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Teleophthalmology versus standard of care for community
optometry referrals of retinal disease (HERMES): a cluster
randomised controlled trial with linked prospective diagnostic
accuracy assessment of artificial intelligence support

Anitta Sharma, Rima Hussain, Annastazia E Learoyd, Angela Aristidou, Taha Soomro, Ann Blandford, John G Lawrenson, Gabriela Grimaldi,
Abdel Douiri, Ashleigh Kernohan, Tomos Robinson, Najmeh Moradi, Christiana Dinah, Evangelos Minos, Tariq Aslam, Avinash Manna,
Alastair K Denniston, Praveen J Patel, Pearse A Keane, Catey Bunce, Luke Vale, Konstantinos Balaskas

Summary

Background Telemedicine can support integrated care between community and hospital services for disease man-
agement, potentially enhanced by medical artificial intelligence (AI). Common retinal disease exemplifies this
opportunity. Optometry-to-hospital referral pathways generate unnecessary visits, exacerbating hospital pressures.
Evidence for the effectiveness of teleophthalmology and Al in optimising these pathways is scarce.

Methods This cluster randomised controlled trial was done at optometry practices that referred to four hospital sites in
the UK and that were randomly assigned (1:1) to standard care or teleophthalmology using random permuted blocks of
varying sizes stratified by hospital site. Statisticians were masked to group assignment for the primary analysis. Indi-
viduals aged 18 years or older with suspected macular disease and good quality optical coherence tomography (OCT)
scans were included; same-day emergency cases were excluded. In the teleophthalmology group, OCT scans were
remotely reviewed by hospital clinicians; the standard care group followed standard referral pathways. The primary
outcome was false-positive referral rate (unnecessary overall or urgent [ie, <2 weeks] referrals) against an independent
reference standard, analysed in the enrolled and referred populations (superiority margin 30%) using a modified
intention-to-treat analysis. A parallel prospective, observational, diagnostic accuracy (validation) study evaluated
automated referral recommendations by the Moorfields-DeepMind-Al model, assessing sensitivity and specificity.
This trial is registered with ISRCTN.com (ISRCTN18106677) and is closed.

Findings Between Jan 26, 2021, and Dec 14, 2022, 71 optometry sites were assessed for eligibility and 26 recruited and
randomly assigned to standard care (13 sites) or teleophthalmology (13 sites). Between July 5, 2021, and March 31,
2023, 304 participants were recruited, of whom 294 were included in the analysis (136 in the standard care group and
158 in the teleophthalmology group; 127 [43%)] of 294 participants were male, and 167 [57%)] were female). Among all
enrolled participants, false-positive referrals occurred in ten (7%) of 136 participants in the standard care group
versus two (1%) of 158 in the teleophthalmology group (absolute difference 6% [95% CI -5 to 17]; odds ratio [OR]
6-16 [95% CI 1-28 to 58-80]; p=0-018); urgent false-positive referrals occurred in 24 (18%) of 136 versus one
(1%) of 158 (17% [11 to 24]; OR 33:37 [5-:28 to 1392-05]; p=0-0004). In referred participants only, false-positive
referrals occurred in ten (8%) of 125 versus two (2%) of 124 (6% [-5 to 18]; OR 5-27 [1-09 to 50-52]; p=0-035);
urgent false-positive referrals occurred in 24 (63%) of 38 versus one (4%) of 27 (59% [41 to 78]; OR 42.00
[5-69-1901-06]; p=0-0001). The superiority margin of a 30% reduction in false-positive referrals was met only for
urgent referred cases. Moorfields-DeepMind-Al could process images from 204 (52%) of 396 participants with
sensitivity and specificity of 96% (95% CI 92-99) and 20% (8-37), respectively, for all referrals, and 74% (54-89)
and 90% (85-94), respectively, for urgent referrals. No serious adverse events occurred.

Interpretation Teleophthalmology significantly reduced unnecessary urgent hospital referrals, the main source of capacity
pressure in retinal care, demonstrating superiority among referred participants and supporting timely, safe care. Its
impact on overall unnecessary referrals was inconclusive due to the low number of non-referred participants. When
evaluable (in ~50% participants), Moorfields-DeepMind-AlI recommended more unnecessary referrals overall than
clinically indicated. Simulating human experts, Al performed worse than hospital specialists in the teleophthalmology
pathway, and similarly to community optometrists in standard care, probably reflecting differences between clinician
judgement and fixed AI rules.
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Copyright © 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
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Introduction

Hospital eye services are under increasing strain from the
ageing population and rising prevalence of chronic,
treatment-intensive retinal diseases.' The number of new
cases of late age-related macular degeneration (AMD) is
projected to increase globally from 5-24 million in 2020 to
6-41 million by 2050.? Yet, the expansion of the ophthal-
mology workforce continues to lag behind population
ageing.’ These pressures are compounded by inefficiencies
in the referral process from community-based optometrists
to hospital care, delaying access to treatment and worsening
outcomes.*

Community optometry practices are the primary pro-
viders of eye care in the UK and many other countries,
including Germany, Denmark, the USA, and Canada,>*
and serve as the main source of hospital referrals.’”
Increasingly, these practices are equipped with optical
coherence tomography (OCT) devices, which are non-
invasive imaging tools that rapidly generate high-
resolution 3D retinal scans.*'° OCT has transformed the

Research in context

Evidence before this study

We searched PubMed, Scopus, Science Direct, and IEEE Explore
from database inception to Jan 20, 2020, and Medline Ovid
(1946-2020), Embase Ovid (1947-2020), ISRCTN, ClinicalTrials.
gov, and the Cochrane database between Feb 1, 2019, and

Jan 20, 2020, for published or ongoing trials involving
telemedicine and medical artificial intelligence (Al) in
ophthalmology and other health applications. English language
manuscripts or abstracts were considered. A combination of the
following search terms was used: “telemedicine”,
“teleophthalmology”, “telehealth”, “community optometry”,
"optical coherence tomography”, “age-related macular
degeneration”, “medical Artificial Intelligence”, “computer-
assisted clinical decision support”, “Al validation”, and
“randomised controlled trial”. We identified more than

1500 articles, of which 125 were deemed relevant to our study.
12 telemedicine randomised controlled trials (RCTs) were
identified but none involved teleophthalmology. Findings from
case series suggest that teleophthalmology might help reduce
unnecessary referrals. Of 86 Al RCTs found, none were related to
the use of Al in ophthalmology. A concern regarding publication
bias in favour of positive results in Al RCTs has been documented.
In ophthalmology, 36 Al systems with regulatory approval were
identified, of which seven involved optical coherence tomography
(OCT) scans. Ten prospective observational or interventional
validation studies and one RCT were found, all involving colour
fundus images in diabetic retinopathy. All identified OCT Al
validation studies were retrospective.

