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ABSTRACT
Introduction  Perioperative monitoring requires 
clinicians to integrate multiple physiological data streams 
while managing interruptions and audible alarms. The 
Visual Patient Avatar (VPA) is an avatar-based monitor 
visualisation that integrates vital signs and sensor states 
into an animated virtual patient. This protocol evaluates 
whether VPA implementation is associated with objective 
changes in monitoring and alarm outcomes during routine 
perioperative care.
Methods and analysis  This investigator-initiated, 
dual-centre, quasi-experimental pre-post observational 
study uses routine perioperative monitoring and alarm 
data from NewYork-Presbyterian/Weill Cornell, USA 
and University Hospital Zurich, Switzerland. It includes 
approximately 58 000 anaesthesia cases (16 000 and 
42 000, respectively); adult and paediatric cases will 
be analysed separately. Data span pre-implementation, 
adaptation and post implementation phases; technical 
deployment intervals are excluded. Each anaesthesia case 
is one unit of analysis. The primary outcome is the duration 
of vital-sign deviation per 60 min of valid measurement. 
Secondary outcomes are a time-based area under the 
curve metric and audible alarm burden (count, time and 
reaction time). Multivariable models will adjust for patient, 
procedure and care-context covariates. Analyses will be 
performed separately by centre.
Ethics and dissemination  The Weill Cornell Medicine 
Institutional Review Board approved the study and granted 
a waiver of informed consent (IRB No. 22-05024803). 
At University Hospital Zurich, only cases from patients 
with written general consent for research use of routinely 
collected health data were included. The Cantonal Ethics 
Committee Zurich issued a declaration of non-jurisdiction 
(BASEC Req-2021-00756; 6 July 2021), and the University 
Hospital Zurich Data Governance Board approved data 

export and anonymisation (DGR0000504; 31 January 
2025). A data-sharing agreement was established on 
11 April 2023. Data-collection windows are complete; 
extraction, linkage and quality control are ongoing, and 
no comparative outcome analyses have been performed. 
Findings will be disseminated through peer-reviewed 
publications and conferences.

INTRODUCTION
Continuous physiological patient monitoring 
is universally regarded as a cornerstone of 
safe anaesthesia and surgery, forming the 
backbone of perioperative patient safety.1–3

Perioperative patient monitoring requires 
clinicians to continuously integrate multiple 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ This dual-centre study uses routinely collected 
perioperative monitoring and alarm data from two 
tertiary academic hospitals on different continents.

	⇒ The large sample and heterogeneous care areas 
support robust evaluation of Visual Patient Avatar 
(VPA) implementation under real-world conditions.

	⇒ The quasi-experimental pre-post design cannot es-
tablish causality and remains vulnerable to temporal 
confounding.

	⇒ Centre-specific alarm configurations and VPA 
thresholds limit direct comparison of absolute alarm 
rates, so analyses will be performed separately by 
centre.

	⇒ The outcomes are process-level monitoring and 
alarm metrics rather than patient-centred clinical 
outcomes.
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physiological data streams, including heart rate, blood 
pressure, oxygen saturation and end-tidal carbon 
dioxide, while managing time pressure, interruptions 
and competing tasks. Conventional monitors typically 
present vital signs as separate numerical values and wave-
forms that clinicians must sequentially read and mentally 
integrate into an overall assessment of the patient’s phys-
iological state. This process can impose substantial cogni-
tive demands, particularly in dynamic, high-acuity clinical 
environments.4–12

Audible alarms are intended to alert clinicians to poten-
tially hazardous situations, but are also a major contrib-
utor to alarm fatigue. High alarm rates and prolonged 
alarm sounding may distract clinicians, increase cognitive 
workload and reduce responsiveness to clinically relevant 
events.13–15 Beyond alarm burden, time spent outside 
predefined safe ranges for key physiological variables, 
such as intraoperative hypotension or hypothermia, has 
been associated with adverse outcomes in perioperative 
and critical care research.16–18 These findings motivate 
efforts to support earlier recognition of physiological 
deviations and timely corrective action without adding to 
cognitive load.

