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Abstract: Blood gas analysis plays a central role in modern medicine. Advances in technology
have expanded the range of available parameters and increased the complexity of their inter-
pretation. By applying user-centered design principles, it is possible to reduce the cognitive
load associated with interpreting blood gas analysis. In this international, multicenter study,
we explored anesthesiologists’ perspectives on Visual Blood, a novel visualization technique for
presenting blood gas analysis results. We conducted interviews with participants following two
computer-based simulation studies, the first utilizing virtual reality (VR) (50 participants) and the
second without VR (70 participants). Employing the template approach, we identified key themes
in the interview responses and formulated six statements, which were rated using Likert scales
from 1 (strongly disagree) to 5 (strongly agree) in an online questionnaire. The most frequently
mentioned theme was the positive usability features of Visual Blood. The online survey revealed
that participants found Visual Blood to be an intuitive method for interpreting blood gas analysis
(median 4, interquartile range (IQR) 4-4, p < 0.001). Participants noted that minimal training was
required to effectively learn how to interpret Visual Blood (median 4, IQR 4-4, p < 0.001). However,
adjustments are necessary to reduce visual overload (median 4, IQR 2-4, p < 0.001). Overall,
Visual Blood received a favorable response. The strengths and weaknesses derived from these
data will help optimize future versions of Visual Blood to improve the presentation of blood gas
analysis results.

Keywords: blood gas analysis; point-of-care diagnostic; qualitative research; situation awareness;
user-centered design; visualization; Visual Blood

1. Introduction

Medicine continues to grow more and more complex [1]. A continuous gain in
life expectancy over the past century, with multiple chronic conditions, combined with
new advances in medical science, has increased the difficulty of diagnostic and thera-
peutic decision making [2–4]. This complexity, while necessary for high-quality patient
care, plays a critical role in medical error, resulting in increased patient morbidity and
mortality [5–8].

Diagnostics 2023, 13, 3103. https://doi.org/10.3390/diagnostics13193103 https://www.mdpi.com/journal/diagnostics

https://doi.org/10.3390/diagnostics13193103
https://doi.org/10.3390/diagnostics13193103
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diagnostics
https://www.mdpi.com
https://orcid.org/0000-0003-4963-8489
https://orcid.org/0000-0002-9721-3461
https://orcid.org/0000-0003-2796-585X
https://orcid.org/0000-0002-1072-5748
https://orcid.org/0000-0002-2666-8696
https://orcid.org/0000-0002-9426-7560
https://orcid.org/0000-0002-6597-9585
https://orcid.org/0000-0002-5816-998X
https://orcid.org/0000-0001-5537-1755
https://orcid.org/0000-0002-3677-3705
https://orcid.org/0000-0001-7692-4718
https://doi.org/10.3390/diagnostics13193103
https://www.mdpi.com/journal/diagnostics
https://www.mdpi.com/article/10.3390/diagnostics13193103?type=check_update&version=1


Diagnostics 2023, 13, 3103 2 of 12

Blood gas analysis is illustrative of this change. The three-function blood gas apparatus
was introduced into clinical practice in the 1960s, measuring just pH and the partial
pressures of carbon dioxide and oxygen in a blood sample [9]. A modern blood gas
analyzer, by contrast, measures and calculates many more parameters of gas exchange
and acid–base status, as well as hemoglobin, electrolytes, lactate, and glucose. As such, it
is useful in diagnosing and managing a wide variety of cardiorespiratory conditions and
metabolic derangements [10]. However, despite its widespread use and it being considered
a core skill in medicine [11], the interpretation of blood gases is subject to significant error,
with the potential for patient harm [12,13].

Better result presentation can help solve this problem. Historically, design has been
an afterthought in medicine [14], despite healthcare providers and researchers identify-
ing poor design as a hindrance in daily practice [15]. However, efforts to develop better
displays using user-centered design principles have been shown to improve the effi-
ciency and quality of clinical care in various contexts [14,16,17]. Graphical displays are of
particular interest in this regard. According to the picture superiority effect, information
presented as pictures is better remembered than information presented as words [18].
In clinical settings, this has already been demonstrated using graphical representations
of cardiovascular [19] and pulmonary [20] parameters, where they resulted in a faster
diagnosis of critical events and more accurate therapy with lower subjective workload.
Likewise, our group has demonstrated that graphical and animated representations of
vital parameters (Philips Visual Patient Avatar) [21] and rotational thromboelastometry
(Visual Clot) are associated with more information transferred per unit of time and
lowered perceived workload [22,23].

With this in mind, we developed Visual Blood, a three-dimensional computer ani-
mation representing a blood gas analysis printout. We tested Visual Blood for the first
time in computer-based simulation studies in 2021–2022—once with a visual reality de-
vice and once without it [24,25]. We conducted this mixed qualitative–quantitative study
simultaneously to capture the participants’ perceptions and impressions, which help guide
further development.