Added value of this study

To our knowledge, this is the first multisite RCT to assess whether
teleophthalmology could reduce unnecessary referrals and
downgrade unnecessary urgent referrals for retinal disease from

diagnosis and management of retinal diseases such as
AMD and diabetic retinopathy, but its wider use in primary
care also raises the risk of over-referral, particularly for
benign findings."" Notably, a high rate of unnecessary
urgent referrals (ie, <2 weeks) for suspected neovascular
AMD has been reported."

Digital health innovations, such as teleophthalmology
and artificial intelligence (AI), offer opportunities to improve
referral accuracy while maintaining safety. Although cloud
computing has enhanced medical data exchange, a recent
systematic review identified a scarcity of well powered
randomised controlled trials evaluating the clinical effec-
tiveness of teleophthalmology in eye referral pathways.>"
In parallel, advances in deep learning have enabled medical
Al systems trained on retinal images to reach expert-level
diagnostic accuracy." However, most Al validation studies
are retrospective and in silico, with performance often
declining in prospective, real-world settings.™

Moorfields-DeepMind-Al is a diagnostic Al model that
analyses OCT scans alone, without dlinical input, to

primary care (community optometry) to hospital eye services
compared with standard care. Our study shows that integrating
telemedical technologies with advanced ophthalmic image
viewing functionalities—specifically 3D-imaging with OCT—could
reduce unnecessary hospital visits while maintaining safety
standards of hospital-based care, as evidenced by similar low
observed rates of missed required referrals in both groups. This
approach could liberate specialist capacity, increase availability for
early treatment of patients at risk of preventable vision loss, and
reduce referral times to hospital review and treatment, thus
improving patients’ care experience and supporting more
appropriate use of services. HERMES adds further value through
the parallel observational, real-life diagnostic accuracy study of a
medical Al system for diagnostic and referral support

(ie, Moorfields-DeepMind-Al). To our knowledge, this is the first
prospective observational validation study of an Al clinical
support system for OCT scans. Moorfields-DeepMind-Al
processing was feasible for only specific, commonly used OCT
devices. When processing was possible, the Moorfields-
DeepMind-Al generated more unnecessary referrals overall than
community optometrists and hospital clinicians and generated a
similar number of unnecessary urgent referrals as community
optometrists.

Implications of all the available evidence

If widely implemented, teleophthalmology has the potential to
reduce unnecessary urgent referrals, which could improve patient
care experience and issues around hospital capacity. For medical
Al, our findings illustrate the value of prospective, real-life
diagnostic accuracy and validation studies to guide model
refinements for replicating performance observed in retrospective
validation studies and accelerate meaningful clinical use.
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generate retinal disease diagnoses and referral recom-
mendations.” This model was developed using Topcon
OCT scans (Topcon 3D-OCT 2000, Topcon, Tokyo, Japan)
and a smaller set from Heidelberg Spectralis (Heidelberg
Engineering, Heidelberg, Germany). Although both scans
are common in hospital settings, community practices use
a broader range of OCT devices. The model’s retrospective
internal validation reported high accuracy (area under the
curve [AUC] 0-96), which is similar to that of leading retinal
specialists.’* However, unlike clinicians, AI does not con-
sider symptoms, history, or visual acuity. Moorfields-
DeepMind-Al remains a research use-only model.”” More
recently, other Al models have been licensed for patient use
(eg, the RetinSight model obtained a CE mark under MDR
2017/745 in May 2022), supporting wider device compati-
bility.* Although developed for different purposes, com-
parative benchmarking of such models would inform their
clinical use in detecting, referring, and managing chronic
retinal diseases such as AMD.

The HERMES study aimed to evaluate two innovations in
parallel: remote triage of optometry referrals via a custom-built
teleophthalmology platform supporting full 3D OCT scan
transfer and review by hospital-based specialists, and pro-
spective, real-world validation of Moorfields-DeepMind-Al
for referral recommendation accuracy in retinal disease.

Methods

Study design

We conducted a cluster randomised controlled trial involving
community optometry practices (clusters; appendix pp 22-23)
that referred to one of four hospital sites in the UK: Moor-
fields Eye Hospital, London; University Hospitals Birming-
ham, Birmingham; Central Middlesex Hospital, London;
and Hinchingbrooke Hospital, Huntingdon, and Peterbor-
ough City Hospital, Peterborough. Hinchingbrooke Hos-
pital and Peterborough City Hospital constituted a single
referral centre with extended geographical reach. In a par-
allel, observational medical AI prospective diagnostic
accuracy (validation) study, OCT scans from recruited par-
ticipants (including, but not limited to, those who were
enrolled in the trial) were processed with the Moorfields-
DeepMind-Al system. Up to an additional five clusters
could be included in the study to recruit participants
contributing data for the AI study only. An exploratory post-
implementation substudy of teleophthalmology was con-
ducted across three community optometry practices in
Manchester, UK (appendix pp 1-2).

The study protocol has been published online.” Protocol
amendments are listed in the appendix (pp 3—4). Amend-
ments to the protocol were mainly driven by the COVID-19
pandemic. These included the optional increase of the
number of clusters from 24 to 26, if acceleration of
recruitment was required, with an average of ten partic-
ipants recruited per cluster, leading to a recruitment target
of 306 participants, accounting for 15% loss to follow-up,
while retaining statistical power. The Manchester Univer-
sity National Health Service (NHS) Trust was removed as a
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recruitment site due to region-wide teleophthalmology
commissioning during the pandemic (appendix pp 3—4).

