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ABSTRACT
Objectives  Build the theoretical and evidence-base for 
a digital platform (map-OR) which delivers intraoperative 
language tests during awake craniotomy and facilitates 
collaborative sharing of brain mapping data.
Design  Mixed methodology study including two scoping 
reviews, international survey, synthesis of development 
guiding principles and a risk assessment using failure 
modes and effects analysis.
Setting  The two scoping reviews examined the literature 
published in the English language. International survey 
was completed by members of awake craniotomy teams 
from 14 countries.
Main outcome measures  Scoping review 1: number 
of technologies described for language mapping during 
awake craniotomy. Scoping review 2: barriers and 
facilitators to adopting novel technology in surgery. 
International survey: degree of language mapping 
technology penetration into clinical practice.
Results  A total of 12 research articles describing 6 
technologies were included. The technologies required a 
range of hardware components including portable devices, 
virtual reality headsets and large integrated multiscreen 
stacks. The facilitators and barriers of technology adoption 
in surgery were extracted from 11 studies and mapped 
onto the 4 Unified Theory of Acceptance and Use of 
Technology constructs. A total of 37 awake craniotomy 
teams from 14 countries completed the survey. Of the 
responses, 20 (54.1%) delivered their language tests 
digitally, 10 (27.0%) delivered tests using cards and 7 
(18.9%) used a combination of both. The most commonly 
used devices were tablet computers (67.7%; n=21) 
and the most common software used was Microsoft 
PowerPoint (60.6%; n=20). Four key risks for the proposed 
digital platform were identified, the highest risk being a 
software and internet connectivity failure during surgery.
Conclusions  This work represents a rigorous and 
structured approach to the development of a digital 
platform for standardized intraoperative language testing 
during awake craniotomy and for collaborative sharing of 
brain mapping data.
Trial registration number  Scoping review protocol 
registrations in OSF registries (scoping review 1: ​osf.​io/​
su9xm; scoping review 2: ​osf.​io/​x4wsc).

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Language mapping during awake craniotomy is the 
gold standard for maximizing extent of resection 
while limiting language deficits as a complication 
of brain tumor surgery; however, there is variation 
in the type and mode of delivery of language tests 
during awake craniotomies.

	⇒ Furthermore, functional language maps built using 
intraoperative data are limited to a small group of 
languages.

WHAT THIS STUDY ADDS
	⇒ This study lays the theory and evidence-base for the 
development of a digital platform for the delivery of 
intraoperative language tests during awake craniot-
omy and collaborative multilanguage brain mapping 
(map-OR).

	⇒ We identified a small group of technologies for the 
delivery of language tests during awake craniotomy.

	⇒ An international survey showed limited penetration 
of these technologies into clinical practice.

	⇒ Facilitators and barriers for the adoption of technol-
ogy in surgery were extracted from the literature 
and guided key design features including using 
evidence-based language tests, intuitive user inter-
face and hardware agnosticism.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The work lays a robust theory and evidence-base for 
the development of map-OR to optimize its potential 
for adoption and successful implementation in both 
clinical and research practice.

	⇒ Map-OR aims to deliver standardized language 
tests during awake craniotomy, employing a range 
of languages.

	⇒ In conjunction, it will facilitate the mapping of pos-
itive stimulation sites onto a digital brain atlas with 
the ambition to prospectively build a functional mul-
tilanguage map of the human brain.