2. Materials and Methods
2.1. Approval and Consent

Before conducting the study, the responsible local ethics committees in Zurich, Frank-
furt, Wuerzburg, and Barcelona reviewed the study protocols and issued declarations of
no objection. In addition, we obtained written informed consent from all participants to
use the collected data for research purposes. Participation was voluntary, and there was no
financial compensation. This article is reported following the SRQR and COREQ guidelines
for reporting qualitative research [26,27].

2.2. Visual Blood

Visual Blood [24,25] is a novel, three-dimensional representation of blood gas anal-
ysis results based on user-centered design principles [28]. The technology presents
the animated components of a blood gas analysis represented as icons, including their
interactions with each other (Figure 1). Eighteen of the most important parameters of
a conventional blood gas analysis are visualized with the technology. Supplementary
Material Video S1 contains a video which provides a detailed demonstration of how
Visual Blood works and how it represents individual parameters within and outside
their normal ranges.
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balance. 

2.3. Previous Visual Blood Simulation Studies 
User perceptions of Visual Blood were collected after two computer-based simula-

tion studies [24,25]. The first one [25] was an international, multicenter, investigator-initi-
ated, prospective, randomized, computer-based simulation study. The study was con-
ducted in five tertiary care hospitals (University Hospital Zurich and Hirslanden Clinic of 
Zurich in Switzerland, University Hospitals Frankfurt and Wuerzburg in Germany, and 
Hospital Clinic de Barcelona in Spain) between June and August 2021. After an introduc-
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as a matching conventional printout. The animations were created for the Oculus Quest 
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printouts. Care providers, even with minimal prior training, demonstrated a higher ability 
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Figure 1. This image of Visual Blood depicts a blood vessel’s interior with various parameters in their
normal ranges. In the background, you can see a droplet representing serum osmolarity, a glucose
molecule (in pink), a carbon dioxide molecule (in grey), and electrolyte concentrations. The scale with
an acid/proton on one side and a base/bicarbonate ion on the other signifies the acid–base balance.

2.3. Previous Visual Blood Simulation Studies

User perceptions of Visual Blood were collected after two computer-based simulation
studies [24,25]. The first one [25] was an international, multicenter, investigator-initiated,
prospective, randomized, computer-based simulation study. The study was conducted in
five tertiary care hospitals (University Hospital Zurich and Hirslanden Clinic of Zurich in
Switzerland, University Hospitals Frankfurt and Wuerzburg in Germany, and Hospital
Clinic de Barcelona in Spain) between June and August 2021. After an introduction to
Visual Blood and viewing a short instructional video, scenarios of arterial blood gas analysis
were shown to care providers as Visual Blood via a virtual reality headset or as a matching
conventional printout. The animations were created for the Oculus Quest 2.0 virtual
reality headset (Oculus, Meta Platforms, Inc., Menlo Park, CA, USA). After donning an
Oculus Quest 2, users find themselves standing in an animation of a blood vessel. The
study showed a non-inferiority of Visual Blood compared to the conventional printouts in
detecting the deviation of the individual parameters. However, the odds of identifying the
correct clinical diagnosis were twice as high with Visual Blood.

The second study [24] was an international, multicenter, investigator-initiated, prospec-
tive, randomized, computer-based simulation study. The study was conducted in three study
centers (University Hospital Zurich in Switzerland and University Hospitals Wuerzburg and
Frankfurt in Germany) between April and May 2022. After watching an educational video,
the participants were presented with Visual Blood animations on a computer screen (without
a virtual reality device) or with conventional arterial blood gas printouts. Care providers, even
with minimal prior training, demonstrated a higher ability to correctly interpret blood gas
analysis results when using Visual Blood. Additionally, their perceived diagnostic confidence
was significantly higher compared to working with conventional printouts.

2.4. Study Design

We conducted an international, multicenter, researcher-initiated mixed qualitative–
quantitative study investigating users’ perceptions of Visual Blood. As participants, we
recruited the same anesthesia and intensive care professionals, including staff physicians
and residents, who had previously participated in the Visual Blood simulation studies
and were now familiar with the new visualization technology. Immediately after the
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simulations, we interviewed the participants on their positive and negative perceptions of
Visual Blood.

As the second step, the same participants were invited to participate in an online
survey, where they rated statements we generated from identified major themes in interview
responses on Likert scales.

2.4.1. Qualitative Part: Participant Interviews

Due to the different conditions of the simulation studies—with or without a virtual
reality device—the users’ perceptions collected after the two computer-based simulation
studies were analyzed separately. This allowed us to examine the impact of various forms
of Visual Blood information presentation—with a virtual reality headset and without.

After the simulations, participants were asked to respond to two open-ended questions:
‘What do you LIKE about Visual Blood?’ and ‘What do you DISLIKE about Visual Blood?’
Participants had unlimited time to answer these questions. Following data collection, we
initiated our qualitative analysis by translating statements from German and Spanish into
English using the online translator deepl.com (DeepL GmbH, Cologne, Germany), accessed
on 2 June 2022. In Supplementary Material File S1, we provide all translated statements
from the participants.