Patient champions, members of the public, and eye char-
ities were involved in study design, conduct, and reporting
through forum meetings and Trial Steering Committee
representation. Ethics approval was granted by the London—
Bromley Research Ethics Committee (REC 20/LO/1299).

This  trial is registered with ISRCTN.com
(ISRCTN18106677) and is closed.

Community optometry practices and participants
Participating community optometry practices were
required to have an OCT device and refer within the
catchment area of one of the four hospital sites. To reflect
real-world variability, no minimum experience or post-
graduate credentials were required for community optom-
etrists; supervised pre-registration optometrists were
eligible. Optometrists verbally consented and uploaded
their clinical assessments to the study database. Each hos-
pital site had an average of two clinicians (ophthalmologists
or specialist optometrists) reviewing referrals in the tele-
ophthalmology group, with second opinions sought
through local escalation policies as needed. All hospital site
clinicians had substantive medical retina expertise and
routine involvement in retinal care.

All community and hospital clinicians underwent study-
specific training, including site initiation and refresher
meetings led by the chief investigator (KB), with appropri-
ate Good Clinical Practice training. All provided care under
their professional codes.

Patients aged 18 years or older undergoing an eye exam
including a macular OCT at participating community
practices were eligible if the optometrist suspected retinal
disease (new or pre-existing patients). Included macular-
affecting or OCT-detectable conditions were dry AMD,
neovascular AMD, macular oedema, central serous cho-
rioretinopathy, macular holes, epiretinal membranes,
genetic retinal disease, and any non-emergency retinal
condition. Individuals with poor-quality OCT scans pre-
venting diagnosis (eg, due to media opacity or fixation
issues) or those receiving hospital-based retinal care were
excluded. Patients previously discharged from hospital care
but re-presenting to community optometry with new visual
symptoms were eligible.

Each community site could recruit up to 16 participants to
the cluster randomised controlled trial. Any additional partic-
ipants were included only in the Al study (appendix pp 22-23).
The same eligibility criteria were applied to the Al study,
with the additional requirement of Moorfields-DeepMind-
Al-compatible scans (Topcon or Heidelberg Spectralis).

Data on sex were self-reported; options were male or
female. Ethnicity data were not collected due to sensitivities
raised by optometry councils. Recruitment efforts were
guided by National Institutes for Health and Care Research
equality, diversity, and inclusion advisors (appendix p 13).
Optometrists recruited eligible participants after providing
study information and obtaining written consent in person

See Online for appendix
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during the community optometry visit or written consent
by telephone following a specified and REC-approved
standard operating procedure with a witness cosignatory.

Randomisation and masking

Community optometry practices were randomly assigned
(1:1) to standard care or teleophthalmology. A senior data
manager generated the allocation list using random per-
muted blocks of varying size, stratified by hospital site, with
simple randomisation (Stata MP, version 16). The list was
provided to the trial project manager (RH), who assigned
recruited practices consecutively. Allocation was concealed
at the cluster level. Statisticians were masked to allocation
until the primary analysis was completed.

Procedures
Community optometry practices referred participants per
random assignment. Optometrists conducted routine
examinations and imaging, including pupil dilation if
clinically required. In the standard care group, referrals
were submitted to hospitals through regional hospital eye
services pathways without imaging (appendix p 1). All
optometrists uploaded clinical data and full-volume 3D
OCT scans to the HERMES platform (appendix pp 5-12)
with eye-level diagnoses and referral decisions, including
decisions not to refer. These decisions were implemented and
used to determine each patient’s clinical reference standard.
Routine retinal referrals generally required 2-18 weeks;
patients with neovascular AMD required less than 2 weeks.”
Optometrists noted if they planned to monitor non-referred
cases. In the teleophthalmology group, optometrists uploa-
ded clinical data and OCT scans to the HERMES platform,
which were reviewed remotely by hospital clinicians within
48 h. The hospital’s diagnoses and referral decisions were
implemented with prompt appointment scheduling by site
coordinators. Optometrists and participants were notified
directly. Optometrists’ own suggested diagnoses and referrals
were also recorded but not acted on. Clinical data from
referred participants’ first hospital visit were collected when
available. Participants who were not referred, or whose
optometrist’s referral suggestion differed from tele-
ophthalmology decisions, received detailed safety netting
instructions on symptoms indicating possible disease activity,
including contact details for the local eye emergency hospital.
All clinical and imaging data, including previous hospital
records and any additional imaging, were reviewed by two
senior expert graders at the Moorfields Reading Centre for
all study participants and were adjudicated by the Reading
Centre director (KB), in cases of discordant graders’ opin-
ions, to provide the clinical reference standard for correct
referral decision and retinal diagnosis. This process was
isolated from other study-related activities, particularly
clinical examination and referral recommendations
made by hospital clinicians for participants in the tele-
ophthalmology group referred to Moorfields as a study site.
Data from the first in-person hospital visit, when available,
were considered for the reference standard. Referral

decisions by clinicians in each case were evaluated against
the clinical reference standard. Clinicians doing tele-
ophthalmology reviews and referral decisions did not
contribute to the decision of the reference standard.

Compatible OCT scans (good quality Topcon scans of
specific size and density), uploaded in a full-volume open-
source format, were processed as part of the Al study.”®
The Moorfields-DeepMind-Al model provided an eye-level
diagnosis and a participant-level referral recommendation.
Specifically, OCT scans from participants recruited by
community optometrists in the Al study were uploaded
to the dedicated HERMES platform. OCT scans were
then downloaded and processed by the Moorfields-
DeepMind-Al model within the Moorfields Information
Technology environment using local Graphic Processing
Unit infrastructure. For each processed OCT, it provided a
referral recommendation and retinal diagnosis. No
other clinical or demographic participant data were input to
the AI model. Diagnoses included choroidal neo-
vascularisation, dry AMD (drusen and macular atrophy),
central serous chorioretinopathy, macular oedema, vitre-
oretinal interface abnormalities, or normal. Choroidal
neovascularisation indicates diagnosis of neovascular
AMD in nearly all cases. Referral recommendations were
urgent (for choroidal neovascularisation), routine, or no
referral (for cases without pathology).

