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Abstract
Background:  Informal  caregivers  are  key  to  home-based  care  safety.
Objective:  To  evaluate  whether  the  effectiveness  of  immersive  training  aimed  at  reducing
home-based  care  errors  differs  according  to  caregiver  sex.
Methods:  A  randomized  comparative  study  with  pre---post  assessment  involving  141  informal
caregivers compared  virtual  reality  (VR;  n  =  70)  and  360◦ video  training  (360VT;  n  =  71).  Data
were collected  at  baseline  and  three  months  after  the  intervention.  The  primary  outcome  was
the number  of  self-reported  home-based  care  errors.  Data  were  analysed  using  a  mixed-effects
Poisson regression  model.
Results:  The  mean  number  of  self-reported  errors  decreased  from  0.91  to  0.46  per  caregiver
after training.  Exploratory  subgroup  analyses  suggested  that  pre---post  changes  may  have  dif-
fered according  to  training  modality  and  caregiver  sex,  with  larger  estimated  reductions  among

women in  the  VR  group  (IRR  =  0.29,  95%CI:  0.14---0.59;  p  =  0.0005)  and  among  men  in  the  360VT

group (IRR  =  0.19,  95%CI:  0.06---0.60;  p  =  0.0048).  The  phase  ×  modality  ×  sex  interaction  was  sta-
tistically significant  (IRR  =  13.88,  95%CI:  1.95---98.75;  p  =  0.0087).  Satisfaction  was  high  overall,
although  women  in  the  VR  group  reported  lower  ease  of  participation  (adjusted  p  =  0.0373).
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Conclusions:  Immersive  training  may  contribute  to  improving  home-based  care  safety  among
informal  caregivers.  These  findings  also  highlight  the  importance  of  appropriate  onboarding,
usability adaptations,  and  further  evaluation  in  larger  and  more  diverse  caregiver  populations.
© 2026  The  Author(s).  Published  by  Elsevier  España,  S.L.U.  on  behalf  of  FECA.  This  is  an  open
access article  under  the  CC  BY-NC  license  (http://creativecommons.org/licenses/by-nc/4.0/).

PALABRAS  CLAVE
Cuidadores
informales;
Seguridad  del
paciente;
Atención
domiciliaria;
Realidad  virtual;
Errores
autodeclarados;
Diferencias  por  sexo

Diferencias  por  sexo  en  una  intervención  formativa  inmersiva  sobre  seguridad  en  el
cuidado  domiciliario  dirigida  a  cuidadores  informales:  estudio  comparativo
aleatorizado

Resumen
Antecedentes:  Los  cuidadores  informales  son  clave  para  la  seguridad  en  la  atención  domicil-
iaria.
Objetivo:  Evaluar  si  los  resultados  de  una  formación  inmersiva  para  reducir  errores  en  los
cuidados difieren  según  el  sexo  del  cuidador.
Métodos:  Estudio  comparativo  aleatorizado  con  evaluación  pre-post  que  comparó  entre-
namiento  con  realidad  virtual  (RV;  n  =  70)  y  mediante  vídeo  360◦ (360VT;  n  =  71).  Los  datos  se
recogieron antes  y  tres  meses  después  de  la  intervención.  La  variable  principal  fue  el  número  de
errores en  el  cuidado  domiciliario  autodeclarados.  Los  datos  se  analizaron  mediante  un  modelo
de regresión  de  Poisson  de  efectos  mixtos.
Resultados:  El  número  medio  de  errores  autodeclarados  por  cuidador  disminuyó  de  0,91  a  0,46
tras la  formación.  Los  análisis  exploratorios  por  subgrupos  mostraron  variaciones  en  los  cambios
pre-post  según  la  modalidad  y  el  sexo,  con  reducciones  estimadas  mayores  entre  las  mujeres
del grupo  de  RV  (IRR  =  0,29;  IC95%:  0,14---0,59;  p  =  0,0005)  y  entre  los  hombres  del  grupo  360VT
(IRR =  0,19;  IC95%:  0,06---0,60;  p  =  0,0048).  La  interacción  fase  ×  modalidad  ×  sexo  fue  estadísti-
camente  significativa  (IRR  =  13,88;  IC95%:  1,95---98,75;  p  =  0,0087).  La  satisfacción  fue  elevada  en
conjunto, aunque  las  mujeres  del  grupo  de  RV  comunicaron  una  menor  facilidad  para  participar
(p ajustado  =  0,0373).
Conclusiones:  La  formación  inmersiva  podría  contribuir  a  mejorar  la  seguridad  de  los  cuidados
en el  domicilio,  aunque  su  implementación  requiere  una  introducción  adecuada  a  la  tecnología
y nuevos  estudios  con  diferentes  perfiles  de  cuidadores.
© 2026  Los  Autores.  Publicado  por  Elsevier  España,  S.L.U.  en  nombre  de  FECA.  Este  es  un
art́ıculo Open  Access  bajo  la  licencia  CC  BY-NC  (http://creativecommons.org/licenses/by-nc/
4.0/).
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nformal  caregiving  is  an  essential  source  of  support  for
eople  living  with  chronic  conditions,  multimorbidity,  or
unctional  dependence.1 In  Spain,  10.6%  of  the  population
rovides  unpaid  care.2 This  contribution  allows  many  care
ecipients  to  remain  at  home  and  delay  or  avoid  institution-
lization.