To analyze the insights, we employed thematic analysis and the template approach [27].
Initially, we categorized the statements into positive and negative groups. Then, we
grouped individual comments with similar content, resulting in three themes for both the
positive and negative statement groups. Figure 2 illustrates the coding template.
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Using this coding template, two of the study authors, SA and TRR, conducted cat-
egorization after the simulation study with a virtual reality headset. Three of the study
authors, GG, GS, and JL, conducted categorization after the simulation study without a
virtual reality component. Categorized statements that initially differed were discussed and
recategorized through consensus between the reviewers. As recommended in qualitative
research, we calculated inter-rater reliability [29,30].

2.4.2. Quantitative Part: Online Survey

We conducted an online survey using SurveyMonkey (SVMK Inc., San Mateo, CA,
USA) to complement the qualitative results with quantitative data. In this survey, partici-
pants were asked to rate six statements (Figure 3) on 5-point Likert scales, ranging from
‘strongly agree’ to ‘strongly disagree.’ These statements were formulated based on the most
common themes that emerged from the qualitative phase of this study.
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Figure 3. Sunburst diagrams of the coding tree, presenting a percentage distribution of all statements
by theme. The length of each category corresponds to its percentage representation in the statements.
The inner and outer circles represent two coding levels. The innermost circle corresponds to the
highest level of categorization, while the outermost circle corresponds to subcategorization in different
themes. (A) Sunburst diagram, representing a distribution of themes in simulations with a visual
reality device. (B) Sunburst diagram, representing a distribution of themes in simulations without a
visual reality device.

2.5. Statistical Analysis

Qualitative data analysis, including coding and data organization, was conducted
using Microsoft Word and Excel (Microsoft Corp., Redmond, WA, USA). The results of
the qualitative data analysis are presented using descriptive statistics as the number of
statements per theme with their respective percentages. We provide inter-rater reliability
as a percentage.

The online survey results are presented using descriptive statistics: numbers, medians,
and interquartile ranges. Furthermore, we performed a one-sample Wilcoxon signed
ranked test (SPSS Inc., Chicago, IL, USA) for each question to determine whether the
median value deviates significantly from a neutral point on the Likert scale. Statistical
significance was indicated as p < 0.05.

3. Results
3.1. Participant Characteristics

Table 1 provides detailed information about the participants’ characteristics.



Diagnostics 2023, 13, 3103 6 of 12

Table 1. Study and participant characteristics.

Study and Participant Characteristics Values

Simulations with visual reality device

Study centers, n 5

Participants per study center, n 10

Female participants, n (%) 31 (62%)

Age (years), median (*IQR) 31 (28–41)

Senior physicians, n (%) 22 (44%)

Resident physicians, n (%) 28 (56%)

Total work experience (years), median (IQR) 5 (2–10)

Blood gas analysis skills, self-rated, (0 = novice, 100 = expert), median (IQR) 70.5 (60–83)

Video game playing, subjective frequency (0 = never, 100 = very often), median (IQR) 6 (0–31)

Simulations without visual reality device

Study centers, n
• Participants at University Hospital Zurich in Switzerland
• Participants at University Hospital Wuerzburg
• Participants at University Hospital Frankfurt in Germany

3
• 35
• 18
• 17

Female participants, n (%) 42 (60%)

Age (years), median (IQR) 30 (28–39)

Senior physicians, n (%) 15 (21.4%)

Resident physicians, n (%) 55 (78.6%)

Total work experience (years), median (IQR) 6 (3–8)

Blood gas analysis skills, self-rated, (0 = novice, 100 = expert), median (IQR) 29 (22–37)

*IQR—interquartile range.

3.2. Qualitative Analysis

The inter-rater reliability of the coding after the simulation study with a virtual reality
headset was over 80%. The inter-rater reliability of the coding after the simulation study
without a virtual reality device was 95%.

3.2.1. User Perceptions Following Virtual Reality Simulations

After the simulation study, where participants interpreted blood gas analysis in a
virtual reality environment [25], the information overview, intuitiveness, innovativeness,
and timesaving aspects of Visual Blood were emphasized as the most appreciated fea-
tures of the technology. Nevertheless, using a virtual reality device made interpretation
challenging—animations moved too quickly, creating an unpleasant sensation in three-
dimensional space and, thus, leading to cognitive overload. Table 2 presents a summary of
the exact number of perceived advantages and disadvantages by theme.

The theme addressed most often was the positive usability features (40%, or 68 out of
165 statements). For example, participant 22 noted that Visual Blood is “easy to memorize
with the help of visualizations”, and participant 30 specified “the electrolyte and acid–base
status is quick and easy to recognize”. The potential for improvement in usability (27%, or
44 out of 165 statements) was mainly described as an opportunity to reduce the cognitive
burden the clinicians have to deal with when interpreting complex blood gas analysis
results further. For instance, participant 3 stated that “if several imbalances are present, a
bit of concentration is needed,” leading to “information overload”.
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Table 2. Major themes, participant count, percentage, and examples.

Users’ Perceptions after the Computer-Based Simulations
with Virtual Reality

Users’ Perceptions after the Computer-Based Simulations
without Virtual Reality

Positive (87/165, 53%)
• Design (17/165, 10%)

# Color coding of the individual values, clear
representation of each value at a glance (*P 25).

# Auditory input (P 5).
# Clear, visualized physiology of simple numerical

values in the body (blood vessel) from my patient
(P 39).