Outcomes

The primary outcome for the cluster randomised controlled
trial was the proportion of false-positive referrals per group
at the participant level, in enrolled participants overall, and
in referred participants, compared with the clinical refer-
ence standard. The statistical analysis plan prespecified that
this outcome should also be reported by urgency. False-
positive rates are reported for all referrals (ie, when not
needed) and urgent referrals (ie, when only routine or no
referral was needed). Secondary outcomes included the
proportion of incorrect diagnoses (eye level); incorrect
referral urgency (participant level); false-negative referrals
(participant level); sensitivity and specificity (participant
level); identification and the number of uncommon refer-
rals (for rare disease) safely triaged via teleophthalmology
(participant level); and referral-to-consultation and referral-
to-treatment times (routine and urgent). Within-trial cost-
effectiveness and cost-consequences, as well as modelled
economic evaluations of referral strategies, will be reported
separately.

The primary outcome for the Al study was diagnostic
accuracy (ie, sensitivity and specificity) of Al referral
recommendations (referral vs no referral) against the clin-
ical reference standard in the full AI study cohort.
A prespecified sensitivity analysis assessed sensitivity and
specificity of AI wurgent referral recommendations.
Secondary outcomes were Al sensitivity and specificity of
referral urgency (participant level); Al diagnostic accuracy
for retinal diseases (eye level); proportion of false-positive
referrals (participant level), incorrect referral urgency
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(participant level), and incorrect diagnoses (eye level) if AI
replaced human assessors (in the cluster randomised
controlled trial); Al uptime and inference speed in seconds
(OCT); time from referral to Al output in minutes
(participant level); and cost consequences and net benefit
of Al-enabled referral pathway (not reported).

Given the low-risk nature of the intervention, safety
concerns were minimal. All adverse events were recorded
per group by study teams at each hospital site. Safety was
not a prespecified endpoint. Standard NHS harm risk
assessment and adverse event reporting processes were
implemented.

Statistical analysis

The sample size was calculated using nQuery version
8.3.10 with a two-level hierarchical mixed effects model.
24 clusters (optionally 26) needed to recruit 12 patients each
(ten if 26 clusters) to provide 89% power to detect a 30%
absolute difference in false-positive referrals, assuming an
intracluster correlation of 0-15 on the basis of previous
ophthalmology data.?’ The same effect size assumptions
applied to urgent false-positive referrals. For the Al study,
370 recruited participants (with 351 correctly diagnosed)
would yield 95% ClIs of 0-046 (appendix pp 15-19).

Analyses were conducted using Stata MP, version 17.
Outcomes relating to referrals were analysed at the par-
ticipant level and diagnosis-related outcomes were analysed
at the eye level. For both components, key parameters were
reported with 95% Cls. Continuous data were summarised
using means (SDs) if normally distributed or medians
(IQRs) if non-normally distributed. Categorical data were
presented as proportions.

Analyses of the cluster randomised controlled trial used
two-sided hypothesis testing with 95% CIs. The primary
outcome (false-positive referrals) was assessed using two
denominators: all enrolled participants and referred par-
ticipants only using a modified intention-to-treat approach.
Although the statistical analysis plan did not prespecify a
preferred denominator, the false-positive rate used in the
sample size was derived from a referred-only hospital
dataset. Both denominators are valid; results are reported
for each. Differences in proportions were estimated with
95% Cls using the exact binomial method, adjusting for
clustering via group-specific intraclass correlation coef-
ficients. A superiority margin of 30% was applied." An
exact logistic regression model was used to estimate
unadjusted odds ratios (ORs) for false-positive referrals
between groups. Due to convergence issues, clustering was
not adjusted for, diverging from the statistical analysis plan
(appendix pp 15-16), to improve accuracy given low event
rates. False-positive urgent referrals were analysed simi-
larly. In a post-hoc analysis, we excluded practices that were
outliers with respect to their disproportionate contribution
to false-positive referrals, as observed during data analysis.

Secondary outcomes involving proportions used the
same methods as for the primary analysis. Time to con-
sultation and treatment outcomes (median time to event
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[IQR]) were compared between groups using Cox regres-
sion models, following verification of the proportional
hazards assumption via log-log plots and Kaplan—Meier
curves. Mean (95% CI) and median (IQR) times to con-
sultation and treatment are also reported for all referrals
and separately for routine and urgent referrals in the
appendix (p 17). A post-hoc analysis of time to event out-
comes excluded cases with unrelated administrative delays
(eg, late referral notifications or booking issues). Time to
event is reported as mean (95% CI) and hazard ratio.

Diagnostic accuracy metrics for referral decisions were
reported with exact binomial 95% Cls (appendix p 17). Post-
hoc analyses included accuracy of neovascular AMD
(choroidal neovascularisation) diagnosis (eye level) and
referral (participant level); stratified referral accuracy (par-
ticipant level) per practice with corresponding intraclass
correlation coefficients (all and urgent referrals); and rates
of recurrent diagnoses (reactivation or new diagnosis in eyes
with known previous retinal disease; eye level) per group.

For the parallel Al study, a higher recruitment target was
determined to produce estimates of diagnostic accuracy
with narrow 95% Cls. Primary (sensitivity and specificity)
and secondary (positive predictive value, negative predictive
value, and AUC) outcomes for Al referral accuracy were
assessed in all participants enrolled in the AT study against
the clinical reference standard. A prespecified sensitivity
analysis examined Al referral accuracy for urgent referral
recommendations, due to their clinical importance. A post-
hoc analysis compared Al performance against the rule-
based reference standard, where Moorfields-DeepMind-Al
model’s preset referral rules (which often differed from
clinical practice) were applied, to better assess the per-
formance of the intrinsic model (appendix p 14). Sec-
ondary outcomes from the simulated cluster randomised
controlled trial (if Al replaced community optometrists in
the standard care group and hospital-based specialists in
the teleophthalmology group) were reported with 95%
exact binomial CIs. Clinical significance of between-group
differences can be interpreted through 95% CIs and their
overlap. Technical performance metrics were reported as
discrete values. Additional post-hoc analyses included
neovascular AMD (choroidal neovascularisation)-specific
outcomes and Al performance using Topcon OCT scans
only.

The study was overseen by an independent data mon-
itoring committee.

Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, interpretation, or writing of the report.

