model, where the primary outcome (intrusive
memory count) was modelled using a Poisson linear mixed model. The
baseline number of IMs, and treatment assignment were fitted as fixed
effects with a random intercept effect for participant. As daily IM diary data
used to calculate the primary outcome was collected sequentially over
time (baseline or week 4), we used time series methods and an
expectation-maximisation algorithm [38] to impute missing values. We
present the median and interquartile range (IQR) to account for outliers
and skewed primary outcome data (Fig. 2 and Supplementary Fig. 1); other
summary statistics such as the mean and standard deviation (SD) can be
found in Supplementary Table 2. The posterior mean of the treatment
assignment parameter and the associated 95% credible interval will also be
presented. The Supplementary Information provides full details regarding
software, model assumptions, priors, missing data, model fit (Supplemen-
tary Figs. 2 and 3 and Supplementary Table 3), and sensitivity analyses
(Supplementary Figs. 4–7).
In Bayesian hypothesis testing, a metric known as a Bayes Factor (BF)

[37] provides a continuous measure quantifying how well a hypothesis
predicts the data relative to a competing hypothesis. Conventional
significance tests using p values do not provide any information about
the alternative hypothesis. Theory shows that if the Bayes Factor (BF10)
equals 5, this indicates that the data are five times more likely under
Hypothesis 1 (H1) than under Hypothesis 0 (H0). This means that H1

provides better probabilistic prediction for the observed data than does H0

[36]. The Bayesian framework requires the explicit specification of (at least)
two models to compare, whereas the frequentist framework relies on only
one [39]. Clinical researchers are often interested in several questions when
developing a treatment: does the treatment work better, worse, or no
differently than an existing placebo or active control? This approach to
model comparison through a Bayesian framework allows for a more direct
way of answering such questions.
In contrast to p values, BFs retain their meaning in situations where

data are provided over time, regardless of any sampling decisions,
therefore data can be analysed repeatedly as it becomes available,
without needing special corrections (see Schönbrodt et al. [30]).
Therefore, the Bayesian approach allows interim analyses to guide
decision-making during RCTs, making them attractive when using
adaptive trial designs [40, 41].
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For this study, BFs were computed repeatedly during interim analyses,
starting with 20 participants and approximately every 4–10 participants
thereafter, up to a maximum of 150. Early stopping of the trial for either
sufficient evidence of negative or positive effect was considered if the
respective BFs exceeded a pre-defined threshold of 20 which would
suggest strong evidence [37]. This sequential BF stopping rule is a
suggestion, not a prescription [30]; in Bayesian analyses we are able to
sample until hypotheses have been convincingly proven/disproven, or
until resources run out [30, 42].
We first calculated a BF for a negative effect of the intervention (i.e. whether

participants in the immediate arm had a greater number of IMs at week 4 than
the delayed arm). If this BF exceeded 20, we concluded that there was strong
evidence for a negative effect of the intervention and the trial may need to be

altered or stopped. We then calculated a BF for positive treatment effect (i.e.
whether those in the immediate arm had fewer IMs at week 4 than the delayed
arm, as opposed to having no difference). If this BF exceeded 20, we concluded
that there was strong evidence for the effectiveness of the intervention and
consideration could be given to stopping the trial early (Supplementary
Information).
Originally, we planned to explore potential “mechanistic” optimisations

to improve the effectiveness of the intervention (e.g., time playing
Tetris®). Given the rapid accumulation of evidence in favour of a positive
treatment effect (see “Results”), we focused on practical “usability
enhancements” to aid smooth digital delivery and user experience
(Supplementary Information): this included repeating the intrusive
memory visualisation step, adding a summary instruction video, and
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Fig. 2 Boxplots for intrusive memory (IM) measures. The midline of the boxplot is the median value, with the upper and lower limits of the
box being the third and first quartile (75th and 25th percentile), and the whiskers covering 1.5 times the IQR. The dots depict outliers (each dot
represents one participant that departed more than 1.5 times the IQR above the third quartile and below the first quartile). All outliers are
included in this figure. A Baseline measure for each arm. Total number of IMs of traumatic events recorded by participants in a brief daily online
intrusive memory diary for 7 days during the baseline week (i.e. run-in week) for both arms (black= delayed arm (control); n= 39: usual care for
4 weeks; yellow= immediate arm; n= 36: immediate access to the intervention following the baseline week: the intervention consisted of a
cognitive task involving a trauma reminder-cue plus Tetris® computer gameplay using mental rotation plus symptom monitoring), showing
that the two arms did not differ at baseline (i.e., before the intervention was provided to the immediate arm). B The primary outcome measure
for each arm. Total number of IMs of traumatic events recorded by participants in a brief daily online intrusive memory diary for 7 days during
week 4 for each arm (black= delayed arm (control); n= 39: usual care for 4 weeks; yellow= immediate arm; n= 36: immediate access to the
intervention following the baseline week: the intervention consisted of a cognitive task involving a trauma reminder-cue plus Tetris® computer
gameplay using mental rotation plus symptom monitoring), showing that the immediate arm had fewer IMs at week 4 compared to the
delayed arm, and that the number of IMs for the immediate arm decreased between the baseline week and week 4.
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adding a graphical representation of daily IMs for the 4 weeks. An
optimisation enhancement round was conducted on Feb 7, 2022, after 55
participants had been randomised. When testing for the effect of these
enhancements, sample size analyses were first conducted to estimate the
number of participants needed to test for a positive treatment
effect, and to compare pre-and post-optimisation groups (Supplementary
Figs. 8 and 9).

