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ABSTRACT

Intensive care treatment entails significant risks for patient health. For troubleshooting
extracorporeal membrane oxygenation (ECMO), an essential intervention for supporting
cardiac and pulmonary function, often perfusionists must be present on-site. This
causes delays in treatment. Mixed reality (MR)-based remote support may help bridge
these delays; however, high system usability is essential to ensure its contribution
to patient safety. Therefore, an MR system for remote support is evaluated within a
clinical environment through a usability test followed by a user survey. During the
test, participants resolved two simulated ECMO malfunctions while receiving remote
guidance via the MR system. A test manager assessed the subtasks and recorded
processing times. Finally, user acceptance and experience were evaluated using the
System Usability Scale (SUS) and User Experience Questionnaire (UEQ). The usability
test was performed in two U.S. hospitals involving 19 intensive care nurses. In both
scenarios high troubleshooting performance was observed: success rates reached 90%
each. Average solution times were 4:10 (+1:16) minutes and 3:32 (+0:44) minutes. The
system reached a SUS score of 83+12, indicating good usability. Consistent with this
result, UEQ measured excellent scores in every usability and user experience aspect.
These findings demonstrate that MR-based remote support can effectively assist
intensive care nurses in resolving ECMO incidents, which may contribute to improved
patient safety. However, the simulated conditions of the usability tests and the
novelty of the technology may have positively biased ratings. Future research should
investigate performance during real emergency use and evaluate long-term acceptance
after repeated exposure.
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SITUATION

Intensive care treatment entails risks, including incidents that may significantly
impact patient health. Extracorporeal membrane oxygenation (ECMO) is
an essential intervention for supporting cardiac and pulmonary function.
Complications need perfusionists often to be present on-site to troubleshoot.
Since continuous handling of the device is not necessary, perfusionists are
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often at home on call. Due to the physical distance, this results in waiting
times that delay treatment (Al Disi et al., 2019).

Mixed reality (MR)-based remote support may help bridge these delays
by providing immediate audiovisual guidance. MR expands the real world
by virtual content via a display. Especially MR-glasses such as the HoloLens
2 (HL2) developed by Microsoft Corp. (Redmond, WA, USA) are frequently
used, as they ensure hands-free operation via gesture and voice control. This
is particularly beneficial for continuous interaction with the environment.

Remote assistance with MR is already used in various industrial sectors, e.g.
during maintenance and assembly work (Miranda etal.,2025; Solomashenko,
2025; Vorraber et al., 2020). Specifically in medicine, it is primarily tested as
a supporting tool in the planning and training of operations, while remote
assistance during medical interventions has been insufficiently researched so
far (Vostars, 2023). Systems in medical technology are strictly regulated to
protect patient safety. MR applications thus need to be thoroughly tested
and must demonstrate high level of usability to ensure its improvement to
the medical treatment.

Therefore, the aim of this study is to evaluate a user-centredly developed
MR system for remote support during ECMO within a clinical environment.

METHODS

For the evaluation the MR system was assessed through a usability test
followed by a user survey. A usability test is a user-based method, where a user
is watched solving predefined tasks to evaluate usability by factors such as
action competence and implementation success (DIN EN ISO 9241-11,2018).

The usability test was conducted in a clinical setting, where the participants
were stated in an ICU room with the ECMO (Cardiohelp, Getinge AB,
Getinge, Sweden) and the MR system. The study focused on the participants
as the users interacting directly with the technically novel aspects of the
MR system. A test manager, located in a separate area, guided them after
answering the call via the MR system on a tablet (see Figure 1). During the
call, holograms were actively used to support the guidance, ensuring that
instructions were not only provided verbally but also visually embedded in
the user’s field of view.
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Figure 1: Schematic setup of the test environment in the usability test.
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The participants had to solve two test scenarios in the usability test.
Therefore, the ECMO malfunctions of the sensor alarm and pump failure
were simulated. The sensor alarm malfunction was simulated by setting up
the flow sensor in the wrong direction and pump failure by shutting down
the ECMO.