Results

Between Jan 26, 2021, and Dec 14, 2022, 71 optometry sites
were assessed for eligibility, and 33 sites were randomly
assigned (18 to the standard care group and 15 to the tele-
ophthalmology group; figure). Seven sites withdrew,
resulting in 26 clusters included in the study, recruiting
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71 optometry sites
assessed for eligibility

38 ineligible
9 no response
9 no compatible OCT device
6 did not refer to participating
hospital site
4 no capacity within practice

A4

| 33 enrolled |

v

| 33 randomised |

|
v v

group

18 assigned to standard care

15 assigned to
teleophthalmology group

5 discontinued
3 did not meet recruitment
expectations
1 lack of staff or resources
1 site renovation

2 discontinued
2 did not meet recruitment
expectations

v A4

13 included in analysis

13 included in analysis

v v

136 patients recruited to the
standard care group

168 patients recruited to the
teleophthalmology group

10 discontinued
4 already receiving
treatment

> 4 ineligible
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Figure: Trial profile

OCT=optical coherence tomography.

participants for the cluster randomised controlled trial.
Three additional sites were included for recruitment of
participants into the AI study only and are not among the
seven sites that withdrew. Between July 5, 2021, and
March 31, 2023, 304 participants were recruited (136 in the
standard care group and 168 in the teleophthalmology
group). No participants discontinued in the standard
care group; however, ten discontinued in the tele-
ophthalmology group, such that 136 participants in the
standard care group and 158 in the teleophthalmology
group were included in the modified intention-to-treat
analyses. The data cutoff was on Sept 6, 2023.

Participant characteristics are presented in table 1.
Overall, 127 (43%) of 294 participants were male, and 167
(57%) were female. At the participant level, median age was
73 years (IQR 61.0-78-0). Groups were well matched,
except for a history of diabetes (21 [15%)] of 136 vs 39[25%)] of
158) and diabetic macular oedema (one [1%)] vs nine [6%]) in
the in the standard care group and teleophthalmology
group, respectively (additional participant-level and cluster-
level baseline data are provided in the appendix [pp 19-21]).
No data were missing.

Of all enrolled participants, false-positive referrals
occurred in ten (7%) of 136 in the standard care group
versus two (1%) of 158 in the teleophthalmology group
(absolute difference 6% [95% CI-5 to 17]; OR 6:16[95% CI
1-28 to 58-80]; p=0-018; table 2). The event rate for decisions
of no referral was unexpectedly low in both groups (11 [8%)]
of 136 participants in the standard care group and 34 [22%)]
of 158 participants in the teleophthalmology group), thus,
introducing some potential statistical uncertainty. Urgent
false-positive referrals were statistically significantly higher
with standard care (24 [18%)] of 136 participants) than with
teleophthalmology (one [1%] of 158; absolute difference
17% [95% CI 11 to 24]; OR 33-37 [95% CI 5-28-1392.05];
p=0-0004). Among referred participants only, false-positive
referrals occurred in ten (8%) of 125 participants in the
standard care group and two (2%) of 124 in the tele-
ophthalmology group (absolute difference 6% [95% CI -5 to
18; OR 5-27 [95% CI 1-09 to 50-52]; p=0-035), whereas
urgent false-positive referrals occurred in 24 (63%) of
38 versus one (4%) of 27 (59% [41 to 78]; 42-00 [5-69 to
1901-06]; p=0-0002; table 2). The prespecified superiority
margin of 30% for the primary outcome was met for
false-positive urgent referrals among referred participants.

Among all enrolled participants, false-negative referrals
were similarly low between the groups: seven cases of
missed (false-negative) referrals overall and six missed
urgent referrals, with 1% (95% CI -3 to 5) more false-
negative referrals and 3% (-3 to 9) more false-negative
urgent referrals in the standard care group than in the
teleophthalmology group (appendix pp 23-24).

Diagnostic accuracy for correctly identifying necessary
referrals was higher in the teleophthalmology group than in
the standard care group. For urgent referrals, accuracy was
also higher with teleophthalmology than with standard care
(table 3).

Incorrect retinal disease diagnoses were significantly
lower in the teleophthalmology group than in the standard
care group: 18% (26 of 146 participants with available data)
for right eyes and 17% (25 of 146) for left eyes compared
with 38% (42 of 112) for right eyes and 36% (42 of 117) for
left eyes, respectively (appendix pp 24-25).

Hospital consultations were offered to 222 (76%) of
294 participants, and 188 (85%) attended. Median time to
consultation (all referrals combined, routine, and urgent)
was 70 days (IQR 30-127) in the standard care group and
69 days (24-107) in the teleophthalmology group (p=0-84).
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Median time to treatment was 60 days (26-131) and
41 days (22-81) in the same groups, respectively (p=0-67;
appendix p 26). In a post-hoc analysis, after excluding
external delays, mean time to consultation significantly
reduced for overall and urgent referrals in the tele-
ophthalmology group compared with the standard care
group. Mean time to treatment also reduced in the tele-
ophthalmology group compared with the standard care
group, although not significantly (appendix pp 26-28).

Uncommon (rare disease) diagnoses occurred in eight
(3%) of 294 participants: six of 136 in the standard care
group and two of 158 in the teleophthalmology group (both
of whom were safely triaged as requiring routine referral;
appendix pp 28-29).

A post-hoc analysis on neovascular AMD referrals found
10% (95% CI 1-18) more false-positive urgent referrals in
the standard care group than in the teleophthalmology
group, with corresponding diagnostic accuracy results
(appendix pp 29-31). Referral accuracy varied across com-
munity optometry practices. One standard care group
practice notably produced many false-positive referrals
(seven [44%] of 16) yet was not an isolated outlier among all
study-participating practices. In the teleophthalmology
group, five optometry practices would have made multiple
false-positive referrals based on the optometrist’s recorded
recommendation (13-44% of referrals) but hospital-based
expert review via teleophthalmology averted it (appendix
pp 32-35). A post-hoc analysis excluding the standard
care group practice with a disproportionately high false
positive rate reduced false-positive referral differences to
1% (95% CI -3 to 5; appendix pp 36-37). Analysis of select
secondary outcomes (false-negative referral rate, wrong
referral urgency, and sensitivity and specificity for correctly
identifying necessary referrals) following exclusion of this
standard care group are presented in the appendix (pp 37-39).