• Usability (68/165, 40%)
# Main diagnosis easier to see [than with

conventional blood gas analysis] (P 23).
# Easier to see the problem in a short time [than with

conventional blood gas analysis] (P 43).
# More intuitive approach [than conventional blood

gas analysis] (P 6).
• Study design (3/165, 2%)

# The VR experience was a nice change (P 27).

Positive (103/200, 52%)
• Design (37/200, 19%)

# Colorful (P 13).
# Lactate funny, illustrative presented (P 15).
# Visually appealing (P 16).

• Usability (62/200, 31%)
# Fast overview over pathological results (P 42).
# Simultaneous seeing and perception of

pathologically altered blood gas analyses (P 47).
# Time saving (P 16).

Negative (78/165 47%)
• Design (18/165, 11%)

# Colors difficult to differentiate (P 20).
• Usability (44/165, 27%)

# If several imbalances are present, a bit of
concentration is needed (P 3).

# No absolute values visible, extent of pathologies
more difficult to quantify (P 28).

# Would need training and practice to be useful in
everyday clinical practice (P 2).

• Study design (15/165, 9%)
# Too little time [to get used to Visual Blood] (P 16).

Negative (97/200 48.5%)
• Design (48/200, 24%)

# Slow speed of the individual components
swimming through (P 17).

# Too much motion (P 20).
# pH value representation could be clearer (P 36).

• Usability (39/200, 20%)
# Too overloaded and confusing when many

parameters are out of the normal range (P 65).
# Absolute values necessary in addition (P 2).
# Need to get used to it (P 22).

• Study design (8/200, 4%)
# With many pathological parameters, an overview

is difficult in 15 s (P 50).
# Time pressure (P 59).
# Definitions of pathological versus normal states

after watching the introduction video only once
not clearly remembered for all parameters (P 47).

*P: Participant number.

The design features were also well received. Overall, the advantages of the technol-
ogy’s design were highlighted in 10% (17 out of 165) of statements. Participant 25, for
example, appreciated “color coding of the individual values, clear representation of each
value at a glance”, while participant 47 liked the “emphasis on the values to focus on”.
Some other participants highlighted aspects where the design could still be improved (11%,
or 18 out of 165 statements). For instance, participant 10 found the “hemoglobin variables a
bit confusing”, while participant 20 found the “colors difficult to differentiate”.

Concerning the study design, only 2% of statements (3 out of 165) were favorable,
whereas 9% (15 out of 165 statements) criticized it, emphasizing that the virtual reality
device made the interpretation of results challenging. Participants who liked the study
design commented that “the VR experience was a nice change” (participant 27) and “good
explanatory video, easy handling” (participant 29). The negative comments mainly identi-
fied the training period or study period as “too short” (participant 29) to get used to Visual
Blood, primarily due to the challenges posed by the virtual reality device.

3.2.2. User Perceptions Following Simulations (No Virtual Reality Headset)

As in the simulation study with a virtual reality component, the theme that received
the most comments here was also the positive usability features (31%, or 62 out of 200), es-
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pecially emphasizing the technology’s intuitiveness and timesaving qualities. For instance,
participant 1 stated that Visual Blood is “easy to use”, whereas participant 65 pointed out
that “with a bit of practice, pathologies can be detected more quickly than with conven-
tional blood gas analysis”. Comments indicating the potential for usability improvement
(19.5%, or 39 out of 200) were mainly focused on the amount of information presented
simultaneously on the screen and missing data quantification. For example, participant
19 stated that there is “very much information on a small space”, whereas participant
23 pointed out that he must “still look at a conventional blood gas analysis afterwards”
because “numbers are missing”.

The design of Visual Blood was also well appreciated (18.5%, or 37 out of 200 state-
ments). Participant 42 highlighted positive design features, emphasizing the “creative and
colorful presentation” of the information provided by Visual Blood, whereas participant
63 agreed that the technology offers a “good graphical information presentation”. Sev-
eral ideas for improving the technology have also been identified (24%, or 48 out of 200);
for example, participant 41 pointed out that “rapid flashing has a stressful effect”, and
participant 34 said that the “flow of molecules is too fast”.

Concerning the study design, two themes—time pressure and training video—were
emphasized the most by participants. For instance, participant 59 said that “the interpre-
tation time of 15s is a bit short”, whereas participant 2 pointed out that “Definitions of
pathological versus normal states after watching the introduction video only once cannot
be clearly remembered for all parameters”.

Table 2 summarizes the exact number of perceived advantages and disadvantages by
theme. Figure 4 provides a percentage distribution of all statements by theme collected
after the simulation studies with and without a virtual reality headset.
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3.3. Online Survey (Quantitative Part)

After completing the qualitative analysis, we invited the same participants to partici-
pate in the online survey. Figure 3 illustrates the formulation of the questions in the online
survey and presents the results.
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4. Discussion

This international, multicenter, researcher-initiated mixed qualitative–quantitative
study explored participants’ impressions of a novel, three-dimensional blood gas analysis
display—Visual Blood. We analyzed user feedback after two computer-based simulation
studies—the first with a virtual reality device and the second without it. User perceptions
are essential when identifying the positive aspects of the technology and considering the
potential for improvement in the future.