	⇒ This would serve as a resource for cognitive neuro-
science research and provide invaluable insights for 
operative planning for neurosurgeons.
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INTRODUCTION
Human language is a complex system of communica-
tion that allows the transfer of information between 
individuals. It lies at the heart of building relationships, 
personal development and cultural transmission. Due to 
the central role language plays, disruption of its function 
negatively impacts quality of life and can shorten overall 
survival.1 2 Therefore, preserving language function is a 
key neurosurgical tenet for the resection of brain tumors 
that are adjacent to or invading regions involving crit-
ical language networks. Awake craniotomy with func-
tional mapping using direct electrical stimulation (DES) 
has become the gold standard for maximizing extent of 
resection while limiting language deficits.3 Functional 
language mapping holds clinical value and provides an 
opportunity to study brain function and contribute to 
cognitive neuroscience. Unlike imaging modalities such 
as functional MRI (fMRI) which are associative, DES 
allows causal inference of function to brain anatomy.4 
This has permitted the building of functional maps of 
human language based on intraoperative language errors 
during awake craniotomy.5–8 These maps have largely 
looked at single languages limiting the transferability of 
the findings to under-represented languages and multi-
lingual individuals with different language combina-
tions. Efforts have been made to retrospectively combine 
these maps to compare languages. Lu et al retrospec-
tively created functional maps of DES-induced speech 
arrest and anomia by combining four large datasets that 
included English, French and Mandarin.9 The authors 
found a common fronto-temporo-parietal language 
network across the different languages which agrees with 
existing large-scale fMRI studies comparing languages.10 
However, Lu et al also identified subtle differences such 
as increased speech arrest in the posterior middle frontal 
gyrus in the Chinese cohort compared with English and 
French, which is consistent with previous studies.8 This 
retrospective approach has its merits but has a number 
of important limitations. First, the datasets had differing 
language mapping strategies and stimulation intensity 
ranges. This variation between institutions in intraoper-
ative language testing paradigms and interpretation is 
well documented.11 Second, the study focused on three 
languages (English, French and Mandarin), which only 
covers two language families: Indo-European (English and 
French) and Sino-Tibetan (Mandarin). In reality, there 
is huge diversity in human language with approximately 
7000 languages from over 100 distinct language families 
spoken across the globe.12 This narrow view of languages 
is a limitation in our understanding of the neurobiology 
of human language. We are developing a digital platform 
(map-OR) for the delivery of standardized intraoperative 
language tests during awake craniotomy. Additionally, 
map-OR would facilitate annotation of a digital brain 
atlas to map the neuroanatomical location of language 
errors identified during surgery. This would allow neuro-
surgical teams from around the world to collaborate at 
scale to create a multilanguage functional map of human 

language. This would serve as an important contribution 
to cognitive neuroscience and provide invaluable insights 
for operative planning for neurosurgeons.

The development and translation of surgical technol-
ogies is complex. Recently, two frameworks have been 
described to help ensure this process is performed 
rigorously and in an ordered manner that balances risk 
and innovation. The Idea, Development, Exploration, 
Assessment, Long-term follow-up (IDEAL-D) collabo-
ration proposed a model for the evaluation of device 
innovation.13 This framework included four stages: stage 
1 (first in human); stage 2 (exploratory studies); stage 3 
(randomized controlled trials) and stage 4 (long-term 
monitoring). The framework was updated to include a 
preclinical stage that covers analysis across four perspec-
tives: system, device, patient and clinician.14 The Medical 
Research Council (MRC) also published guidelines on 
the development and evaluation of complex interven-
tions.15 Complex interventions cover a wide range of 
interventions including welfare policy, enhanced recovery 
protocol and surgical procedures or devices. The frame-
work covers four areas: development, feasibility, evalua-
tion and implementation. One of the key differentiator 
of the two frameworks is the MRC’s recommendation for 
the use of a theory to help systematically articulate the key 
components of the intervention and identify uncertain-
ties. In this article, we describe a series of mixed meth-
odology studies (scoping reviews, international survey 
and risks analysis) that have been guided by both the 
IDEAL-D and MRC frameworks. We describe the theoret-
ical framework being used and lay out key development 
guides principles. As map-OR has not been developed yet, 
the studies described form a preliminary IDEAL-D stage 0 
focusing on systems perspective. The aim of this work is to 
establish a robust theoretical and evidence-based founda-
tion for the development and adoption of map-OR.

METHODS
Scoping review 1: what technologies have been described for 
language mapping during awake craniotomy?
The aim of this scoping review was to understand what 
technologies had been described in the literature for 
language mapping during awake craniotomy. A litera-
ture search was conducted in May 2022. The following 
electronic databases were used: MEDLINE (Ovid), 
Cochrane Library (Wiley), APA PsycINFO (Ovid) and 
Scopus. The following terms and their derivatives were 
used in the electronic search: ‘intra-operative’, ‘awake 
craniotomy’, ‘language mapping’, ‘technology’, ‘mobile’, 
‘virtual reality’, ‘computer-based’ (online supplemental 
table 1). The inclusion criteria were any original English-
language research articles or technical reports that 
described the use of novel software and hardware for the 
use of intraoperative language test delivery. Following 
the search, duplicate articles were removed, and one 
researcher (DV) then screened the titles and abstracts 
of articles. Two researchers (DV, AABJ) then agreed on 
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the full articles included in the review. A range of data-
points were extracted from the articles including type 
of technology, year it was described, country of origin, 
software and hardware requirements, types of language 
test, other cognitive tests and functionality, description of 
stakeholder feedback and clinical feasibility testing. The 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) scoping review checklist was 
used to guide this scoping review (online supplemental 
table 2). The scoping review protocol was published on 
OSF registries.16