Community optometrists selected active monitoring
without referral for 11 participants (nine in the tele-
ophthalmology group and two in the standard of care
group), correctly in all but one participant in each group
(clinical reference standard). Of the eyes referred for neo-
vascular AMD (51 eyes) and diabetic macular oedema
(26 eyes), 11 and 17 had a known history of the disease,
respectively (appendix pp 40—44).

A total of 396 participants were enrolled in the AI study
(including the 294 participants in the cluster randomised
controlled trial), of whom 179 (45%) were excluded because
their OCT scans were unsuitable for Moorfields-
DeepMind-Al processing (eg, non-compatible OCT device,
non-compatible OCT scan size or format, other technical
limitations of the AI model or Al developer; appendix pp
47-48) and 13 (3%) for other reasons (appendix p 45).
Patient characteristics and reasons for non-processed OCT
scans are provided in the appendix (pp 47-48). Of five OCT
devices found in HERMES optometry practices,
Moorfields-DeepMind-AI could process Topcon (Maestro
or 3D-OCT-1000/2000) and Nidek (RS-330 or other;
Nidek, Japan) scans.
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Standard care
group (n=136)

Teleophthalmology
group (n=158)

Participant level
Age, years
Sex
Male
Female
Smoking history (previous or current)
Medical history of (previous or ongoing) systemic disease
Ocular history of known (previous or ongoing) eye disease
Specified conditions
Wet AMD
Dry AMD
Retinal vein occlusion
Diabetic macular oedema
Previous eye procedures
Specified procedure
Cataract surgery
Cluster level
Age, years
Sex
Male
Female
Smoking history (previous or current)
Medical history of (previous or ongoing) systemic disease
Ocular history of known (previous or ongoing) eye disease
Specified conditions

73-0 (62-0-78-0)

39 (29%)

69:6 (68-1-72-8)

44-4% (38-5-50-0)
55-6% (50-0-61-5)
0-0 (0-0-11-1)
66:7% (55-6-77-8)
45-5% (38-5-50-0)

Previous eye procedures
Specified procedure
Cataract surgery

Wet AMD 9-1% (0-0-12-5)
Dry AMD 15-4% (9-1-37-5)
Retinal vein occlusion 0
Diabetic macular oedema 0

36-4% (23-1-41-7)

30-8% (22-2-40-0)

73-0 (61-0-78-0)

64 (41%)
94 (59%)
18 (11%)

112 (71%)
70 (44%)

12 (8%)
29 (18%)
4 (3%)
9 (6%)
48 (30%)

42 (27%)

71-8 (69-9-74-0)

37:5% (31-3-50-0)
62:5% (50-0-68-8)
6-2% (0-0-12-5)
68-8% (56-3-83-3)
40-0% (25-0-62-5)

0-0 (0-0-12-5)
12-5% (6-2-25-0)
0
6-2% (0-0-6-2)
37-5% (16-7-43-8)

25-0% (16-7-40-0)

Data are median (IQR), n (%), or median (IQR) as a percentage per cluster. AMD=age-related macular degeneration.

Table 1: Participant characteristics in the cluster randomised trial, at the participant and cluster level

Compared with the clinical reference standard, Al sen-
sitivity and specificity for referral recommendations was
96% (95% CI 92-99; high) and 20% (8-37; low), respect-
ively, and for urgent referrals 74% (54-89; modest) and 90%
(85-94; high), respectively. In a post-hoc analysis versus the
rule-based reference standard, sensitivity and specificity
were high for all referrals, and modest and high, respect-
ively, for urgent referrals (table 4). The positive predictive
value and negative predictive value analysis is provided in
the appendix (p 48).

Moorfields-DeepMind-Al showed moderate sensitivity
(68% [95% CI 63-73]) and specificity (67% [55-78]) for
detecting the correct retinal diagnosis (clinical reference
standard); both remained modest, despite improvement in
specificity, in the post-hoc analyses versus the rule-based
reference standard (appendix p 49). The AI diagnostic
accuracy of choroidal neovascularisation only (post hoc) is
provided in the appendix (p 49). A total of 130 participants
were in both the cluster randomised controlled trial and the
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Urgent referral when routine or no referral needed

Proportion of all participants 24/136 (18%) 1/158 (1%)
Intraclass correlation coefficient 0-0005 0-0002
Proportion of referred participants 24/38 (63%) 1/27 (4%)
Intraclass correlation coefficient 0-07 0-0003

NA=not applicable.

Standard care Teleophthalmology Difference in 0dds ratio (95% Cl) Unadjusted
group (n=136) group (n=158) proportions (95% Cl) p value for OR
Referral when not needed
Proportion of all participants 10/136 (7%) 2/158 (1%) 6% (-5 to 17) 6-16 (1-28 to 58-80) 0-018
Intraclass correlation coefficient 0-49 0-0005 NA NA NA
Proportion of referred participants 10/125 (8%) 2/124 (2%) 6% (-5 to 18) 5-27 (1-09 to 50-52) 0-035
Intraclass correlation coefficient 0-47 0-0003 NA NA NA

17% (11 to 24) 33-37 (5-28 to 1392-05) 0-0003

NA NA NA
59% (41 to 78) 4200 (5-69 0 1901-06)  0-0002
NA NA NA

Table 2: Proportion of false-positive referrals per study group

Standard care
group (n=136)

Teleophthalmology
group (n=158)

Definition of false positive: referred when not needed

97% (92-99) 98% (93-100)
41% (18-67) 94% (80-99)
Positive predictive value  92% (86-96) 98% (94-100)
Negative predictive value ~ 64% (31-89) 91% (76-98)

0-69 (0-57-0-81)  0-96 (0-91-1-00)
Definition of false positive: urgent referral when not needed

74% (49-91) 96% (81-100)
80% (71-86) 99% (96-100)
37% (22-54) 96% (81-100)
Negative predictive value  95% (89-98) 99% (96-100)
0-77 (0-66-0-87)  0-98 (0-94-1-00)

Sensitivity
Specificity

Area under ROC curve

Sensitivity
Specificity

Positive predictive value

Area under ROC curve

Indicators come from a diagnostic test that does not account for clusters. All indicators
are presented with 95% Cls in parentheses. ROC=receiver operating characteristic.