The principal qualitative findings demonstrate that the most common theme we
derived from the field notes after both simulation studies was usability. There were more
positive than negative comments concerning this topic. This finding was then confirmed
in our online survey as part of our quantitative analysis, where participants agreed that
Visual Blood was intuitive and could be used with minimal training. This is in line with
previous work, which has shown that graphical displays are more efficient at transferring
information and often preferred by end users [22]. It also validates the user-centered design
approach taken in developing Visual Blood.

The Visual Blood design received favorable feedback. However, participants in both
the interviews and the online survey provided valuable insights that will be beneficial
for the future development of the technology. For instance, while many appreciated the
color-coding of the parameters, some participants found it challenging to differentiate
between colors. One explanation could be a potential case of color blindness. However,
we cannot provide detailed information about this, as it was not within the scope of our
inquiry. The color design in Visual Blood will be crucial for further development.

By contrast, the study design, particularly the use of the virtual reality device in the
first simulation study described above, received significant criticism. Many participants
had little to no prior experience with this relatively new technology, leading to side effects
known as simulator sickness, including discomfort and nausea, in some participants [31].
This highlights the importance of ongoing development and refinement of virtual reality
devices, which are increasingly being integrated into the medical field, particularly in
intensive care [32]. These criticisms and observations provide invaluable insights for the
ongoing improvement of Visual Blood.

Notably, the results demonstrate a strong initial level of acceptance of Visual Blood in
its first version, especially when compared to traditional conventional blood gas analysis
printouts. Nevertheless, there is considerable room for further improvement. Given the
foundation of good usability and positive feedback, it is reasonable to assume that both
the design and study design can be further optimized, thereby enhancing the overall user
experience of Visual Blood.

This study has several strengths and limitations. There are typical limitations of
qualitative research in the interview part of the study. The results of the qualitative analysis
cannot be generalized to larger populations as confidently as quantitative results due to the
absence of statistical significance testing [33]. However, the online survey, the quantitative
part of the study, provided further insight into the main themes identified.

Moreover, this study was conducted in a controlled, computer-based environment free
from stress and distractions. During the study, we presented the blood gas analysis printout
and Visual Blood for precisely 15 s. These conditions differ from real-world scenarios in
clinical practice, where physicians face stress, distractions, and can decide how long to
examine a blood gas analysis printout.

Additionally, Visual Blood relies on a three-dimensional representation that requires a
virtual reality headset. While it could theoretically be introduced to the operating room
(OR), the current practicality of working in the OR with a VR headset is limited. Strategies
such as strategically placing VR glasses in the OR may be explored to address this issue.

We consider the high data quality in this study a strength, as field notes were collected
immediately after participants completed the Visual Blood simulation studies, ensuring
accurate and meaningful qualitative data. Furthermore, the multicenter and international
design enhances the external validity of our results and allows for extrapolation to a wide
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range of international healthcare professionals. The randomized order and presentation
of multiple scenarios with the two different methods enabled the most accurate compari-
son possible.

5. Conclusions

We designed this study to gather qualitative information to inform the further devel-
opment of Visual Blood, a new user-centered design-based technology for visualizing blood
gas analysis results. Within the context of our study, Visual Blood received broad positive
feedback. A detailed analysis of participants’ statements revealed that they considered
Visual Blood an innovative and intuitive visualization technique for blood gas analysis
results. However, our results also highlight the need for improvement, particularly in
optimizing Visual Blood’s design to reduce visual overload.

In a world and medical field increasingly characterized by complexity, it becomes
essential to find ways to integrate technology into everyday medical practice to assist
clinicians. Emerging user-centered, design-based technologies, such as Visual Blood, hold
promise in this regard. This study marks an important milestone in the development of
Visual Blood, demonstrating its potential as a clinical aid. However, further development
and research are required before it can be integrated into daily clinical practice.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diagnostics13193103/s1, Video S1. Educational video providing a
detailed demonstration of how Visual Blood works and how it represents individual parameters within
and outside their normal ranges. File S1. Translated statements from the participants.

Author Contributions: Conceptualization, G.G., J.L., G.S., A.D.B., D.H., T.R.R., L.B., P.M., S.H., K.Z.,
F.J.R., E.R., M.L.-B., M.T.G., T.S., C.B.N., D.W.T. and S.A.; data curation, G.G., J.L., G.S., S.A. and
T.R.R.; formal analysis, G.G., J.L., G.S., S.A. and T.R.R.; writing—original draft preparation, G.G. and
A.D.B.; writing—review and editing, G.G., J.L., G.S., A.D.B., D.H., T.R.R., L.B., P.M., S.H., K.Z., F.J.R.,
E.R., M.L.-B., M.T.G., T.S., C.B.N., D.W.T. and S.A.; visualization, G.G. and A.D.B.; supervision, S.A.
and G.G.; project administration, D.W.T. All authors have read and agreed to the published version
of the manuscript.