Despite  their  relevance,  informal  caregivers  often  remain
nsufficiently  recognised  by  health  and  social  welfare  ser-
ices.  Research  on  integrated  care  shows  that  their  needs
re  not  always  assessed  systematically  and  that  they  are  not
onsistently  incorporated  into  care  continuity,  even  though
hey  sustain  a  large  share  of  everyday  care  and  are  key  actors
n  quality  and  safety.3
afety  of  the  care  recipient

ome  is  not  a  risk-free  care  environment.4 Unintentional
rrors  may  occur  in  medication  administration,  hygiene,

c
h
c
s

2

obilization,  aspiration  prevention,  monitoring  of  warning
igns,  or  use  of  devices.5 Recent  studies  emphasize  risk
nticipation  and  prevention  as  essential  components  of  safe
ome-based  care.6 These  incidents  represent  an  important
atient  safety  problem  and  position  home  care  as  a  priority
etting  for  preventive  interventions.  Their  frequency  also
ppears  to  be  higher  than  previously  assumed,  which  rein-
orces  the  need  for  specific  training  to  create  safer  home
nvironments.6

raining  for  safety

mproving  caregiver  training  is  a  growing  priority.  How-
ver,  developing  effective  training  interventions  remains
hallenging.  Caregivers  often  face  time  constraints  and
how  wide  variability  in  health  literacy,  digital  skills,  and

onfidence  in  using  technology.7---9 Existing  interventions  are
eterogeneous  and  not  always  adapted  to  real  home-based
are  contexts,  highlighting  the  need  for  more  context-
ensitive  approaches.10
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Immersive  educational  technologies  offer  a  promising
lternative.  Virtual  reality  (VR)  has  been  associated  with  sig-
ificant  improvements  in  knowledge,  skills,  satisfaction,  and
onfidence.11 Immersive  360◦ video  training  (360VT)  is  also
ncreasingly  used  because  it  can  improve  attention,  motiva-
ion,  and  satisfaction,  while  offering  a  more  accessible  and
ess  costly  alternative.12

A  further  question  is  whether  the  use  and  effects  of
mmersive  training  differ  by  sex.  Available  evidence  suggests
hat  these  differences  are  not  linear.13,14 Early  performance
n  VR  has  been  linked  to  younger  age,  male  sex,  and  prior
ideogame  experience,  indicating  that  initial  advantages
ay  reflect  technological  familiarity  rather  than  inherent

earning  differences.14 Importantly,  better  initial  perfor-
ance  does  not  necessarily  translate  into  better  final

utcomes.  Some  studies  show  that  women  may  present
ess  favourable  initial  attitudes  or  lower  early  technical
erformance  but  demonstrate  greater  improvement  with
ractice.14,15 Overall,  sex-related  differences  in  immersive
nvironments  appear  more  likely  to  emerge  in  early  adap-
ation,  perceived  ease  of  use,  or  physical  comfort  than  in
nal  learning  outcomes.16

Although  most  evidence  on  sex-related  differences  in
mmersive  learning  comes  from  students,  healthcare  pro-
essionals,  or  simulation-based  procedural  training,  this
uestion  may  be  particularly  relevant  for  informal  care-
ivers.  Caregiver  populations  are  heterogeneous  in  age,
igital  literacy,  previous  exposure  to  immersive  technolo-
ies,  and  confidence  in  using  digital  tools.17,18 Future  studies
hould  examine  not  only  whether  immersive  technolo-
ies  improve  safety-related  skills,  but  also  whether  they
re  acceptable,  usable,  and  adaptable  for  caregivers  with
ifferent  levels  of  age,  digital  literacy,  confidence,  and  pre-
ious  technological  experience.19 Given  their  potential  to
rovide  realistic,  repeatable,  and  relatively  low-cost  train-
ng  for  practical  home-care  tasks,20 VR  and  360VT  require
valuation  in  real-world  caregiver  populations  to  identify
he  support  and  adaptations  needed  for  effective  implemen-
ation.

However,  evidence  comparing  different  immersive  train-
ng  modalities  in  informal  caregivers  remains  scarce,  and
ittle  is  known  about  whether  caregiver  sex  influences  train-
ng  effectiveness  or  user  experience  in  home  care  safety
nterventions.  Therefore,  this  study  aimed  to  examine
hether  women  and  men  show  different  post-intervention

mprovement  patterns  according  to  digital  training
odality.

ethods

tudy  design

 randomized  comparative  study  with  pre---post  assessment
as  conducted  to  compare  two  immersive  training  modali-

ies,  VR  and  360VT,  within  a  project  focused  on  improving
ome-based  care  safety.  Both  technologies  provide  immer-

ive  learning  experiences,  although  they  differ  substantially
n  the  degree  of  interactivity  they  offer.  Data  were  collected
t  baseline  (pre-intervention)  and  three  months  after  the
ntervention  (post-intervention).
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ypothesis

iven  the  limited  evidence  in  informal  caregivers,  no
irectional  superiority  of  one  modality  for  either  sex  was
ssumed.  It  was  hypothesized  that  changes  in  self-reported
rrors  and  user  experience  could  differ  according  to  the
nteraction  between  sex  and  training  modality.

etting

he  study  was  carried  out  in  collaboration  with  healthcare
nstitutions  from  three  Spanish  regions,  Andalusia,  Madrid,
nd  the  Valencian  Community,  between  January  2024  and
uly  2025.

ecruitment  and  allocation

nformal  caregivers  were  recruited  through  healthcare  vis-
ts,  caregiver  training  activities,  and  collaborations  with
ssociations  and  foundations.  This  strategy  enabled  access
o  caregivers  with  diverse  profiles  and  real-world  home-
ased  care  experience.