International survey examining methods of language test 
delivery during awake craniotomy
An international survey examining the methods used 
to deliver language tests during awake craniotomy was 
conducted between January and February 2023. The aim 
of the survey was to understand if awake craniotomy teams 
use physical cards or a digital device. If they used a digital 
device, what device they used and what software to deliver 
the tests. An online survey was developed (using Google 
Forms) that asked three questions: (1) How do you 
deliver language tests during awake craniotomies? (2) If 
you use a digital device, what software do you use? (3) Do 
you have access to the internet in your operating theatre? 
(online supplemental table 3). Respondents could have 
more than one answer per question and provided details 
on the country and city they worked at the start of the 
survey. The survey was distributed via the mailing lists of 
national neurosurgical societies, the personal contacts of 
the authors and social media platforms.

Scoping review 2: what are the barriers and facilitators to 
adopting novel technology in surgery?
The aim of the second scoping review was to assess what 
barriers and facilitators to adopting novel technology in 
surgery had been described in the literature. Relevant 
studies were identified by electronic literature search 
in May 2022. The following electronic databases were 
used: MEDLINE (Ovid), Cochrane Library (Wiley), 
APA PsycINFO (Ovid) and Scopus. The following terms 
and their derivatives were used in the electronic search: 
‘adoption’, ‘diffusion’, ‘dissemination’, ‘introduction’, 
‘new’, ‘recent’, ‘innovation’, ‘novel’, ‘emergent’, ‘initial’, 
‘early’, ‘preliminary’, ‘prototype’, ‘surgery’, ‘procedure’, 
‘operation’, ‘device’, ‘system’, ‘imaging’, ‘application’, 
‘approach’, ‘diagnostic’, ‘smartphone’, ‘mobile’, ‘soft-
ware’, ‘robot’, ‘navigation’, ‘instrument’, ‘simulation’, 
‘virtual’, ‘computer-based’, ‘qualitative’, ‘focus group’ 
(online supplemental table 4). The inclusion criteria 
were English-language research articles of qualitative 
research (interviews, discussions, questionnaires, focus 
groups and surveys) focusing on the adoption of novel 
technology in surgery. A broad definition of technology 
was used including both hardware and software inno-
vations (this included but was limited to instruments, 
robotics, imaging, devices and software focusing on 
the surgical workflow). After duplicates were removed, 

the titles and abstracts of papers were screened (XYN). 
Two researchers (XYN, AABJ) conducted the final full-
text screening and agreed on the included full articles. 
One paper was added from manual searching. The MRC 
guidance on the development of complex interventions 
recommend the use of a theory to ensure a systematic 
approach to developing a new intervention.15 Therefore, 
facilitators and barriers to the adoption of novel tech-
nology were extracted and mapped the four constructs of 
the Unified Theory of Acceptance and Use of Technology 
model (UTAUT).17 The four constructs are defined as 
follows: ‘performance expectancy’ refers to the degree to 
which an individual believes that the system will help him 
or her to attain gains in job performance; ‘effort expec-
tancy’ refers to the degree of ease associated with use of 
the system; ‘social influence’ refers to the degree to which 
an individual perceives that important others believe he 
or she should use the new system; ‘facilitating conditions’ 
refers to the degree to which an individual believes that an 
organisation’s technical infrastructure exists to support 
the use of the system. The PRISMA scoping review check-
list was used as guidance for this scoping review (online 
supplemental table 5). The scoping review protocol was 
published on OSF registries.18

map-OR: device classification, development guiding principles 
and risk assessment
The core functionality of map-OR was described along-
side its classification based on the IDEAL-D framework 
for device innovation.14 The insights from the two 
scoping reviews and international survey were distilled 
into a set of guiding principles for the development of 
map-OR. The UTAUT model was used as a framework to 
ensure a systematic approach was used for the synthesis 
of the guiding principles. Finally, a risk assessment was 
performed using failure modes and effects analysis 
(FMEA). FMEA stratifies risk based on the likelihood and 
severity of a particular risk. Each risk gets a rating of 1–5 
for the likelihood of the risk occurring and its severity. 
The multiplication of these two ratings gives the stratifi-
cation of risk which ranges from 1 to 25. These scores are 
divided into three FMEA risk categories: low (1-4), inter-
mediate (5-9) and high (10-25).