RESULTS
Between Aug 16, 2021 and Apr 19, 2022, 125 participants were
screened by the study team following pre-screening question-
naires (Fig. 1). In total, 102 eligible participants provided informed
consent and commenced their baseline week diary. Seven
participants were then excluded for having fewer than three IMs
during baseline week, seven were lost to follow-up, and two
participants withdrew prior to randomisation. Eighty-six partici-
pants were randomly assigned to the delayed (n= 43) or
immediate (n= 43) arm. Four weeks after randomisation, primary
outcome data were available for 75 (87.2%) randomised

participants (Fig. 1), who were taken as our intention-to-treat
population [43].

Baseline characteristics
Trial participants had a mean age of 38.7 years (SD 9.9), were
predominantly women (n= 69; 80.2%) and working full time
(n= 66; 76.7%). The number of IMs experienced in the baseline
week were similar between trial arms (Fig. 2A) (combined
median= 14, IQR= 9–20). Baseline characteristics (Supplementary
Table 1) appear balanced between arms.

Treatment effects
Bayesian analyses of the primary outcome involved seven
sequential analyses (after 20, 23, 29, 37, 41, 45, and 75 participants
completed the primary outcome). From the first analysis (at
n= 20) there was strong evidence against a negative treatment
effect (BF= 59.8) (Supplementary Table 4). Thereafter, strong
evidence in favour of the hypothesis that there was a positive
treatment effect rapidly accumulated (Fig. 3). Supportive evidence
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Fig. 3 Evidence progression. Sequential Bayesian analyses showed that the evidence (BFlog, i.e., the logarithmically scaled Bayes factor) in
favour of the hypothesis that the intervention caused a positive treatment effect rapidly increased from the point of the first Bayesian analysis
(n= 20, raw Bayes factor= 1.27) to the point where on consultation with the DMC the study was concluded (n= 45, raw Bayes
factor= 14,700) pending a round of testing of digital optimisations. The study completed with 86 randomised participants, 75 of which were
analysed (black line), thus saving 64 participants compared to the original estimated sample size (n= 150).
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for the positive treatment effect was reached well before the
originally proposed sample size had been randomised (Supple-
mentary Table 4). Following DMC recommendation to the trial
steering committee, the trial was concluded early as there was
sufficient evidence for the effectiveness of the intervention (final
BF = 1.25 × 106) .
For the final sample (n= 75), median number of IMs of

traumatic events over the 7-day period at week 4 was 1
(IQR= 0–3) in the immediate arm, compared with a median of
10 (IQR= 6–16.5) in the delayed arm (Fig. 2B), with an estimated
Cohen’s d effect size of 0.85 (95% CI 0.36–1.33). In the fitted
Bayesian model, the categorical treatment assignment parameter,
which provides a comparison of the immediate arm to the
delayed arm (taken as reference level), has posterior mean −1.9
(95% credible interval −2.49, −1.37). This result indicates that
when controlling for baseline number of IMs, we would expect the
logged number of IMs to be 1.9 lower for those in the immediate
arm than the delayed arm. Equivalently, on the unlogged scale,
those in the immediate arm tend to have 0.15 times as many IMs
at week 4 as those in the delayed arm.
For the round of “usability enhancement” optimisations (see

“Method”) conducted on Feb 7, 2022, there was evidence for a
positive treatment effect of the optimised intervention (BF= 7.31)
based on analyses of 28 participants who entered the trial under
the optimised intervention.
Sensitivity analyses were completed for variation in Bayesian

priors or model used, and to assess impact of outliers and missing
data imputation (Supplementary Figs. 4–7). There was no
considerable variation in the posterior distributions of our model
parameters when varying the Bayesian prior or model used.
Outliers were identified as observations with large residuals and
large Cook’s distance and leverage; analyses excluding these
outliers led to the same pattern of results. In the final analyses,
only two participants (one on immediate arm, and one on delayed
arm) had one value in their week 4 daily IM diary imputed;
analyses excluding these participants also led to similar results
(Supplementary Information and Supplementary Fig. 7).