The Philips (Koninklijke Philips N.V., Amsterdam, 
The Netherlands) Visual Patient Avatar (VPA) is an 
avatar-based patient monitoring visualisation designed to 
support clinicians’ situation awareness.8 11 19–21 The system 
displays multiple vital signs and sensor states simultane-
ously on a single animated virtual patient, while conven-
tional numerical values and waveforms remain available. 
Changes in physiological status are conveyed through 
intuitive visual cues, such as skin colour for oxygen satu-
ration and pulsation dynamics for pulse rate and blood 
pressure.

This approach builds on situation-awareness-oriented 
design and human visual perception by mapping vital 
signs and sensor states to integrated visual features such 
as colour, shape, motion and spatial location.22 Indepen-
dent human-factors research on graphical and configural 
patient-monitoring displays has shown that integrated 
visual displays can improve the speed and accuracy 
of physiological data interpretation in simulated or 
controlled clinical contexts.23–27 A recent independent 
systematic review of VPA research similarly concluded 
that the approach is promising for supporting perception 
and comprehension of monitoring data, while empha-
sising that most available evidence remains laboratory- or 
simulation-based.23

Most VPA-specific empirical studies to date have been 
conducted by groups involved in the development and 
clinical implementation of the technology. This partly 
reflects that VPA was developed by members of the author 
group and has only recently entered broader clinical use. 
Although these studies suggest improved information 
transfer, diagnostic confidence and perceived workload 
compared with conventional monitoring displays,9 10 12 28–34 
independent VPA-specific evidence remains limited. 
As adoption expands beyond the development centres, 

additional independent evaluations should become 
feasible. Meanwhile, the concentration of evidence and 
the lack of objective real-world outcome data reinforce 
the need for transparent, prespecified evaluation with 
explicit conflict-of-interest disclosure and analytical 
safeguards.

This protocol describes a dual-centre evaluation at 
NewYork-Presbyterian Hospital/Weill Cornell Medical 
Center (NYP/WCM; New York, USA) and University 
Hospital Zurich (USZ; Zurich, Switzerland). The study 
aims to assess whether routine clinical implementation 
of VPA is associated with (1) reduced time spent outside 
predefined vital-sign thresholds and (2) reduced audible 
alarm burden across diverse perioperative environments, 
including operating rooms, post-anaesthesia care units 
and procedural areas (figure 1).

METHODS AND ANALYSIS
Study design
This investigator-initiated, dual-centre, quasi-
experimental, large-scale, pre-post observational study 
uses routinely collected perioperative monitoring and 
alarm data to evaluate the real-world implementation of 
VPA. At each centre, the study follows three prespecified 
phases: a pre-implementation phase, an adaptation phase 
during staged installation and training and a post imple-
mentation phase after implementation is complete. Short 
technical deployment intervals between formal phase 
windows are excluded from analyses.

The unit of analysis is the individual anaesthesia case. The 
primary comparison is between the pre-implementation 
and post implementation phases; the adaptation phase 
is excluded from primary analyses to reduce contamina-
tion from installation, training and early adoption effects. 
Although outcome data are analysed retrospectively, the 
implementation phases, outcome definitions and analysis 
strategy were defined prospectively before comparative 
outcome analyses.

Reporting guidelines
This protocol was revised in accordance with the Trans-
parent Reporting of Evaluations with Nonrandomized 
Designs (TREND) checklist and the Reporting of Studies 
Conducted using Observational Routinely Collected 
Health Data (RECORD) extension of Strengthening 
the Reporting of Observational Studies in Epidemiology 
(STROBE), where applicable to a protocol using routinely 
collected health data.35 36 Completed TREND and 
RECORD checklists accompany the revised submission.

Rationale for the pre-post study design
A pre-post design was chosen because VPA is imple-
mented as a software and workflow change at the level 
of patient-monitoring infrastructure and affects entire 
care areas rather than individually randomisable patients 
or clinicians. Randomisation at the patient or provider 
level would have been operationally infeasible and risked 
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contamination, as clinicians move between rooms, beds 
and shifts.