Funding: Institute of Anesthesiology, University Hospital Zurich.

Institutional Review Board Statement: The ethics committee of the Canton of Zurich, Zurich,
Switzerland, reviewed the study protocol and declared no objection (BASEC No. 2021-00307). The
local ethics committees for the study centers in Germany and Spain also approved the study protocol.

Informed Consent Statement: Before the study began, written informed consent was obtained from
all participants to use the collected data for research purposes.

Data Availability Statement: The complete datasets are available upon reasonable request.

Acknowledgments: The study authors thank all the participants for their engagement and time.

Conflicts of Interest: TRR is an inventor of Visual Patient Predictive technology, for which the Uni-
versity of Zurich and Koninklijke Philips N.V. hold patent applications and design protections. Joint-
development and licensing agreements exist with Philips Medizin Systeme Böblingen GmbH, Böblin-
gen, Germany; Koninklijke Philips N.V., Amsterdam, The Netherlands; Philips Research/Philips
Electronics Nederland BV, Eindhoven, The Netherlands; and Philips USA, Cambridge, MA, USA.
Within the framework of these agreements, TRR receives travel support, lecturing and consulting
honoraria, and may potentially receive royalties in the event of successful commercialization. TRR
is an inventor of Visual Blood technology, for which the University of Zurich holds patent appli-
cations and design protections; potential royalties may follow successful commercialization. CBN
is an inventor of Visual Patient and Visual Patient Predictive technologies, for which the Univer-
sity of Zurich and Koninklijke Philips N.V. hold patents, patent applications, design protections,
and trademarks. Joint-development and licensing agreements exist with Philips Medizin Systeme
Böblingen GmbH, Böblingen, Germany; Koninklijke Philips N.V., Amsterdam, The Netherlands;
Philips Research/Philips Electronics Nederland BV, Eindhoven, The Netherlands; and Philips USA,
Cambridge, MA, USA. Within the framework of these agreements, CBN receives travel support,

https://www.mdpi.com/article/10.3390/diagnostics13193103/s1
https://www.mdpi.com/article/10.3390/diagnostics13193103/s1


Diagnostics 2023, 13, 3103 11 of 12

lecturing and consulting honoraria, and may potentially receive royalties in the event of successful
commercialization. CBN is an inventor of Visual Clot technology, with patent applications, design
protections, and trademarks held by the University of Zurich. In case of successful commercialization,
CBN may receive royalties. CBN is an inventor of Visual Blood technology, for which the University
of Zurich holds patent applications and design protections; potential royalties may follow successful
commercialization. CBN received travel support and lecturing and consulting honoraria from In-
strumentation Laboratory—Werfen, Bedford, MA, USA. DWT is the first named inventor of Visual
Patient and Visual Patient Predictive technologies, for which the University of Zurich and Koninklijke
Philips N.V. hold patents, patent applications, design protections, and trademarks. Joint-development
and licensing agreements exist with Philips Medizin Systeme Böblingen GmbH, Böblingen, Ger-
many; Koninklijke Philips N.V., Amsterdam, The Netherlands; Philips Research/Philips Electronics
Nederland BV, Eindhoven, The Netherlands; and Philips USA, Cambridge, MA, USA. Within the
framework of these agreements, DWT receives research funding, travel support, lecturing and con-
sulting honoraria, and may potentially receive royalties in the event of successful commercialization.
DWT also holds a position on the Philips Patient Safety Advisory Board. DWT is the first named
inventor of Visual Clot technology, with patent applications, design protections, and trademarks held
by the University of Zurich. In case of successful commercialization, DWT may receive royalties.
DWT is the first named inventor of Visual Blood technology, for which the University of Zurich holds
patent applications and design protections; potential royalties may follow successful commercial-
ization. Additionally, DWT received travel support and lecturing and consulting honoraria from
Instrumentation Laboratory—Werfen, Bedford, MA, USA, the Swiss Foundation for Anaesthesia
Research in Zurich, Switzerland, and the International Symposium on Intensive Care and Emergency
Medicine in Brussels, Belgium. The other authors report no conflict of interest regarding this paper.

References
1. Plsek, P.E.; Greenhalgh, T. Complexity science: The challenge of complexity in health care. BMJ 2001, 323, 625–628. [CrossRef]
2. Olshansky, S.J. From Lifespan to Healthspan. JAMA 2018, 320, 1323–1324. [CrossRef]
3. Global Burden of Disease Study Collaboration. Global, regional, and national incidence, prevalence, and years lived with

disability for 301 acute and chronic diseases and injuries in 188 countries, 1990–2013: A systematic analysis for the Global Burden
of Disease Study 2013. Lancet 2015, 386, 743–800. [CrossRef]

4. Obermeyer, Z.; Lee, T.H. Lost in Thought—The Limits of the Human Mind and the Future of Medicine. N. Engl. J. Med. 2017, 377,
1209–1211. [CrossRef]