Safety
By using sequential analyses, we could early (at n= 20) assure that
there was strong evidence against a negative treatment effect
(BF= 59.8). All adverse and serious adverse events were unrelated
to the study (see Supplementary Tables 5 and 6): there were 19
adverse events (in 14 participants) in the delayed arm, and 13
adverse events (in 11 participants) and a single serious adverse
event (admitted to hospital for chest infection with reduced fetal
movement) in the immediate arm.

DISCUSSION
Results showed strong evidence that ICU staff experiencing IMs
after work-related traumatic events in the COVID-19 pandemic,
had fewer IMs (median= 1 per week, IQR= 0–3) when they were
given access to the brief digital imagery-competing task
intervention, as opposed to usual care for 4 weeks (median= 10
per week, IQR= 6–16.5) (Fig. 2). Sequential Bayesian analyses
allowed us to rule out any negative effects early in the trial (by
n= 20). Subsequently we were able to conclude the study early—
cutting our maximum proposed sample size (n= 150) substan-
tially. Further, we implemented and assessed intervention
enhancements in the same trial, providing evidence that a
positive treatment effect was still present after changes. To our
knowledge, this is the first RCT to optimise an intervention for the
treatment of IMs after traumatic events, and one of the first in
mental health to use an adaptive Bayesian approach [44–47].
At trial entry, participants reported a very high number of

work-related traumatic events during the pandemic (on average
more than 35 traumas, Supplementary Table 1), most of which

had taken place over 3 months ago. Many participants had
ongoing trauma exposure during the trial. Prior to the
intervention, participants experienced a high number of IMs in
daily life—median of 14 per week (baseline, Fig. 2 and
Supplementary Table 2), reflecting the symptom burden faced
by healthcare workers. In the immediate arm, IMs reduced to a
median of one per week, with an average 78% reduction in the
number of IMs compared to baseline (Supplementary Table 2),
and 36% experiencing zero IMs at week 4 (Supplementary
Fig. 1).
There remains an urgent need for scalable approaches to

support the mental health of frontline healthcare workers. Given
their high workload demands, we developed a brief and flexible
digital imagery-competing task intervention approach to reduce
IMs. After one initial session with research guidance, the
intervention could thereafter be used independently and was
repeatable to treat different IMs (e.g. intrusive image of a dying
patients face; intrusive image of colleague on ambulance stretcher;
etc) and new trauma. Compared to studies on the day of trauma
[8, 16], current results offer the possibility to deliver treatment
when a longer time has elapsed (i.e., weeks or months post-
trauma), and thus be useful for individuals already experiencing
IMs such as ICU staff.
Adopting new statistical approaches for RCTs is an essential

step in speeding up the development of new interventions, and
associated moral and ethical decisions in the use of RCTs. By
utilising advances in Bayesian trial methodology in the present
study to optimise the brief digital imagery-competing task
intervention, we substantially reduced the sample size and
therefore the time and resources needed to run the trial (Fig. 3).
This allowed a more efficient trial without sacrificing statistical
and/or scientific rigour. By the explicit model comparison aspect
of the Bayesian approach and ability to quantify evidence for the
hypotheses of interest using BFs, we could determine, more
rapidly, whether the intervention provided a negative or positive
effect on the frequency of IMs. The fact that BFs retain their
meaning in situations where data is collected over time, allowed
us to monitor evidence in an almost continuous manner using
sequential analyses, affording the opportunity to exploit the
advantages of adaptive trial designs. Based on recent studies on
the relationship between p values and BFs, our results are
arguably even more robust than if we had merely determined a
frequentist p value to some level of significance [48].
In general, the practical consequences of using more efficient