Interrupted time-series analysis was considered but 
was not selected as the primary design. Deployment in 
large academic hospitals required sequential software 
updates to individual monitors over several days, followed 
by training and workflow adaptation; implementation 
therefore did not occur at one sharply defined time 
point. Routine clinical operations did not permit simul-
taneous activation across all devices or experimental 
on-off switching, and the exposure state could not be 
standardised across all monitors, rooms and time points. 
These conditions limit the interpretability of a conven-
tional single-interruption analysis. We therefore treat the 
study as an implementation-level observational evaluation 
and will avoid causal claims. To address secular trends, 
we will describe patient and procedure characteristics 
by phase, adjust for prespecified covariates and conduct 
sensitivity analyses incorporating calendar time where 
feasible.

Patient and public involvement
Patients and the public were not involved in the design, 
conduct, reporting or dissemination plans of this study.

Study setting and participating centres
The study is conducted at two tertiary academic hospi-
tals. NYP/WCM is a large academic medical centre in 
New York, USA, with over 4000 beds and comprehensive 
perioperative services; it was the first centre in North 

America to clinically implement VPA. USZ is a tertiary 
academic hospital in Zurich, Switzerland, with approxi-
mately 900 beds and is the primary teaching hospital of 
the University of Zurich; it was the first centre worldwide 
to implement VPA in routine clinical practice.

Study phases, timeline and current project status
Phase timing differs between centres because regulatory 
approval and clinical deployment occurred at different 
times. The overall prespecified study window spans 31 
August 2022 to 28 February 2026. Centre-specific phase 
dates and anticipated case numbers are provided in 
table 1. Technical deployment intervals are not included 
in the primary pre-implementation or post implementa-
tion analyses. The adaptation phase lasted approximately 
6 months at each centre. Its duration was prespecified 
based on the local rollout and training schedules to 
allow sequential installation, staff exposure and work-
flow uptake; it was not assumed to eliminate all learning 
effects. Because learning may continue after the formal 
adaptation phase, early-versus-late post implementation 
sensitivity analyses are prespecified.

At the time of revised protocol submission, the prespeci-
fied data-collection windows are complete at both centres. 
At USZ, data extraction has been completed, and dataset 
preparation is ongoing. At NYP/WCM, data extraction, 
linkage and quality control are ongoing. No prespecified 
comparative outcome analyses have been performed at 
either centre.

Figure 1  Clinical deployment of the Visual Patient Avatar (VPA) in routine perioperative monitoring. (A–D) Examples of VPA 
integration across operating room and post-anaesthesia care settings at University Hospital Zurich and NewYork-Presbyterian/
Weill Cornell.
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Participating clinical care areas
The study includes perioperative care areas with differing 
workflows, professional groups and patient populations: 
operating rooms and post-anaesthesia care units at both 
centres and procedural areas at USZ only, including 
neuro-interventional radiology, interventional pulmon-
ology and emergency trauma care.

Study participants: inclusion and exclusion criteria
All adult and paediatric anaesthesia cases conducted in 
participating care areas during the prespecified phase 
windows with available perioperative monitoring data 
will be screened for inclusion. The primary adult anal-
ysis will include cases in patients aged 18 years or older 
with a valid anaesthesia case identifier, usable case time-
stamps and at least one valid monitoring stream for the 
relevant outcome. At USZ, eligibility additionally requires 
documented written general consent for research use of 
routinely collected health-related data.

Cases will be excluded from the adult primary anal-
ysis if they involve patients aged 18 years or younger, 
occur outside the prespecified phase windows or during 
technical deployment intervals, lack linkable case meta-
data, contain irreconcilable or invalid timestamps, have 
no valid monitoring data or, at USZ, lack documented 
written general consent. For outcome-specific anal-
yses, cases with no valid measurement time for a given 
vital sign or alarm outcome will be excluded from that 
specific outcome only. Paediatric cases will be analysed 
and reported separately because paediatric physiological 
ranges, alarm thresholds and monitor configurations 
differ substantially from those in adult care.37 38

Consent
At NYP/WCM, individual study-specific consent was 
not obtained because the Institutional Review Board 
granted a waiver of informed consent for this observa-
tional analysis of routinely collected clinical monitoring 
and alarm data. At USZ, only cases from patients with 
documented written general consent for research use 

of routinely collected health-related data were included. 
The Cantonal Ethics Committee Zurich issued a decla-
ration of non-jurisdiction for the analysis of anonymised 
routinely collected data, and the USZ Data Governance 
Board approved the anonymisation and export workflow.