5. Makary, M.A.; Daniel, M. Medical error-the third leading cause of death in the US. BMJ 2016, 353, i2139. [CrossRef]
6. Pickering, B.W.; Herasevich, V.; Ahmed, A.; Gajic, O. Novel Representation of Clinical Information in the ICU: Developing User

Interfaces which Reduce Information Overload. Appl. Clin. Inform. 2010, 1, 116–131.
7. Singh, H.; Spitzmueller, C.; Petersen, N.J.; Sawhney, M.K.; Sittig, D.F. Information overload and missed test results in electronic

health record-based settings. JAMA Intern. Med. 2013, 173, 702–704. [CrossRef]
8. Bracco, D.; Favre, J.B.; Bissonnette, B.; Wasserfallen, J.B.; Revelly, J.P.; Ravussin, P.; Chioléro, R. Human errors in a multidisciplinary

intensive care unit: A 1-year prospective study. Intensive Care Med. 2001, 27, 137–145. [CrossRef]
9. Severinghaus, J.W. The invention and development of blood gas analysis apparatus. Anesthesiology 2002, 97, 253–256. [CrossRef]
10. Gattinoni, L.; Pesenti, A.; Matthay, M. Understanding blood gas analysis. Intensive Care Med. 2018, 44, 91–93. [CrossRef]
11. General Medical Council. Practical Skills and Procedures; General Medical Council: London, UK, 2019.
12. Austin, K.; Jones, P. Accuracy of interpretation of arterial blood gases by emergency medicine doctors. Emerg. Med. Australas.

2010, 22, 159–165. [CrossRef] [PubMed]
13. Powles, A.C.P.; Morse, J.L.C.; Pugsley, S.O.; Campbell, E.J.M. Interpretation of blood gas analysis by physicians in a community

teaching hospital. Br. J. Dis. Chest 1979, 73, 237–242. [CrossRef] [PubMed]
14. Wright, M.C.; Borbolla, D.; Waller, R.G.; Del Fiol, G.; Reese, T.; Nesbitt, P.; Segall, N. Critical care information display approaches

and design frameworks: A systematic review and meta-analysis. J. Biomed. Inform. X 2019, 100, 100041. [CrossRef]
15. Drews, F.A. Patient Monitors in Critical Care: Lessons for Improvement. In Advances in Patient Safety: New Directions and

Alternative Approaches (Vol. 3: Performance and Tools); Henriksen, K., Battles, J.B., Keyes, M.A., Grady, M.L., Eds.; Agency for
Healthcare Research and Quality: Rockville, MD, USA, 2008.

16. Waller, R.G.; Wright, M.C.; Segall, N.; Nesbitt, P.; Reese, T.; Borbolla, D.; Del Fiol, G. Novel displays of patient information in
critical care settings: A systematic review. J. Am. Med. Inform. Assoc. 2019, 26, 479–489. [CrossRef] [PubMed]

17. Drews, F.A.; Westenskow, D.R. The right picture is worth a thousand numbers: Data displays in anesthesia. Hum. Factors 2006, 48,
59–71. [CrossRef]

18. Ensor, T.M.; Bancroft, T.D.; Hockley, W.E. Listening to the Picture-Superiority Effect Evidence for the Conceptual-Distinctiveness
Account of Picture Superiority in Recognition. Exp. Psychol. 2019, 66, 134–153. [CrossRef]

19. Drews, F.A.; Agutter, J.; Syroid, N.D.; Albert, R.W.; Westenskow, D.R.; Strayer, D.L. Evaluating a Graphical Cardiovascular
Display for Anesthesia. Proc. Hum. Factors Ergon. Soc. Annu. Meet. 2016, 45, 1303–1307. [CrossRef]

https://doi.org/10.1136/bmj.323.7313.625
https://doi.org/10.1001/jama.2018.12621
https://doi.org/10.1016/S0140-6736(15)60692-4
https://doi.org/10.1056/NEJMp1705348
https://doi.org/10.1136/bmj.i2139
https://doi.org/10.1001/2013.jamainternmed.61
https://doi.org/10.1007/s001340000751
https://doi.org/10.1097/00000542-200207000-00031
https://doi.org/10.1007/s00134-017-4824-y
https://doi.org/10.1111/j.1742-6723.2010.01275.x
https://www.ncbi.nlm.nih.gov/pubmed/20534051
https://doi.org/10.1016/0007-0971(79)90046-9
https://www.ncbi.nlm.nih.gov/pubmed/553656
https://doi.org/10.1016/j.yjbinx.2019.100041
https://doi.org/10.1093/jamia/ocy193
https://www.ncbi.nlm.nih.gov/pubmed/30865769
https://doi.org/10.1518/001872006776412270
https://doi.org/10.1027/1618-3169/a000437
https://doi.org/10.1177/154193120104501710


Diagnostics 2023, 13, 3103 12 of 12

20. Wachter, S.B.; Johnson, K.; Albert, R.; Syroid, N.; Drews, F.; Westenskow, D. The evaluation of a pulmonary display to detect
adverse respiratory events using high resolution human simulator. J. Am. Med. Inform. Assoc. 2006, 13, 635–642. [CrossRef]

21. Philips. Patient Monitoring: Visual Patient Avatar. 2023. Available online: https://www.philips.co.uk/healthcare/technology/
visual-patient-avatar (accessed on 12 June 2023).