Recruitment  and  allocation  were  implemented  by  the
ollaborating  centres,  with  no  involvement  of  the  cen-
ral  research  team  in  participant  identification,  invitation,
ecruitment,  or  assignment  to  study  conditions.  Potential
articipants  were  identified  and  invited  by  the  collaborat-
ng  centres.  After  eligibility  had  been  confirmed,  informed
onsent  had  been  obtained,  and  baseline  assessment  had
een  completed,  the  local  centre  assigned  each  participant
o  VR  or  360VT  according  to  its  predefined  random  allocation
rocedure.

Because  the  participating  centres  differed  in  their
rganisation,  workflow,  and  recruitment  routes,  a  single
entralized  allocation  sequence  was  not  imposed.  Instead,
ach  collaborating  centre  applied  a  locally  prespecified
andom  allocation  procedure  adapted  to  its  operational  con-
ext.  Depending  on  the  centre,  allocation  was  implemented
hrough  randomly  assigned  participant  entry  numbers,  indi-
idual  random  assignment  as  caregivers  entered  the  study,
r  randomly  assigned  recruitment  days  for  each  condition.

 local  allocation  log  was  used  to  monitor  recruitment
rogress  and  ensure  that  the  prespecified  number  of  par-
icipants  was  reached  in  each  condition.  These  procedures
ere  intended  to  preserve  random  allocation  while  avoid-

ng  assignment  based  on  participant  characteristics,  staff
reference,  convenience,  or  expected  response  to  the  inter-
ention.  The  central  research  team  did  not  have  access
o  the  lists  of  people  contacted  or  to  those  who  declined
articipation.  Allocation  was  known  only  to  the  local  staff
esponsible  for  organising  the  intervention  sessions.  The
tatistical  analysis  was  conducted  using  an  anonymised
atabase  by  researchers  who  were  not  involved  in  recruit-
ent,  allocation,  or  intervention  delivery.  Randomization
as  not  stratified  by  sex;  therefore,  the  sex-by-modality
nalyses  were  prespecified  as  exploratory  analyses.

In  this  study,  an  informal  caregiver  was  defined  as  an

npaid  person,  usually  a  family  member,  partner,  friend,
r  relative,  who  regularly  provides  help,  supervision,  or
irect  care  for  daily  living,  basic  care,  or  medication
anagement.21
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Eligibility  criteria  required  participants  to  provide  home-
ased  care  on  a  stable  basis  and  to  be  available  to  complete
aseline  assessment  and  the  training  session.  Individuals
ith  formal  healthcare  training,  those  caring  for  institution-
lized  persons  for  three  or  more  months  per  year,  and  those
ith  previous  experience  using  VR  were  excluded  in  order

o  reduce  bias  related  to  prior  technological  familiarity.

aterials  and  procedure

he  immersive  materials  were  designed  to  reproduce
requent  and  potentially  unsafe  home-based  care  situa-
ions,  based  on  preventable  errors  identified  in  previous
tudies22,23 which  included  interviews,  focus  groups  and
ilots.

In  this  study,  self-reported  errors  refer  to  caregivers’
etrospective  recognition  of  preventable  unsafe  actions  or
missions  in  medication  management  and  daily  care  tasks,
uch  as  unsafe  combinations  of  essential  medication;  unsafe
obilization  with  risk  of  falls;  inappropriate  feeding  prac-

ices  in  people  with  dysphagia,  including  inadequate  food
exture  or  positioning,  with  risk  of  choking  or  aspiration;
nsufficient  prevention  of  pressure  injuries  or  community-
cquired  infections  due  to  inadequate  hygiene  practice;
elayed  recognition  of  warning  signs  of  deterioration;  or
ncorrect  use  of  home-based  care  devices  such  as  oxygen
herapy,  feeding  tubes,  catheters,  or  mobility  aids.

In  the  VR  arm,  a  library  of  interactive  scenarios  for  Meta
uest  2  was  developed.  In  the  360VT  arm,  immersive  obser-
ational  scenes  were  produced  based  on  the  same  domains
nd  learning  objectives.  A  total  of  18  training  scenarios
ere  available,  covering  the  main  domains  of  home-based
are  safety,  including  medication  management,  mobiliza-
ion  and  transfers,  hygiene,  feeding  and  dysphagia-related
isks,  recognition  of  warning  signs,  and  use  of  home-based
are  devices.  Each  participant  completed  between  three
nd  four  scenarios,  selected  according  to  the  care  tasks  they
egularly  performed  at  home.

Both  training  modalities  shared  the  same  learning  objec-
ives  and  safety  domains,  but  differed  in  format  and  level
f  interactivity.  In  the  VR  arm,  participants  first  received  a
tandardized  introductory  session  of  approximately  15  min
n  headset  use,  navigation,  interaction  commands,  and
afety  instructions.  They  then  completed  a  supervised  prac-
ice  session  of  approximately  45  min  using  Meta  Quest  2
eadsets.  The  VR  scenarios  were  fully  interactive:  par-
icipants  navigated  through  a  digital  home  environment,
nteracted  with  a  virtual  care  recipient,  and  performed  care-
elated  actions  while  following  on-screen  instructions.

In  the  360VT  arm,  participants  also  received  initial
nstructions  on  how  to  access  and  use  the  materials.  The
ideos  were  available  on  their  own  mobile  phone  or  tablet
nd  could  be  viewed  as  often  as  needed  before,  after,  or
hen  safely  preparing  care  tasks.  Participants  could  move

he  device  to  observe  the  scene  from  different  angles
nd  follow  the  explanations  provided  in  each  scenario.
nlike  VR,  360VT  was  mainly  observational  and  self-paced,

lthough  it  addressed  the  same  care  situations  and  preven-
ive  messages.