Intervention: VPA implementation
The intervention is the introduction of VPA as a visual 
situation-awareness system via a CE- and FDA-certified 
software update to Philips IntelliVue patient monitors 
used in the participating centres (including MX450, 
MX550 and MX750 monitors). VPA is displayed along-
side conventional numerical values and physiological 
waveforms in a split-screen view (figure  2). The avatar 
visualisation is enabled by default after implementation, 
and no routine non-VPA monitor layout is available in 
participating areas.

Clinicians can choose between predefined screen 
layouts that differ in the arrangement and relative 
prominence of the avatar and conventional monitoring 
elements. They can also select predefined care profiles 
tailored to clinical contexts such as adult or paediatric 
care. Profile selection adjusts both conventional and VPA 
thresholds. After profile selection, conventional alarm 
limits remain adjustable by clinicians according to clin-
ical need, while VPA thresholds are fixed within each care 
profile to reflect the centre-specific standard configura-
tion. Centre-specific alarm and VPA threshold settings are 
provided in online supplemental material 1.

Implementation versus utilisation
The exposure definition is the implementation phase 
rather than individually measured utilisation. VPA is 
enabled by default, and no routine non-VPA layout 
is available, but the monitors do not routinely retain 
research-accessible, time-stamped logs of selected screen 
layouts or display-state changes. Consequently, the data-
sets cannot identify which VPA-containing layout was 
active on a specific monitor at a given time, its relative 
prominence, or clinicians’ gaze and attention. The 

Table 1  Study phases, planned case numbers and Visual Patient Avatar (VPA) deployment by centre

NewYork-Presbyterian/Weill Cornell University Hospital Zurich

Pre-implementation phase timeframe 1 September 2024 to 14 February 2025 
(167 days)

31 August 2022 to 31 January 2023 (154 
days)

Technical deployment interval (excluded 
from primary phase analyses)

15 February 2025 to 28 February 2025 1 February 2023 to 17 February 2023

Adaptation phase timeframe 1 March 2025 to 31 August 2025 (184 
days)

18 February 2023 to 15 August 2023 
(179 days)

Post implementation phase timeframe 1 September 2025 to 28 February 2026 
(181 days)

16 August 2023 to 12 February 2024 
(181 days)

Approximate number of total cases 16 000 42 000

Total number of monitors with VPA in 
operating rooms and post-anaesthesia care 
units of the study centre

49 126

Technical deployment intervals are excluded from the primary pre-post comparison.

https://dx.doi.org/10.1136/bmjopen-2026-121099
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primary analysis, therefore, estimates the association 
between institutional VPA implementation and outcomes 
under real-world conditions, analogous to an intention-
to-treat effect. Limited attention to the avatar, despite its 
availability, could lead to exposure misclassification and 
dilute observed associations.

Alarm and threshold stability
Centre-specific default alarm settings and VPA visualisa-
tion thresholds were configured before implementation 
in accordance with local standards of care and remained 
stable during the prespecified study windows. User-level 
alarm-limit changes during individual cases are part of 
routine clinical care and are reflected in alarm logs, but 
they are not uniformly available as analysable covariates 
across both centres. Vital-sign deviation outcomes are 
calculated using fixed, prespecified thresholds (table 2), 
whereas audible alarm outcomes are calculated from 
recorded alarm events generated by the clinical monitor 
configuration in use at the time of care.

Implementation process and training
Implementation was preceded by joint planning sessions 
involving clinical leadership, patient-safety and quality-
management representatives, study authors and Philips 
representatives to adapt deployment to local workflows. 
The go-live phase included structured training in VPA 
and the concept of situation awareness through lectures, 
bedside teaching and walk-in training stations. Local 
change champions, who were practising anaesthetists at 
each centre, remained available after go-live for institu-
tional teaching and bedside support.

Study outcomes
Primary outcome
Vital-sign deviation time is defined as the cumulative 
duration during which a given vital parameter exceeded 
prespecified upper or lower thresholds. To allow compa-
rability across cases and monitoring durations, deviation 
time will be normalised to 60 min of valid measurement 
time for the respective vital sign: 60×(deviation time/
measurement time). Measurement time refers to the 
time during which valid measurements of the respective 
vital sign are available. Thresholds are centre-specific and 
reflect local configurations (table  2). Outcomes will be 
calculated separately for each vital sign displayed in VPA.