22. Tscholl, D.W.; Rössler, J.; Said, S.; Kaserer, A.; Spahn, D.R.; Nöthiger, C.B. Situation Awareness-Oriented Patient Monitoring with
Visual Patient Technology: A Qualitative Review of the Primary Research. Sensors 2020, 20, 2112. [CrossRef]

23. Gasciauskaite, G.; Lunkiewicz, J.; Roche, T.R.; Spahn, D.R.; Nöthiger, C.B.; Tscholl, D.W. Human-centered visualization technolo-
gies for patient monitoring are the future: A narrative review. Crit. Care 2023, 27, 254. [CrossRef]

24. Schweiger, G.; Malorgio, A.; Henckert, D.; Braun, J.; Meybohm, P.; Hottenrott, S.; Froehlich, C.; Zacharowski, K.; Raimann,
F.J.; Piekarski, F.; et al. Visual Blood, a 3D Animated Computer Model to Optimize the Interpretation of Blood Gas Analysis.
Bioengineering 2023, 10, 293. [CrossRef] [PubMed]

25. Bergauer, L.; Akbas, S.; Braun, J.; Ganter, M.T.; Meybohm, P.; Hottenrott, S.; Zacharowski, K.; Raimann, F.J.; Rivas, E.; López-
Baamonde, M.; et al. Visual Blood, Visualisation of Blood Gas Analysis in Virtual Reality, Leads to More Correct Diagnoses: A
Computer-Based, Multicentre, Simulation Study. Bioengineering 2023, 10, 340. [CrossRef] [PubMed]

26. Tong, A.; Sainsbury, P.; Craig, J. Consolidated criteria for reporting qualitative research (COREQ): A 32-item checklist for
interviews and focus groups. Int. J. Qual. Health Care 2007, 19, 349–357. [CrossRef] [PubMed]

27. O’Brien, B.C.; Harris, I.B.; Beckman, T.J.; Reed, D.A.; Cook, D.A. Standards for reporting qualitative research: A synthesis of
recommendations. Acad. Med. 2014, 89, 1245–1251. [CrossRef] [PubMed]

28. Endsley, M.R. Designing for Situation Awareness: An Approach to User-Centered Design, 2nd ed.; CRC Press Inc.: Boca Raton, FL,
USA, 2011.

29. O’Connor, C.; Joffe, H. Intercoder Reliability in Qualitative Research: Debates and Practical Guidelines. Int. J. Qual. Methods 2020,
19, 1609406919899220. [CrossRef]

30. McHugh, M.L. Interrater reliability: The kappa statistic. Biochem. Med. 2012, 22, 276–282. [CrossRef]
31. Hussain, R.; Chessa, M.; Solari, F. Mitigating Cybersickness in Virtual Reality Systems through Foveated Depth-of-Field Blur.

Sensors 2021, 21, 4006. [CrossRef]
32. Bruno, R.R.; Bruining, N.; Jung, C.; VR-ICU Study group Kelm Malte Wolff Georg Wernly Bernhard. Virtual reality in intensive

care. Intensive Care Med. 2022, 48, 1227–1229. [CrossRef]
33. Atieno, O.P. An analysis of the strengths and limitation of qualitative and quantitative research paradigms. Probl. Educ. 21st

Century 2009, 13, 13–38.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1197/jamia.M2123
https://www.philips.co.uk/healthcare/technology/visual-patient-avatar
https://www.philips.co.uk/healthcare/technology/visual-patient-avatar
https://doi.org/10.3390/s20072112
https://doi.org/10.1186/s13054-023-04544-0
https://doi.org/10.3390/bioengineering10030293
https://www.ncbi.nlm.nih.gov/pubmed/36978684
https://doi.org/10.3390/bioengineering10030340
https://www.ncbi.nlm.nih.gov/pubmed/36978731
https://doi.org/10.1093/intqhc/mzm042
https://www.ncbi.nlm.nih.gov/pubmed/17872937
https://doi.org/10.1097/ACM.0000000000000388
https://www.ncbi.nlm.nih.gov/pubmed/24979285
https://doi.org/10.1177/1609406919899220
https://doi.org/10.11613/BM.2012.031
https://doi.org/10.3390/s21124006
https://doi.org/10.1007/s00134-022-06792-0

	Introduction 
	Materials and Methods 
	Approval and Consent 
	Visual Blood 
	Previous Visual Blood Simulation Studies 
	Study Design 
	Qualitative Part: Participant Interviews 
	Quantitative Part: Online Survey 

	Statistical Analysis 

	Results 
	Participant Characteristics 
	Qualitative Analysis 
	User Perceptions Following Virtual Reality Simulations 
	User Perceptions Following Simulations (No Virtual Reality Headset) 

	Online Survey (Quantitative Part) 

	Discussion 
	Conclusions 
	References