VR  sessions  were  supervised  by  trained  staff  to  assist  par-
icipants,  ensure  correct  use  of  the  equipment,  and  prevent
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ccidents.  For  the  360VT  group,  support  was  available  after
he  initial  session  through  a  telephone  support  service  for
echnical  or  practical  questions.  Facilitators  had  previous
xperience  with  the  technologies  and  received  standardized
raining  using  a  common  protocol  to  minimize  differences  in
he  information  provided  to  participants.  Safety  and  hygiene
rocedures  were  applied,  including  cleaning  of  headset
ads,  use  of  obstacle-free  spaces,  screening  and  instruc-
ions  for  dizziness  or  cybersickness,  and  secure  access  to
he  digital  materials.

Both  interventions  covered  identical  educational  content
nd  differed  only  in  the  level  of  interactivity  provided  by  the
mmersive  technology.

tudy  variables

he  main  outcome  was  the  number  of  self-reported
ome-based  care  errors  in  the  previous  three  months.
elf-reported  errors  were  used  as  a  pragmatic  indicator
f  perceived  safety-related  caregiving  behaviour  based  on
revious  studies.5,6,24 Operationally,  a caregiver  error  was
efined  as  any  preventable  event,  by  action  or  omission,
elated  to  medication  management  or  care  tasks  performed
t  home,  regardless  of  whether  harm  occurred  to  the  care
ecipient.  This  measure  was  collected  at  two  time  points:
aseline  and  three  months  after  the  intervention.  At  base-
ine,  participants  reported  the  number  of  errors  perceived
uring  the  three  months  prior  to  the  intervention,  whereas
t  follow-up  they  reported  errors  perceived  during  the
hree  months  after  the  intervention.  This  outcome  does
ot  capture  objectively  observed  errors  or  adverse  events.
oreover,  it  must  be  considered  that  training  may  alter  care-
ivers’  awareness  of  unsafe  practices  and  their  threshold  for
dentifying  an  event  as  an  error.

Participants  were  instructed  to  report  situations  that
hey  considered  to  be  care  errors,  regardless  of  whether
arm  had  occurred.

The  secondary  outcome  was  satisfaction  with  the  inter-
ention.  It  included  perceived  value  of  time  invested,
ttractiveness  of  the  simulation,  understanding  of  scenario
bjectives,  applicability  to  caregiving  tasks,  ease  of  partic-
pation,  adaptation  to  the  tool,  realism  of  the  content,  and
erceived  improvement  in  task  performance.  The  satisfac-
ion  questionnaire  was  adapted  from  instruments  inspired
y  the  Technology  Acceptance  Model.25

tatistical  analysis

o  explore  whether  changes  in  the  number  of  self-reported
rrors  over  time  varied  by  sex  and  training  modality,  a
ixed-effects  Poisson  regression  model  was  fitted  with

ssessment  phase  (pre  vs  post),  intervention  type  (VR  vs
60VT),  sex  and  age  as  fixed  effects,  and  participant  as  a
andom  intercept.  The  outcome  was  based  on  the  number
f  errors  reported  for  the  previous  three  months,  collected
t  baseline  (pre-intervention)  and  three  months  after  the
ntervention.  Results  were  expressed  as  beta  coefficients,

ncidence  rate  ratios  (IRR),  95%  confidence  intervals,  and  p
alues.

Given  the  exploratory  nature  of  the  sex-by-modality  anal-
ses  and  the  presence  of  baseline  imbalances,  sensitivity
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nalyses  were  conducted  to  assess  the  stability  of  the  find-
ngs.  The  full  model  was  compared  with  a  reduced  model
xcluding  the  phase  ×  modality  ×  sex  interaction  using  AIC
nd  a  likelihood  ratio  test.  An  Age  ×  modality  interaction
as  also  tested  to  examine  whether  age  modified  the  effect
f  training  modality.  Finally,  models  additionally  adjusted
or  baseline  errors  and  post---pre  change  scores  adjusted  for
aseline  errors  were  fitted  to  assess  whether  baseline  differ-
nces  or  regression  to  the  mean  could  explain  the  observed
attern.

Satisfaction  was  summarized  using  frequencies  and  pro-
ortions  of  positive  responses.  Comparisons  were  made
cross  the  subgroups  defined  by  intervention  and  sex  using
he  Fisher-Freeman-Halton  exact  test.  For  items  with  signif-
cant  global  differences,  pairwise  Fisher’s  exact  tests  with
onferroni  correction  were  performed.

thical  considerations

he  study  was  approved  by  the  Ethics  Committee  of  Hospital
niversitario  Sant  Joan  d’Alacant  (February  1,  2023,  project
ode:  22/79)  and  registered  in  ClinicalTrials  (NCT05885347).
ata  collection  procedures  complied  with  applicable  Span-

sh  regulations  and  were  conducted  in  accordance  with  the
thical  principles  of  the  Declaration  of  Helsinki,  as  revised
n  October  2024.

Generative  AI  (ChatGPT,  OpenAI,  version  5.3)  was  used
xclusively  as  a  language-support  tool,  specifically  to  assist
ith  the  English  translation  of  the  manuscript  and  to

mprove  clarity  and  readability.  The  study  design,  scien-
ific  content,  data  analyses,  interpretation  of  findings,  and
onclusions  were  entirely  developed  by  the  authors.

esults

 total  of  141  informal  caregivers  participated,  of  whom  112
ere  female  (79.4%)  and  29  were  male  (20.6%).  Overall,  71
articipants  (50.4%)  were  assigned  to  the  360VT  condition
nd  70  (49.6%)  to  the  VR  condition.  Baseline  characteristics
f  participants  are  presented  in  Table  1.

elf-reported  caregiving  errors

o  significant  differences  were  observed  between  groups  at
aseline  (IRR  =  1.35,  95%CI:  0.68---2.68;  p  =  0.3922),  although

 trend  towards  higher  error  rates  was  found  in  men
IRR  =  2.24,  95%CI:  0.90---5.57;  p  =  0.0813).  Age  was  not  sig-
ificantly  associated  with  self-reported  errors  (IRR  =  1.00,
5%CI:  0.98---1.02;  p  =  0.8119).