To assess the action competence, the scenarios were divided into subtasks
via task analysis. This allows step-by-step documentation and evaluation.
The test manager observed the procedure and evaluated the individual
subtasks (Diaper and Stanton, 1989) using a three-level performance scale
according to DIN EN 614-1 (2009). Factors relating to duration, safety, and
completion of the subtasks are considered for the rating (see Table 1).

Table 1: Three-level performance scale according to DIN EN 614-1 (2009).

Rating Description
Good (G) The task is carried out quickly and without mistakes.
Medium (M) The task is performed with a delay, or an operation mistake occurs,

which is corrected independently.

Poor (P) The task is not performed, is performed after assistance, or an operation
error occurs that is not corrected independently.

These served as the base for calculating success rates according to Nielsen
and Budiu (2021) for the whole scenario as well as for each subtask. In
addition, processing times were recorded to assess system efficiency.
Specifically, the times needed to solve the problem and to actually terminate
the MR connection were recorded.

Finally, to record the participants perspective and experiences, user
acceptance and experience were evaluated using standardized questionnaires.
The System Usability Scale (SUS) is used for the quantitative evaluation of
the user acceptance of hardware and software products (Brooke, 1995). It is
a 5-point Likert Scale, which is then used to calculate an overall score. The
calculated SUS score is interpreted as stated in Brooke (2013) in relation to
the results of other applications and technologies to improve comparability
and interpretability.

User Experience Questionnaire (UEQ) is used for measuring usability
and user experience of technical systems. It is a 7-point Likert scale which
measures both classic usability aspects such as efficiency, perspicuity, and
dependability, as well as hedonic aspects such as attractiveness, novelty and
stimulation (Schrepp, 2023). A universal analysis tool is available. This tool
categorizes the results from poor to excellent based on the evaluation data
collected for each aspect examined. Based on these results, corresponding
scores were derived and subsequently interpreted in relation to established
benchmark values.

RESULTS

The usability test was performed in two U.S. hospitals involving 19 intensive
care nurses as participants. The participant cohort consisted of 9 male and
10 female intensive care nurses (mean age 36 = 12 years) with an average
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professional experience of 10 = 10 years. While prior MR experience
was generally reported as low, most participants reported moderate to
high experience with ECMO. Despite this low familiarity with MR, high
troubleshooting performance was observed: success rates reached 90% for
correcting the sensor alarm as well as 90% for resolving pump failure. The
success rates of each scenario and subtask can be seen in Figure 2. The lowest
success rates are shown in the subtask to end the calls with 21% in the first
scenario and 55% in the second scenario. With 76 % the subtask “insert the
oxygenator into the hand-crank drive” of the scenario of the pump failure is
also to highlight.

Success  Success . Success  Success
Nr. Subtask (sensor alarm) Fate distribirtion Nr. Subtask (pump failure) R distribution
1 Put on HL2 and turn 100 | Put on HL2 and turn 100 S —
them on them on
2 Startthe call 89 ] 2 Start the call 95 ]
3 Clamp off the alrterlal 97 [EE Clamp off the al_'tenal e I
and venous tubing and venous tubing
4 Stop the pump 97 Il | 4 Remove the oxygenator 100 ]
Insert oxygenator into
5  Remove the sensor 100 I | - 76
hand-crank drive —
6  Reposition the sensor 100 | 6 Turnon the hand-crank 92 [ ]
7  Start the pump 95 I | 7 Remove tubing clamps 97 I
8  Remove tubing clamps 100 P | 8 Maintain blood flow 97 [ ]
Adjust the blood flow [
9 £ 100 9  Endthe call 55 | =3
10 End the call 21 1 | ] Whole scenario 90 ] |
Whole scenario 90 I

Figure 2: Mean results of the subtasks in the scenarios of sensor alarm malfunction
and pump failure.