Secondary outcomes
VitalSign area under the curve (AUC) is a time-based 
AUC metric for deviations outside the admissible interval. 
For each minute i, the recorded value vi is compared with 
the predefined interval [L, U], and the absolute devia-
tion di outside that interval is calculated. VitalSign AUC is 
defined as the sum of di × 1 min across the case, capturing 
both magnitude and duration of deviations.

Alarm count per 60 min is the total number of audible 
alarms, aggregated across analysable monitored vital signs 
and normalised to 60 min of measurement time. Alarm 
time per 60 min is the cumulative duration of audible 
alarms, similarly aggregated and normalised. Alarm 
reaction time is the mean time from alarm onset to the 
point at which the alarm is acknowledged or paused via 
user input, as recorded in alarm logs. If multiple alarms 
occurred simultaneously, the reaction time will be calcu-
lated separately for each alarm event.

Figure 2  Conventional patient monitoring before and after implementation of the Visual Patient Avatar (VPA). (A) Conventional 
patient monitoring display before VPA implementation. (B) Identical monitoring configuration after VPA implementation, with 
avatar-based visualisation displayed alongside conventional numerical values and waveforms.
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Not all vital signs have corresponding audible alarms or 
sufficient temporal resolution for alarm-related analyses. 
Details are provided in table 2. Respiratory volume related 
alarms will be analysed only where corresponding alarm 
data and measurement-time denominators are available; 
otherwise, the relevant vital sign will be restricted to vital-
sign deviation and AUC analyses.

Rationale for the chosen outcome measures
The primary outcome was selected because VPA is 
designed to improve clinicians’ perceptions and compre-
hension of deviations in vital signs. If improved situation 
awareness translates into earlier corrective action, this 
should be reflected by less time outside clinically accepted 
ranges before it necessarily affects rare patient-centred 

Table 2  Adult threshold settings used at NewYork-Presbyterian/Weill Cornell Medicine and University Hospital Zurich

Vital sign Low threshold High threshold Units

NewYork-Presbyterian/Weill Cornell

 � Heart rate (ECG) 45 135 /min

 � Pulse 45 135 /min

 � Blood pressure (mean) 55 125 mm Hg

 � CVP (mean) 2 14 mm Hg

 � STE None None mV

 � SpO2 94 100 %

 � Respiratory rate 10 25 /min

 � Tidal volume 200 1200 mL

 � etCO2 25 55 mm Hg

 � Body temperature 35.5 38 °C

 � BIS <65 ≥65 N/A

 � TOF ratio <90 ≥90 %

 � Cardiac index 4.5 8 L/min/m2

 � Peak airway pressure 5 35 mbar

 � FiO2 21 80 %

University Hospital Zurich

 � Heart rate (ECG) 55 115 /min

 � Pulse* 55 115 /min

 � Blood pressure (mean) 65 105 mm Hg

 � CVP (mean) 4 12 mm Hg

 � STE <−0.2 >0.2 mV

 � SpO2 94 None %

 � Respiratory rate 8 16 /min

 � Tidal volume† 250 750 mL

 � etCO2 4.2 5.5 kPa

 � Body temperature‡ 36.1 37.5 °C

 � BIS <55 none –

 � TOF ratio* <90 none %

 � Peak airway pressure 10 30 mbar

Vital-sign thresholds are centre-specific and reflect local configurations used in routine clinical monitoring. These thresholds will be used to 
calculate vital-sign deviation time and VitalSign area under the curve (AUC). Vital signs with corresponding analysable audible alarms will also 
be used for alarm-related outcomes.
*Pulse and TOF ratio have no corresponding acoustical alarms and will therefore not be included in alarm-related analyses.
†No direct audible alarm is defined for tidal volume. Where minute ventilation alarm data and corresponding measurement-time denominators 
are available, these alarms will be analysed as a respiratory-volume-related alarm outcome; otherwise tidal volume will be restricted to vital-
sign deviation and AUC outcomes.
‡Body temperature data with low temporal resolution will not be considered for alarm-related analyses.
BIS, bispectral index; CVP, central venous pressure; etCO₂, end-tidal carbon dioxide; FiO₂, fraction of inspired oxygen; SpO₂, peripheral 
oxygen saturation; STE, ST-segment elevation; TOF, train-of-four.
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endpoints. Vital-sign deviation time is also objective, avail-
able from routine monitoring data and interpretable at 
the case level across varied care areas.