Table 3: Diagnostic accuracy of each group for referral decisions against
the clinical-based reference standard

Al study, of whom 108 were referred to hospital in both
groups (90 routine and 18 urgent). In these participants, the
false-positive referral rate of Moorfields-DeepMind-Al was
higher at 15% (95% CI 9-22) than of all clinicians at 3%
(1-8), with non-overlapping Cls (appendix pp 49-51). AI's
incorrect referral-urgency was higher than human asses-
sors in the teleophthalmology group at 9% (95% CI 4-19)
versus 2% (0-8), respectively, but matched that of human
assessors in the standard care group at 23% (12-38;
appendix p 52). Regarding incorrect diagnoses of retinal
disease, the rate of AI false-positive diagnoses (ie, Al
diagnoses different to clinician diagnoses) was similar to
clinicians’ false-positive diagnoses of 12% (18 of 153 par-
ticipants) for Moorfields-DeepMind-Al versus 11% (19 of
176 participants) for clinicians, and the rate of Al false-
negative diagnoses (AI normal or unclassified disease
diagnoses vs named disease diagnoses by clinicians)
was higher than clinicians’ false-negative diagnoses of
65% (56 of 86) versus 43% (26 of 61), respectively, and
remained (appendix p 53).

The mean AI processing time was 40 s per OCT and
Al-enabled referral triaging was 8 min per participant.

Study-related adverse events are reported in the
appendix (p 54).

A post-hoc Topcon-only analysis yielded similar per-
formance for Moorfields-DeepMind Al to the full cohort
(appendix pp 54-57). The research team’s experience with
primary care is provided in the appendix (p 57).

Discussion

In HERMES, teleophthalmology significantly reduced
unnecessary urgent hospital referrals by 17% compared
with standard care, which did not meet the prespecified
superiority margin. Among referred participants only,
teleophthalmology reduced unnecessary urgent referrals
by 59%, meeting the prespecified 30% superiority mar-
gin. Although unnecessary referrals overall were reduced
by 6% in all participants and referred participants, the
total number of such cases was small (n=12), limiting
interpretability. These findings show the potential of tele-
ophthalmology to reduce unnecessary urgent referrals—
particularly for suspected neovascular AMD, a major
pressure point for hospital eye services. By contrast,
evidence for reducing overall unnecessary referrals was
inconclusive.

The observed event rate of false-positive (unnecessary)
referrals made by participating community optometry
practices overall was lower than anticipated across both
groups. Early recruitment patterns suggested optometrists
across both groups adopted greater caution with borderline
cases, probably due to awareness of scrutiny (a Hawthorne
effect), indicating the trial environment promoted more
considered referrals.? Although beneficial clinically, this
behaviour might reflect a temporary behavioural shift.
Additionally, post-COVID-19 upskilling initiatives in com-
munity optometry probably improved practitioner competence,
contributing to enhanced referral accuracy.

Thelow event rate of unnecessary referrals by community
optometrists overall irrespective of urgency level led to few
non-referred cases, with two implications. First, it limited
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Clinical reference  Rule-based reference
standard (n=204) standard (n=204)*

Routine or urgent referral vs no referral
Sensitivity 96% (92-99) 98% (95-99)
Specificity 20% (8-37) 100% (66-100)
85% (80-90) 100% (98-100)
Negative predictive value  54% (25-81) 69% (39-91)

Positive predictive value

Area under ROC curve 0-58 (0-51-0-65) 0-99 (0-98-1-00)
Urgent referral vs routine or no referral

Sensitivity 74% (54-89) 88% (72-97)

Specificity 90% (85-94) 95% (91-98)

Positive predictive value  54% (37-71) 78% (62-90)

Negative predictive value  96% (92-98) 98% (94-99)

Area under ROC curve 0-82 (0-74-0-91) 0-92 (0-86-0-98)

Data are indicators with 95% Cls in parentheses. Al=artificial intelligence.
ROC=receiver operating characteristic. *Post-hoc analysis.

Table 4: Diagnostic accuracy of the Al model for referral decisions against
the clinical reference standard and the rule-based reference standard

statistical power to detect overall referral differences,
causing absolute and relative measures (ORs) to diverge;
therefore, we prioritised absolute differences in our pri-
mary interpretation. Second, for urgent referrals—when
optometrists are more cautious due to the high risk of
missed diagnoses—the Hawthorne effect is less likely to
occur, allowing a more robust assessment of tele-
ophthalmology. In this context, the reduction in urgent
referrals was significant and met the superiority threshold.
Because urgent referrals for conditions such as neovascular
AMD are less affected by behavioural bias, they better
reflect the true potential effect of teleophthalmology.
Reducing these referrals could meaningfully relieve
pressure on overstretched specialist services.

Randomised controlled trials evaluating integrated care
models, rather than products or devices, are inherently
affected by human factors (eg, practitioner performance)*
and system-level changes (eg, policy-driven upskilling),
which can rapidly shift and undermine baseline assump-
tions. Despite these challenges, such trials are essential to
generate robust, translational evidence for health-care
policy and practice.

False-negative referral rates were low across both groups,
with no statistically significant between-group differences,
indicating similar safety. Previous research has shown
community optometrists tend to be cautious when
making referral decisions,"" which was corroborated in
HERMES, with no difference in missed diagnoses or
urgency misclassification between standard care and tele-
ophthalmology. Standard care produced more incorrect
referral decisions (combined false-positives and false-
negatives) than teleophthalmology. Over-referral can
increase patient anxiety and hospital burden; under-referral
risks delayed diagnoses and irreversible vision loss.”*

For retinal diagnosis—particularly neovascular AMD—
teleophthalmology showed high diagnostic accuracy (AUC
0-96) versus standard care (AUC 0-73), an important
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distinction given the severe consequences of missed neo-
vascular AMD diagnosis. Service delays in neovascular
AMD have been associated with permanent visual loss.*

Reduced diagnostic accuracy in community referrals
might reflect variation in training or experience.”? One
prospective study found only 37% of urgent community
referrals for neovascular AMD were correctly diagnosed,
largely due to challenges interpreting OCT.* Previous
studies have also reported low feedback rates (13—-16%)
from hospital eye services to community optometrists.”* In
HERMES, the teleophthalmology group received struc-
tured referral feedback, which might help to improve
diagnostic and referral accuracy.