Interaction  terms  suggested  that  changes  in  self-reported
rrors  over  time  may  have  varied  according  to  modality
nd  sex.  VR  was  associated  with  a  greater  reduction  in
elf-reported  errors  after  training  among  women  (IRR  = 0.29,
5%CI:  0.14---0.59;  p  =  0.0005  for  the  phase  ×  modality  inter-
ction),  whereas  men  showed  a  greater  reduction  in  the
60VT  modality  (IRR  =  0.19,  95%CI:  0.06---0.60;  p  =  0.0048

or  the  phase  ×  sex  interaction).  The  statistically  signifi-
ant  three-way  interaction  suggested  a  possible  differential
attern  of  change  across  sex  and  modality  subgroups
IRR  =  13.88,  95%CI:  1.95---98.75;  p  =  0.0087).  The  observed
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attern  was  compatible  with  differential  responses  by  sex
nd  modality,  with  larger  reductions  among  women  in  the  VR
roup  and  among  men  in  the  360VT  group.  Detailed  regres-
ion  estimates  are  presented  in  Table  2.

These  findings  were  consistent  with  the  observed
re---post  changes  across  subgroups,  which  showed  signifi-
ant  reductions  in  errors  among  men  in  the  360VT  group
nd  women  in  the  VR  group,  but  not  in  the  other  groups
Table  3).

Additional  sensitivity  analyses  were  conducted  to  exam-
ne  whether  the  observed  sex-by-modality  pattern  was
nfluenced  by  model  specification,  age  imbalance,  or  base-
ine  differences  in  self-reported  errors  (Table  4).  The
ull  model  showed  better  fit  than  the  model  excluding
he  phase  ×  modality  ×  sex  interaction,  while  adding  an
ge  ×  modality  interaction  did  not  improve  model  fit.  Models
ccounting  for  baseline  errors  and  post---pre  change  scores
howed  a  similar  direction  of  findings.  Taken  together,
hese  analyses  indicate  that  the  pattern  was  not  solely
ttributable  to  baseline  imbalances  or  regression  to  the
ean.
In  addition  to  effectiveness  outcomes,  participants’  sat-

sfaction  with  the  immersive  training  was  also  evaluated.

atisfaction  with  the  immersive  training

ubjective  evaluation  of  the  intervention  was  positive  across
roups  (Table  5).  For  most  items,  more  than  90%  of  parti-
ipants  gave  positive  responses,  regardless  of  intervention
ype  or  sex.  However,  global  differences  emerged  for  two
imensions.  The  first  was  understanding  of  the  objec-
ive  of  each  situation  through  signs  and  audio  instructions
p  =  0.0475),  for  which  females  exposed  to  VR  showed  a
omewhat  lower  proportion  of  positive  responses.  The  sec-
nd  was  ease  of  participation  in  the  study  (p  = 0.0086),  also
ated  less  favourably  by  females  in  the  VR  group.  In  addi-
ion,  the  item  related  to  having  been  trained  in  something
pplicable  to  caregiving  showed  a  trend  towards  significance
p  =  0.0722)  with  the  same  pattern.

Pairwise  comparisons  showed  that,  for  understanding  of
he  objective  of  the  situations,  no  difference  remained  sig-
ificant  after  Bonferroni  correction  (Table  6).  In  contrast,
or  ease  of  participation,  a  significant  difference  remained
etween  females  in  the  360VT  group  and  females  in  the  VR
roup  (adjusted  p  = 0.0373),  with  better  ratings  in  the  360VT
roup  (Table  7).  Therefore,  there  were  indications  of  a  less
avourable  user  experience  among  females  who  used  VR.

iscussion

hese  findings  indicate  that  immersive  training  was  asso-
iated  with  post-intervention  improvement,  reflected  in  a
eduction  in  self-reported  errors,  although  this  effect  was
ot  homogeneous  across  subgroups.  The  significant  three-
ay  interaction  between  phase,  modality,  and  sex  suggests

hat  the  impact  of  the  intervention  depended  on  both  train-
ng  format  and  participant  sex,  although  future  studies

hould  examine  these  relationships  in  greater  depth.

Female  caregivers  exposed  to  VR  showed  a  clear  reduc-
ion  in  self-reported  errors,  whereas  among  male  caregivers
he  most  pronounced  improvement  was  observed  in  the
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Table  1  Sample  description.