Audible alarms were included because alarm frequency, 
duration and reaction time reflect important aspects of 
clinical workload and alarm management. Because users 
can pause or adjust alarms while fixed vital-sign deviation 
thresholds remain available for analysis, evaluating both 
vital sign based and alarm-related outcomes provides a 
more complete assessment of implementation effects.

Data sources and data collection
At NYP/WCM, monitoring and alarm data are recorded 
through the institutional data warehouse infrastructure, 
providing high-resolution vital-sign and alarm data linked 
to the anaesthesia record. Data extraction and linkage are 
performed by the NYP/WCM study and data warehouse 
teams.

At USZ, vital signs are captured via CapsuleTech nodes 
at a 1-minute sampling rate, and case-level metadata 
are obtained from the institutional data lake (IMDSoft 
MetaVision). Audible alarm logs are downloaded from 
Philips PICiX central stations at a resolution of 1 Hz. 
Planned variables and source systems are summarised in 
table 3.

Data management, security and confidentiality
Data management is conducted by trained and authorised 
personnel at each centre in accordance with local policies, 
data governance requirements and regulatory approvals. 
Access is restricted to approved study personnel, and all 
data transfers use secure institutional mechanisms. The 
datasets used for analysis are anonymised or de-identified 
in accordance with local regulatory requirements before 
transfer to statisticians.

Table 3  Planned data acquisition per case and data sources by centre

Data Measurement NYP/WCM USZ

Demographic and case-context data

 � Study phase Categorical DWC Data lake

 � Case date/calendar period (sensitivity 
analyses)

Date/month DWC Data lake

 � Care area/location (adjustment/
stratification)

Categorical DWC Data lake

 � End of anaesthesia Time in seconds DWC Data lake

 � End of surgery Time in seconds DWC Data lake

 � Sex/gender (adjustment) Categorical DWC Data lake

 � Age (adjustment) Continuous or categorical DWC Data lake

 � Body mass index (adjustment) Continuous or categorical DWC Data lake

 � ASA classification (adjustment) Categorical DWC Data lake

 � Surgical risk classification (adjustment) Categorical; 1–6 scale with 
higher values indicating higher 
complexity/risk

DWC Data lake

 � Urgency of surgery (adjustment) Categorical DWC Data lake

 � Type of surgery/procedure Categorical DWC Data lake

 � Surgical specialty Categorical DWC Data lake

 � Type of anaesthesia (adjustment) Categorical DWC Data lake

 � Type of airway device Categorical DWC Data lake

 � Type of regional anaesthesia Categorical DWC Data lake

Vital-sign data

 � Vital-sign deviation Time in minutes DWC Data lake/CapsuleTech

 � Vital-sign time-based AUC AUC metric DWC Data lake/CapsuleTech

Alarm data

 � Alarm count Numeric DWC PICiX

 � Alarm time Time in seconds DWC PICiX

 � Alarm reaction time Time in seconds DWC PICiX

ASA, American Society of Anesthesiologists; AUC, area under the curve; DWC, Philips Data Warehouse Connect; NYP/WCM, NewYork-
Presbyterian/Weill Cornell Medicine; PICiX, Philips central station; UHZ, University Hospital Zurich.
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Measures to ensure data quality
Data extraction relies on established routine clinical 
documentation and monitoring pipelines at both centres. 
Quality checks are performed during data export and 
before statistical analysis and include completeness 
checks, plausibility range checks, timestamp consistency 
checks and verification of successful linkage between case 
metadata, vital-sign streams and alarm logs. Data-cleaning 
decisions will be documented in analysis scripts.

Statistical analysis
The unit of analysis is the individual anaesthesia case. 
Analyses will be performed separately for each centre 
and for primary adult analyses, separately from paediatric 
analyses. The primary comparison is post implementa-
tion versus pre-implementation; the adaptation phase is 
excluded from primary analyses.