The HERMES teleophthalmology pathway enabled
two-way communication between community optometry
and hospital eye services. External administrative delays
(eg, capacity constraints and booking issues) were
recorded and excluded from time-to-care analyses. Tele-
ophthalmology reduced overall mean time to consultation
by 36 days and time to treatment by 35 days. Trial
co-ordinators supported streamlined scheduling and direct
communication, which probably minimised common
delays associated with multi-step standard care pathways.
As such, teleophthalmology could offer a route to faster
access and improved patient outcomes.

Only approximately half of recruited participants in the
Al study had eligible scans for inclusion in the Al study
analysis. Community care reflected the real-world diversity
in OCT device types and formats. Moorfields-DeepMind-Al
performed best with its primary training domain (mainly
Topcon), but reduced compatibility with other devices led to
a smaller sample size and wider 95% Cls, affecting precision
but not statistically significantly affecting diagnostic
accuracy.

Non-processing of OCTs within the training domain of
Moorfields-DeepMind-Al was largely due to incompatible
OCT dimensions, sparse scan volumes, or unsupported file
formats. Approximately 40% of Topcon scans could not be
processed because of wide-field or sparse acquisition pro-
tocols (appendix pp 47-48). Although partly trained on
Heidelberg OCTs, the AI could not process 75 participants’
scans due to late discovery by the developers of incom-
patibility in converting proprietary (.e2e) to open-source
(-dicom) OCT formats (appendix pp 47-48). Unexpect-
edly, Nidek OCTs, despite not being part of training data,
were processed successfully, probably due to format simi-
larity with Topcon scans. These scans were included in the
analysis, although further model finetuning is needed to
optimise Nidek performance.

Moorfields-DeepMind-Al showed low specificity relative
to the clinical reference standard, reflecting over-referral
due to conservative referral thresholds. Although the
threshold ensured nearly all necessary referrals were cap-
tured, it also led to unnecessary ones. Unlike human
clinicians, who integrate imaging with clinical context, the
AT uses rigid referral rules. For example, it refers all dry
AMD cases (drusen or atrophy), despite UK clinical
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guidance advising against routine hospital referrals of early
AMD cases. Alignment with clinical practice would require
threshold adjustment. The model’s reliance on imaging
alone might affect precision in real-world use. In the
2018 retrospective internal validation of Moorfields-
DeepMind-Al, human experts applied the model’s preset
referral rules, which diverge from standard clinical practice,
leading to reported human-level or superior Al perform-
ance.' These artificial rules differ from real-world decision
making, reinforcing the need for prospective evaluations to
assess actual clinical use. Notably, few licensed ophthalmic
Al tools have undergone prospective validation and none
using OCT, despite its centrality in retinal diagnostics.*

Ground truth reliability (the reference standard) depends
on expert knowledge. HERMES used reference standards
generated by two senior graders with adjudication by a retinal
specialist, aligning with best practice recommendations for
high-quality reference standards.”

In a simulated scenario in which AI replaced human
assessors in the cluster randomised controlled trial,
Moorfields-DeepMind-Al was less accurate than hospital-
based specialists (via teleophthalmology). Compared with
standard care community optometrists, Moorfields-
DeepMind-Al did not improve referral accuracy. These
findings suggest that decision support with AI at the
community level would probably not reduce unnecessary
hospital referrals.

Diagnostic accuracy for some retinal conditions (eg, vit-
reoretinal interface abnormalities, macular oedema, and
central serous chorioretinopathy) should be interpreted
cautiously, as validated probability thresholds were
unavailable. However, validated thresholds were recently
reported for choroidal neovascularisation (neovascular
AMD) and dry AMD (drusen or atrophy), which are both
clinically significant for hospital workload.?

Ethnicity data were not collected, as community optom-
etrists found this challenging. However, study sites were
geographically diverse across England, and recruitment
strategies were informed by NIHR Equality, Diversity and
Inclusion advisors (appendix p 13). In the cluster rando-
mised controlled trial, behavioural shifts in referral deci-
sions, particularly for mild or non-urgent disease, probably
attenuated differences in overall referral rates between
groups. The trial evaluated a specific pathway configur-
ation; future research could explore modified pathways,
such as direct-to-treatment tele-referral models, especially
for urgent conditions like neovascular AMD.

In the Al validation study, performance was limited by
device compatibility. Moorfields-DeepMind-Al, in its cur-
rent form, is not suitable for direct care. Rebuilding the
system using modern machine learning libraries and fine-
tuning across a wider range of OCT devices is needed for
regulatory approval and clinical use. Integrating clinical
findings and patient history with image analysis would
better reflect real-life decision making. Combining OCT
data with structured clinical inputs and natural language
processing might enhance Al reliability and use. Of note,

Moorfields-DeepMind Al is a research model, and this
study is not intended for licensing purposes.

Teleophthalmology was shown to be effective for triaging
community optometry referrals, reducing unnecessary
urgent referrals, primarily for neovascular AMD, a key
driver of hospital demand. It has the potential to streamline
referral pathways, reduce system burden, and improve
patient care for vision-threatening retinal disease. In the
prespecified safety analysis (false negatives or missed
referrals), teleophthalmology was shown to be as safe as
standard practice. As OCT adoption in community
optometry grows, teleophthalmology’s impact will increase.”

The AI validation study identified opportunities to
refine Moorfields-DeepMind-Al, particularly its referral
thresholds, integration of clinical inputs, and compati-
bility with diverse OCT devices. Additional training and
fine-tuning are needed, ideally incorporating newer Al
architectures.*® Our study underscores the importance of
prospective evaluation in medical Al development and
regulation, while signposting developers towards specific
improvements for clinical readiness. Our findings
are contextualised through cited findings of linked
human—computer interaction analyses, with respect to
patients’ positive experience, attitudes, and perception of
teleophthalmology-related benefits, clinicians’ positive
perceptions and attitudes, as well as study-related behav-
ioural adjustments (full analyses and findings are reported
separately).”
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