360VT
(n  =  71)

RV
(n  =  70)

Total
(n  =  141)

Sex
Male  17  (23.9)  12  (17.1)  29  (20.6)
Female 54  (76.1)  58  (82.9)  112  (79.4)

Age (mean,  SD)  23.4  (5.7)  33.4  (20.2)  28.3  (15.6)
Hours of  care  per  day  (mean,  SD)  8.8  (9.3)  10.3  (9.5)  9.6  (9.4)
Different medications  taken  daily  by
the care  recipient  (mean,  SD)

4.4  (3.4)  4.6  (4.4)  4.5  (3.9)

Relative to  care  recipient 51  (71.8) 49  (70.0) 100  (70.9)
Living with  the  care  recipient 20  (28.2) 27  (38.6) 47  (33.3)

Formal training  related  to  caregiving
None  61  (85.9)  48  (68.6)  109  (77.3)
Up to  20  h  4  (5.6)  5  (7.1)  9  (6.4)
From 20  to  40  h  3  (4.2)  9  (12.9)  12  (8.5)
More than  40  h  3  (4.2)  8  (11.4)  11  (7.8)

Use of  a  medication  dispensing  device
Yes 37  (52.1) 32  (45.7) 69  (48.9)
No 34  (47.9) 38  (54.3) 72  (51.1)

Care tasks  performed*
Preparing  meals  57  (80.3)  46  (65.7)  103  (73.0)
Modifying food  texture  17  (23.9)  11  (15.7)  28  (19.9)
Feeding 25  (35.2)  16  (22.9)  41  (29.1)
Hygiene (shaving,  tooth  brushing)  35  (49.3)  26  (37.1)  61  (43.3)
Bathing or  showering  38  (53.5)  34  (48.6)  72  (51.1)
Transfers (bed-chair/chair-

toilet/chair-armchair)
38  (53.5)  30  (42.9)  68  (48.2)

Wound care  37  (52.1)  15  (21.4)  52  (36.9)

Values are presented as n (%) for categorical variables and mean (SD) for continuous variables unless otherwise indicated.
* Multiple responses allowed.

Table  2  Mixed-effects  model  for  self-reported  errors.

Fixed  effects  ˇ  (SE)  IRR  95%CI  IRR  p-Value*

Main  effects
Intercept  −0.95  (0.36)  0.39  0.19---0.80  0.0084
Phase (post  vs  pre)  −0.05  (0.22)  0.95  0.62---1.46  0.8253
Modality (VR  vs  360VT)  0.30  (0.35)  1.35  0.68---2.68  0.3922
Sex (male  vs  female)  0.81  (0.46)  2.24  0.90---5.57  0.0813
Age (years)  −0.002  (0.01)  1.00  0.98---1.02  0.8119

Interaction terms
Phase  ×  modality  −1.23  (0.35)  0.29  0.14---0.59  0.0005
Phase ×  sex  −1.65  (0.58)  0.19  0.06---0.60  0.0048
Modality ×  sex −1.81  (0.84)  0.16  0.03---0.83  0.0307
Phase ×  modality  ×  sex  2.63  (1.00)  13.88  1.95---98.75  0.0087

Random effects
Participant  (intercept),  SD  =  1.22

3
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* Mixed-effects Poisson regression model.

60VT  group.  These  results  should  not  be  interpreted  as

vidence  of  a  globally  superior  modality,  but  rather  as  an
ndication  that  responses  to  immersive  training  may  differ
y  subgroup.  The  apparent  greater  reduction  among  men
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n  the  360VT  group,  for  example,  may  partly  reflect  higher

aseline  error  counts  in  that  subgroup,  whereas  the  low
aseline  level  among  men  in  the  VR  group  suggests  a  pos-
ible  floor  effect.  Given  the  small  and  unbalanced  subgroup
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Table  3  Pre---post  changes  in  the  number  of  self-reported  errors  by  sex  and  intervention.

Group  Pre
Mean  (SD)

Post
Mean  (SD)

Mean  change
Mean  (SD)

p-Value*

Male  360VT  (n  =  17)  1.29  (1.36)  0.24  (0.56)  −1.05  (1.52)  0.0119
Male VR  (n  =  12)  0.33  (0.78)  0.25  (0.45)  −0.08  (0.79)  0.8501
Female 360VT  (n  =  54)  0.81  (1.57)  0.78  (1.72)  −0.04  (1.84)  0.4205
Female VR  (n  =  58)  1.00  (1.81)  0.28  (0.62)  −0.72  (1.79)  0.0023

* Wilcoxon signed-rank test.

Table  4  Sensitivity  analyses  assessing  the  stability  of  the  exploratory  subgroup  findings.

Sensitivity  analysis  Purpose  Model  specification  Main  finding  Interpretation

Reduced  interaction
model

To  assess  the
contribution  of  the
phase  ×  modality  ×  sex
interaction

Model  excluding  the
three-way  interaction

AIC  increased  from
622.11  to  626.62;  LRT
p =  0.0107

The  full  model
showed  better  fit

Age effect
modification

To  assess  whether  age
modified  the
association  between
modality  and
outcome

Main  model  plus
age  ×  modality
interaction

AIC  =  624.11;
p =  1.0000

There  was  no
statistical  evidence
that  age  modified  the
modality  effect

Baseline-adjusted
model

To assess  whether
baseline  differences
in  self-reported
errors  explained  the
findings

Main  model
additionally  adjusted
for baseline  errors

Direction  of  subgroup
effects  remained
consistent

Baseline  differences
did  not  fully  account
for  the  observed
exploratory  pattern

Change-score model  To  assess  baseline
dependency  and
regression  to  the
mean

Linear  model  of
post---pre  change
scores  adjusted  for
baseline  errors

VR  effect:  ˇ  =  −0.56;
p  =  0.0136

Findings  were
consistent  with  the
primary  analysis  and
were  not  solely
explained  by
regression  to  the
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izes,  and  the  baseline  differences  in  age  and  self-reported
rrors,  several  sensitivity  analyses  were  performed  to  exam-
ne  the  stability  of  the  findings.  These  analyses  showed  that
emoving  the  phase  ×  modality  ×  sex  interaction  worsened
odel  fit,  whereas  adding  an  age  ×  modality  interaction  did

ot  improve  fit.
However,  this  pattern  is  consistent  with  previous  research

howing  that  sex-related  differences  in  immersive  environ-
ents  are  complex  and  not  indicative  of  a  stable  advantage

or  either  group.11,13 Evidence  suggests  that  initial  differ-
nces,  often  favouring  men,  may  reflect  prior  exposure  to
ideogames  or  3D  technologies  rather  than  inherent  learning
apacity.13,26,27 Moreover,  better  initial  performance  does
ot  necessarily  translate  into  better  outcomes,  as  some
tudies  report  steeper  learning  curves  among  women  despite
ess  favourable  starting  points.14 Overall,  such  differences
ppear  more  likely  to  emerge  in  early  adaptation,  usability,
r  comfort,  rather  than  in  final  learning  outcomes.28