Case characteristics will be summarised by centre and 
phase using means with SD or medians with IQR for 
continuous variables and counts with percentages for 
categorical variables. Descriptive comparisons between 
phases may use t-tests or Wilcoxon tests for continuous 
variables and χ2 or Fisher’s exact tests for categorical 
variables.

For each outcome, multivariable regression models 
will estimate the association between the implementa-
tion phase and outcome while adjusting for prespeci-
fied covariates. Covariates were selected a priori using a 
conceptual framework in which patient characteristics, 
procedure characteristics, care context and calendar time 
may influence both monitoring outcomes and the distri-
bution of cases across implementation phases. Planned 
adjustment variables include age, sex, body mass index, 
American Society of Anesthesiologists (ASA) physical 
status, urgency of surgery, surgical risk classification, 
surgical specialty or procedure type, type of anaesthesia, 
airway device, regional anaesthesia and care area, subject 
to availability and missingness.

Model choice will be guided by outcome distribution 
and diagnostics. Linear regression will be used as the 
default for normalised outcomes. If residual diagnos-
tics suggest marked non-normality or heteroskedasticity, 
outcomes may be log-transformed with a small constant 
where needed, or analysed using generalised linear 
models, such as Gamma regression with a log link for 
right-skewed positive outcomes. If an outcome has a large 
point mass at zero, two-part or zero-inflated models may 
be considered. Heteroskedasticity-robust standard errors 
will be used where appropriate.

Clustering by provider, operating room, unit or time 
period was considered. Provider-level identifiers are not 
available in the anonymised analysis datasets and would 
not fully represent team-based anaesthesia care; there-
fore, provider-level mixed-effects models or provider-
level generalised estimating equations are not planned. 
Care-area identifiers will be used for adjustment or strat-
ification, and location-level fixed effects will be explored 
where sufficiently complete identifiers are available. 

Residual correlation within providers, rooms or time 
periods remains a limitation.

To address multiple testing, the Bonferroni correc-
tion will be applied within each outcome family and 
centre. The five outcome families are vital-sign devia-
tion time, VitalSign AUC, alarm count, alarm time and 
alarm reaction time. Within a family, each analysable 
vital sign contributes one primary phase-effect p value. 
The maximum number of comparisons is 15 vital signs 
at NYP/WCM and 13 at USZ for vital-sign deviation and 
AUC outcomes; alarm-related families will include fewer 
comparisons because not all vital signs have analysable 
audible alarms.

Missingness will be summarised by centre, phase, 
outcome and covariate. We expect missing covariate 
values to arise mainly from routine documentation or 
linkage errors. If fewer than 5% of values are missing 
for a covariate, complete-case analysis for that covariate 
will be used; if 5%–40% are missing and the missingness 
pattern is compatible with missing completely at random 
or missing at random based on observed data, multiple 
imputation by chained equations will be used, and esti-
mates will be pooled using Rubin’s rules.39 Covariates 
with more than 40% missingness will not be included in 
primary adjusted models but may be described or used in 
sensitivity analyses if clinically important.

Prespecified sensitivity analyses will include stratifi-
cation and interaction analyses by care area, surgical 
urgency, ASA physical status, surgical risk classification, 
type of anaesthesia and early versus late post implemen-
tation periods. Additional sensitivity analyses may include 
alternative outcome distributions, exclusion of cases with 
substantial missingness, adjustment for calendar month 
or season and location-level fixed effects where data 
permit. Sensitivity analyses are intended to assess robust-
ness and heterogeneity of the implementation associa-
tion, not to establish causality.

Sample size considerations
This study leverages routinely collected data from large 
perioperative case volumes during prespecified imple-
mentation windows. Formal power calculations are not 
performed because the sample size is determined by 
clinical caseloads and deployment timing. Approximately 
16 000 cases at NYP/WCM and 42 000 cases at USZ are 
expected, supporting precise estimation of associations 
and stratified analyses by centre and care area.