Average solution times were 3:32 + 0:44 minutes (sensor alarm malfunction)
and 4:10 = 1:16 minutes (pump failure). Including the final system interaction
required to terminate the MR connection (i.e., ending the call via the user
interface), total scenario durations were tracked as 4:10 + 0:38 minutes for
sensor alarm and 5:16 = 1:16 minutes for pump failure.

The system reached a SUS score of 83 + 12 indicating good usability (see
Figure 3).

worst best
imaginable ~ poor ok good excellent imaginable
0 20 40 60 80 100
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Figure 3: SUS value rated on the evaluation scale according to Brooke (2013).
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Consistent with this result, the UEQ measured excellent scores in usability
aspects (efficiency, perspicuity, dependability) as well as hedonic aspects
(attractiveness, novelty and stimulation).

DISCUSSION

These findings demonstrate that MR-based remote support can effectively
assist intensive care nurses in managing ECMO-related incidents. Participants
completed troubleshooting tasks quickly despite limited prior exposure to
MR technology. This highlights the system’s intuitive design, high learnability,
and overall clinical suitability. Given the high user acceptance and experience
scores, MR technology may provide valuable bridging functionality during
critical waiting periods. This may contribute to improved patient safety.

Nevertheless, few areas for improvement were identified. The main
challenges observed during the usability test involved inserting the oxygenator
into the hand-crank drive in the pump failure scenario and interacting with
the MR user interface.

Difficulties related to oxygenator placement were primarily caused by the
complexity of the instructions and the additional requirement to mark small
device components. Marking semi-transparent parts located at the edges of
medical devices occasionally exceeded the technical limits of the HoloLens 2
depth-sensing system. Furthermore, accurate placement of markings requires
a very steady head position, as holograms are applied in real time. Rapid head
movements significantly reduce precision. This can be especially challenging
in a fast-paced clinical environment.

Challenges in MR interface interaction can be attributed to the novelty of
MR tools, which may not be fully intuitive during first-time use. The subtask
of ending the call cannot be replaced by supplementary voice recognition
for safety reasons. Incorrect recognition of commands such as “end” or
“cancel” could unintentionally terminate a call during critical situations
and compromise patient safety. However, once users became familiar with
the interaction concept, performance improved. This is reflected in the
increase in success rate for the “end call” subtask from 21% in Scenario 1 to
55% in Scenario 2. Furthermore, the subtask “end call” itself is not safety-
critical, as the call can alternatively be terminated by the perfusionist in
case of user difficulties. As aggregated success rates combine heterogeneous
subtasks with differing interaction demands and safety relevance, secondary
interaction problems — such as difficulties in ending the call — may obscure
the interpretation of overall usability if not analysed separately. Therefore,
future evaluations and comparative analyses may benefit from a phase-based
assessment of the interaction process, distinguishing between call initiation,
execution of the core troubleshooting task, and call termination. Alternatively,
non-critical termination steps could be excluded from overall usability ratings
when the research focus lies on safety-relevant system performance. Such an
approach would allow for a more precise interpretation of usability outcomes
and support more targeted design improvements. Nevertheless, a structured
technical introduction prior to clinical deployment of the HoloLens 2 is
recommended to reduce initial usability barriers. The benefits of introducing
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users to MR interactions, particularly through repeated practice, have been
demonstrated by Benedict et al. (2019). Familiarity with device operation
enables users to apply the system more effectively in emergency situations.

Beyond these task-specific challenges, few study-level limitations must be
considered when interpreting the results. Despite conducting the user study
in clinical setting with the target group, it was a simulated condition rather
than direct patient care. As a result, cognitive workload, time pressure,
and environmental distractions may have been underestimated, potentially
influencing task performance and perceived usability. In addition, the
system was perceived as highly novel, which may have positively biased
user ratings due to a novelty effect (Pisapia et al., 1993). These factors may
have contributed to the high acceptance scores observed in the study. Future
research should therefore evaluate system performance during real emergency
use, assess long-term user acceptance after repeated exposure, and examine
the scalability of MR-based remote support in routine clinical practice. A
particular focus should be placed on time-sensitive scenarios or those with
limited on-site expertise.
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