The  role  of  individual  characteristics  in  immersive  learn-

ng  is  particularly  relevant  in  procedural  training  contexts.29

he  present  intervention  aimed  not  only  to  transmit
nowledge  but  also  to  influence  safety-related  caregiving
ehaviour.  The  reduction  observed  among  women  in  the  VR

w
f

e
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mean

roup  may  reflect  the  added  value  of  interactivity,  realis-
ic  exposure  to  risk  situations,  and  active  engagement  in
ecision-making.  On  the  other  hand,  these  findings  should
ot  be  taken  as  evidence  that  360VT  is  intrinsically  more
ffective  for  men,  but  rather  that  less  interactive  yet  real-
stic  formats  may  also  support  learning,  particularly  when
hey  are  accessible  and  easy  to  use.

Subjective  experience  showed  relevant  nuances.
lthough  overall  satisfaction  was  high  across  all  subgroups,
emale  caregivers  exposed  to  VR  rated  ease  of  participation
ess  favourably  and,  to  a lesser  extent,  understanding  of
cenario  objectives.  Notably,  this  less  favourable  experi-
nce  coexisted  with  a  significant  reduction  in  self-reported
rrors.  This  suggests  that  VR  may  be  effective  even  when
nitial  usability  is  perceived  as  more  demanding.  It  also  rein-
orces  the  idea  that  sex-related  differences  may  emerge
ore  clearly  in  early  interaction  with  the  technology

ather  than  in  outcomes.16 These  findings  reinforce  the
mportance  of  considering  usability  alongside  effectiveness

hen  implementing  immersive  educational  interventions

or  informal  caregivers.
The  reduction  observed  among  female  caregivers

xposed  to  VR  is  also  consistent  with  previous  evidence
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Table  5  Satisfaction  with  the  immersive  training  by  sex  and  modality.

Item  360VT
(n  =  71)

VR
(n  =  70)

p-Value*

Male  Female  Male  Female

Was  the  time  invested  in  the  simulation  worthwhile?
Yes 16 (94.1) 52  (96.3) 12  (100) 57  (98.3)

0.5571No 1  (5.9)  2  (3.7)  0  (0.0)  1  (1.7)

Did you  find  the  simulation  attractive?
Yes  16  (94.1)  50  (92.6)  12  (100)  57  (98.3)

0.3980No 1  (5.9)  4  (7.4)  0  (0.0)  1  (1.7)

Did you  understand  the  objective  of  each  scenario  through  signs  and  audio  instructions?
Yes 17  (100)  54  (100)  12  (100)  52  (89.7)

0.0475No 0  (0.0)  0  (0.0)  0  (0.0)  6  (10.3)

Did the  training  provide  skills  applicable  to  caregiving?
Yes 17  (100)  54  (100)  11  (91.7)  53  (91.4)

0.0722No 0  (0.0)  0  (0.0)  1  (8.3)  5  (8.6)

Was participation  in  the  study  easy?
Yes 16  (94.1)  54  (100)  10  (83.3)  50  (86.2)

0.0086No 1  (5.9)  0  (0.0)  2  (16.7)  8  (13.8)

Were you  able  to  adapt  to  the  tool?
Yes 10  (58.8)  37  (68.5)  7  (58.3)  43  (74.1)

0.5117No 7  (41.2)  17  (31.5)  5  (41.7)  15  (25.9)

Did the  simulation  reflect  your  daily  caregiving  experience?
Yes 16  (94.1) 53  (98.1) 10  (83.3)  54  (93.1)

0.1501No 1  (5.9) 1  (1.9)  2  (16.7)  4  (6.9)

Did the  simulation  improve  your  performance  in  the  trained  task?
Yes 17  (100)  52  (96.3)  11  (91.7)  54  (93.1)

0.5817No 0  (0.0)  2  (3.7)  1  (8.3)  4  (6.9)

Total 17  (100)  54  (100)  12  (100)  58  (100)

* Differences across groups were assessed using the Fisher---Freeman---Halton exact test.

Table  6  Pairwise  comparisons  for  the  item  ‘‘Did  you  understand  the  objective  of  each  scenario  through  signs  and  audio
instructions?’’  (overall  p-value  =  0.0475).

Group  1  Group  2  p-Value  Adjusted  p-value
(Bonferroni)

Male  360VT  Female  360VT  1.0000  1.0000
Male 360VT  Male  VR  1.0000  1.0000
Male 360VT  Female  VR  0.3266  1.0000
Female 360VT  Male  VR  1.0000  1.0000
Female 360VT  Female  VR  0.0277  0.1663
Male VR  Female  VR  0.5806  1.0000

Table  7  Pairwise  comparisons  for  the  item  ‘‘Was  participation  in  the  study  easy?’’  (overall  p-value  =  0.0086).