adaptive Bayesian trial designs to develop therapeutic approaches
are clear—they can provide information rapidly to support a go/
no-go clinical development decision, thus helping treatment
innovation by reducing the time required to progress to
subsequently assess efficacy. Here, it helped us examine the
effects of a new intervention approach. Methods advances are
needed given the relatively slow progress of behavioural
interventions since the 1960s [49, 50]. This Bayesian study focuses
on the primary outcome—a fuller set of analyses using frequentist
statistical approaches will be reported in a companion article [35].
In retrospect, we could have conducted an even more efficient

trial. As the evidence progression shows, there was sufficient
evidence (BF > 20) when 29 participants had completed the trial to
conclude that there were positive effects of the intervention.
However, at that point to ensure the robustness of the results we
conducted a more thorough sensitivity analyses. Simultaneously,
we strived for equivalent allocation to the two arms (immediate
and delayed), a balancing that ultimately delayed the conclusion
of the study. Such sensitivity and balancing issues can be
mitigated beforehand [51]. Further limitations of this trial include
the use of a wait list control (i.e. at the time of the primary
outcome, prior to the crossover). The design was chosen due to
the early stage of the intervention development, the lack of a
comparator treatment for IMs, and ethical considerations around
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the participant population. The statistician running Bayesian
analyses (VR) was not blinded to group allocation and was a part
of the wider study team. There is a reduction of IMs in both
arms over time, and placebo effects cannot be ruled out. The next
study should use a comparison arm rather than wait list.
The current study raises numerous questions for future

research. For example, further analysis is important to identify
whether the improvement is linked to intervention load. Interest-
ingly, we think it is unlikely that there is a simple correlation
between more sessions and improved outcomes—rather, when
the intervention works optimally it is hypothesised that the
participant would only need one session with the intervention per
different intrusive memory. Thus, paradoxically we may expect
that fewer sessions would be related to better outcomes, and a
high number of sessions to be related to those who either have
difficulties with using the intervention or who have a high number
of different IMs on their list. Future work could also analyse
individual differences in baseline number of IMs to determine how
this impacts treatment response, as well as pre-existing mental
health difficulties. Again, it may be the case that treatment
response is not simply determined by the overall number of
baseline IMs, but rather the number of different IMs on their list
(i.e. distinct images/scenes from a traumatic event). It would be of
interest to add a re-administration of the intrusive memory list
post-intervention at the time of the primary outcome. This would
allow a test of the hypothesis that use of the intervention is
associated with a change in the sensory elements in the intrusive
memory descriptions (hotspots) rather than say affective or
cognitive elements, indicated by recent studies in both lab [52]
and clinic [53].
As stated in the Introduction, the disruption of visuospatial

processing while memory is being stored or updated should
render the memory less likely to be triggered, i.e. from becoming
intrusive [10, 13]. Theory related to memory updating which
informed the development of the intervention suggests we
should be able to observe a reduction in the number of intrusive
memories while leaving the underlying episodic memory
component intact [54], see also [55]. While this dissociation has
been shown in laboratory settings [14, 15], it remains to be
examined in clinical samples. Further, it is of great interest to
understand how this works mechanistically for consolidated
memories, as we have begun to address elsewhere [56]. To render
an intrusive memory from an intrusive memory state to a non-
intrusive memory state indeed involves new learning [18], and we
hypothesise that the Tetris® game play task provides a form of
prediction error compared to the usual cognitive activity
occurring after recall of the trauma. Further work is clearly
needed at various mechanistic levels from mathematics [56],
though biology [57], pharmacology [58] and behavioural work
such as that presented here.
There is an urgent and unmet need to develop novel

approaches to support the mental health of healthcare workers
to continue to manage the emotionally traumatic nature of their
clinical work [7]. Current clinical guidelines show we lack
treatment approaches for people facing ongoing trauma expo-
sure, such as those working in the ICU [59]. Addressing the mental
health challenges of healthcare workers is important for them as
individuals but is also important for the sustainability of the
provision of healthcare services, particularly during a pandemic
and in the recovery of health services post-pandemic. In this study,
we addressed the need for accelerating treatment development
by the use of Bayesian methodology, essentially cutting sample
size in half while allowing for testing more hypotheses than in a
traditional frequentist trial. Results showed strong evidence in
favour of a positive treatment effect of the brief (one guided-
session), remotely delivered digital intervention in reducing the
number of IMs after trauma. Next steps include a trial with a
control comparator and longer term follow up period. Overall, for

ICU staff with unwanted intrusive images of traumatic events from
work, this optimisation trial during the pandemic suggests that a
brief digital imagery-competing task intervention may help reduce
the frequency at which trauma memories intrude. This novel
intervention shows promise for further development.
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