ETHICS AND DISSEMINATION
Ethics and data governance approvals
The study was approved by the Institutional Review Board 
of Weill Cornell Medicine (IRB No. 22-05024803), which 
granted a waiver of informed consent. At USZ, only cases 
from patients with documented written general consent 
for research use of routinely collected health-related data 
were included. The Cantonal Ethics Committee Zurich 
issued a declaration of non-jurisdiction in accordance with 
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Swiss regulations for the analysis of anonymised routinely 
collected data (BASEC Req-2021-00756; 6 July 2021). At 
USZ, the institutional Data Governance Board approved 
the project, including the data export and anonymisation 
workflow (DGR0000504; 31 January 2025). A collabora-
tion and data-sharing agreement between Weill Cornell 
Medicine and the University of Zurich was established on 
11 April 2023.

Data deposition and curation
Data supporting the findings of this study are derived 
from routinely collected perioperative monitoring and 
alarm data recorded at the participating institutions 
during the prespecified study periods. The datasets are 
not publicly available due to data protection regulations 
and institutional restrictions. Anonymised data and statis-
tical code may be made available from the corresponding 
author on reasonable request, subject to approval by the 
participating institutions and relevant data governance 
bodies.

Analytical independence and bias mitigation
Several authors have financial or intellectual interests 
related to VPA, which are fully disclosed. To reduce inves-
tigator bias, outcomes, thresholds and primary analyses 
were prespecified before comparative outcome anal-
yses; statistical modelling will be implemented by statis-
tics coauthors who were not involved in the invention or 
licensing of VPA; data extraction and quality-control steps 
will be documented; and Philips will have no role in data 
analysis, interpretation, manuscript preparation or publi-
cation decisions.

Dissemination
Study findings will be submitted to peer-reviewed scien-
tific journals and presented at national and international 
scientific meetings. A primary joint publication including 
data from both centres is anticipated. Secondary analyses 
using centre-specific datasets may be published separately 
after completion of the primary analysis and in accor-
dance with institutional policies and the collaboration 
agreement.

DISCUSSION
This protocol describes a pragmatic dual-centre evalua-
tion of an avatar-based situation-awareness display intro-
duced into routine perioperative care. By focusing on 
objective monitoring metrics, the study will test whether 
human-factors benefits observed in controlled settings 
translate into measurable changes in vital-sign deviations 
and audible alarm burden in real-world practice.

The study’s main strength is the use of large volumes 
of routinely collected data from two tertiary academic 
centres with different healthcare systems, workflows 
and alarm configurations. This heterogeneity improves 
external validity but also means that absolute alarm rates 
and threshold-based outcomes should not be directly 

pooled or interpreted as interchangeable between 
centres. The primary interpretation will therefore focus 
on centre-specific estimates and consistency of direction 
across settings.

The most important limitation is the uncontrolled 
pre-post design. Temporal changes unrelated to VPA, 
including staffing changes, trainee rotations, workflow 
modifications, institutional quality-improvement activ-
ities, seasonal case-mix changes and secular trends in 
perioperative practice, may influence outcomes. Adjust-
ment for observed patient and procedure characteristics, 
along with sensitivity analyses, can reduce but not elimi-
nate these concerns. The study will therefore report asso-
ciations rather than causal effects.

Implementation and utilisation are also distinct. 
VPA is enabled by default in participating areas after 
implementation, but monitors do not routinely retain 
research-accessible, time-stamped logs of screen-layout 
or display-state changes. The datasets, therefore, cannot 
establish which VPA-containing layout was active on 
a particular monitor at a given time, its relative promi-
nence, or the actual clinician attention it received. This 
may introduce exposure misclassification. Because such 
misclassification would likely reduce differences between 
phases, null findings should not be interpreted as defini-
tive evidence that VPA was not used or could not be effec-
tive under more controlled utilisation conditions.

The analysis further relies on routinely collected moni-
toring and alarm data that were not created primarily 
for research. Data quality, missingness, changes in docu-
mentation practices and incomplete capture of provider-, 
room- or team-level clustering may affect precision and 
internal validity. These limitations will be addressed 
through prespecified data-quality checks, transparent 
reporting of missingness and cautious interpretation.

Finally, the chosen outcomes are process-level metrics 
rather than direct patient-centred clinical endpoints. 
This is appropriate for an implementation study of a 
monitoring visualisation whose first plausible effects 
should occur through perception, comprehension, 
timely correction of deviations and alarm management. If 
favourable associations are observed, subsequent studies 
should evaluate whether changes in these process metrics 
translate into improved patient-centred outcomes.
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