Group  1  Group  2  p-Value  Adjusted  p-value
(Bonferroni)

Male  360VT  Female  360VT  0.2394  1.0000
Male 360VT  Male  VR  0.5534  1.0000
Male 360VT  Female  VR  0.6744  1.0000
Female 360VT  Male  VR  0.0308  0.1846
Female 360VT  Female  VR  0.0062  0.0373
Male VR  Female  VR  0.6779  1.0000
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n  the  added  value  of  interactive  immersive  training.  VR
ombines  immersion  with  interactivity,  which  may  enhance
ngagement,  self-efficacy,  and  active  learning.11,12,16 Sev-
ral  mechanisms  may  explain  these  exploratory  findings,
lthough  the  present  study  was  not  designed  to  establish
ausal  explanations.  This  may  support  transfer  to  caregiving
ehaviour  and  potentially  safer  practices  at  home.  However,
his  interpretation  should  be  cautious,  as  the  outcome  was
ased  on  self-report  and  does  not  directly  measure  objec-
ive  safety  improvements.  Alternative  explanations  should
lso  be  considered.  The  observed  reduction  among  women
n  the  VR  group  may  not  be  attributable  solely  to  the  inter-
ctive  nature  of  VR.  Baseline  differences,  regression  to  the
ean,  changes  in  awareness  of  what  constitutes  an  error,

ocial  desirability,30 and  unmeasured  differences  in  digital
iteracy31 or  previous  exposure  to  immersive  technologies
ay  have  contributed  to  the  observed  pattern.
From  an  applied  perspective,  these  findings  do  not

upport  sex-specific  training  content  but  do  highlight  the
mportance  of  implementation  strategies.  Brief  onboarding,
amiliarization  with  the  virtual  environment,  clear  initial
nstructions,  and  ergonomic  adjustments  may  help  reduce
arly  usability  barriers,  particularly  among  users  with  lower
echnological  familiarity.  These  considerations  are  espe-
ially  relevant  in  caregiver  populations,  where  variability
n  age,  digital  literacy,  and  prior  exposure  to  technology  is
igh.

The  results  also  have  implications  for  patient  safety
n  home-based  care.  Informal  caregivers  often  perform
omplex  tasks  without  formal  training.  The  reduction
n  self-reported  errors  suggests  that  immersive  training
ay  improve  awareness  of  unsafe  situations  and  promote

eflection  on  caregiving  practices.  However,  self-reported
rrors  should  be  considered  an  indirect  indicator  of  safety.
hanges  in  reporting  may  reflect  behavioural  improvement,

ncreased  awareness,  or  altered  interpretation  of  errors.
uture  studies  should  combine  self-reported  measures  with
bjective  indicators,  such  as  observed  performance  or
ollow-up  assessments  of  specific  behaviours.

This  study  has  several  strengths.  It  addresses  an  under-
xplored  but  highly  relevant  setting  for  patient  safety.  The
ntervention  was  based  on  realistic  scenarios  informed  by
vidence  and  expert  input,  supporting  its  contextual  rele-
ance.  It  also  examines  subgroup  differences  and  includes
ser  experience  measures,  enhancing  its  applicability  to
eal-world  implementation.

However,  limitations  should  be  acknowledged.  The  main
utcome  relied  on  self-reported  errors,  which  may  be  sub-
ect  to  recall  bias  and  social  desirability.  Subgroups  were
nbalanced,  particularly  for  men,  limiting  statistical  power
nd  contributing  to  wide  confidence  intervals.  Baseline
ifferences  may  also  have  influenced  the  magnitude  of
mprovement.  The  baseline  age  imbalance  between  groups,
articularly  the  older  and  more  heterogeneous  age  distribu-
ion  in  the  VR  arm,  may  have  influenced  usability,  adaptation
o  the  technology,  and  intervention  effects  despite  adjust-
ent  for  age.  Additionally,  data  on  videogame  experience,
igital  literacy,  spatial  ability,  or  cybersickness  were  not

ollected,  which  could  have  helped  interpret  differences  in
ser  experience.  The  satisfaction  measure  was  ad-hoc  and
ot  fully  validated.  Generalizability  is  limited  by  the  Span-
sh  setting,  the  predominance  of  female  caregivers,  and  the
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xclusion  of  participants  with  previous  VR  experience.  The
ndings  may  be  most  applicable  to  caregiver  populations
ith  limited  prior  exposure  to  immersive  technologies  and

hould  not  be  directly  extrapolated  to  more  technologically
xperienced  users.

Despite  these  limitations,  this  study  has  several  impor-
ant  strengths,  including  its  randomized  comparative
esign,  multicentre  recruitment  across  three  Spanish
egions,  the  direct  comparison  of  two  immersive  training
odalities,  and  the  longitudinal  assessment  of  safety-

elated  outcomes.
Future  studies  should  confirm  these  findings  in  larger  and

ore  diverse  caregiver  populations,  incorporating  objective
easures  of  caregiving  performance  and  patient  safety  out-

omes  to  better  understand  the  role  of  immersive  training
n  home  care.

onclusions

mmersive  training  was  associated  with  a  reduction  in  self-
eported  errors  among  informal  caregivers.  An  exploratory
attern  suggested  that  changes  may  vary  according  to  sex
nd  training  modality,  but  these  subgroup  findings  should
e  interpreted  cautiously  because  of  small  and  unbalanced
ubgroup  sizes,  baseline  differences,  wide  confidence  inter-
als,  and  the  self-reported  nature  of  the  outcome.  Overall,
he  results  suggest  the  potential  value  of  immersive  train-
ng  for  improving  safety  in  informal  home-based  care,  while
ighlighting  the  need  for  careful  onboarding,  usability  adap-
ations,  and  longer-term  evaluation  using  more  robust  safety
utcomes.
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