RESULTS
Scoping review 1: what technologies have been described for 
language mapping during awake craniotomy?
From 1292 citations, a total of 12 research articles 
describing 6 technologies met the inclusion criteria 
(online supplemental figure 1). These technologies 
included a personal digital assistant (PDA) app,19 a novel 
tablet platform,20 a virtual reality program,21–23 the Neuro-
Mapper app,24 25 the Brain Mapping Interactive Stim-
ulation System8 26 and the intraoperative examination 
monitor for awake surgery27–29 (table 1). These technolo-
gies originated from a range of countries including Japan, 
Canada, France, the USA and China. The technologies 
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had substantial hardware requirements including specific 
devices for the delivery of language tests such as a Sony 
PDA, fMRI compatible tablet, virtual reality headset and 
dual iPads. Both the Brain Mapping Interactive Stimula-
tion System and the intraoperative examination monitor 
for awake surgery included multiple integrated screens 
and cameras. A range of language tests were delivered 
using these technologies including object naming, 
number counting, word reading, auditory descriptive 
naming, famous face naming and writing tasks. Other 
cognitive tests included social cognition tasks using the 
virtual reality system.21 Two of the technologies reported 
stakeholder feedback or assessment. All 6 technologies 
were used in clinical practice with reported cohorts 
ranging from 3 to 186 patients.

International survey looking at practice of language mapping 
during awake craniotomy
A total of 37 responses were captured from 14 countries 
(figure 1). Of the responses, 20 (54.1%) delivered their 
language tests digitally, 10 (27.0%) delivered tests using 
physical cards and 7 (18.9%) used a combination of 
both (figure 2). For those units that delivered their tests 
digitally, the most commonly used devices were tablet 
computers (67.7%; n=21), laptop computers (16.1%; 
n=5), mobile phones (12.9%; n=4) and bespoke hardware 
(3.2%; n=1). The predominant software used to deliver 
language tests was Microsoft PowerPoint (60.6%; n=20). 
Other software used were PDF (18.2%; n=6), Keynote 
(3.0%; n=1), bespoke software (3.0%; n=1) and PsychoPy 
(3.0%; n=1). All respondents had access to an internet 
connected device in their operating theatre.

Scoping review 2: what are the barriers and facilitators to 
adopting novel technology in surgery?
From 1362 citations, a total of 11 research articles were 
included30–40 (online supplemental figure 2). Barriers and 
facilitators were mapped onto the four constructs of UTAUT 
model (online supplemental table 6). For the construct 
of ‘performance expectancy’, the main facilitators were 
perceived benefits to the surgeon’s technical performance 
and patient outcomes. ‘Performance expectancy’ barriers 
included beliefs that pre-existing technology functioned 
adequately, concerns that innovation may worsen patient 
outcomes and concerns about a limited evidence-base for 

Figure 1  Geographical location of respondents of survey 
and method of language test delivery.
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new technology. ‘Effort expectancy’ facilitators included 
beliefs that the innovation would make surgery easier, 
shorten the learning curve and would be simple to use. 
Barriers in the construct of ‘effort expectancy’ focused on 
the impact of technical difficulties, the time and energy 
required for development of new skillsets and changes 
to the operating environment. ‘Social influence’ facilita-
tors included patient demand, peer encouragement and 
approval from diverse stakeholders. On the other hand, 
‘social influence’ barriers consisted of a perception that 
the technology was unnecessary, beliefs that adoption of 
novel technology would be promoted for individualistic 
purposes and ethical concerns about equity in access to new 

technology. Enabling factors for the ‘facilitating conditions’ 
construct included the provision of training and support, 
reasonable pricing and support from hospital management. 
Barriers to ‘facilitating conditions’ included organizational 
resistance to change, high costs and limited training.

map-OR: device classification and development guiding 
principles
map-OR is a piece of software that has dual functionality 
(figure 3). The first function is the planning and delivery 
of intraoperative language tests during awake craniotomy. 
The second function allows neurosurgeons to annotate 
positive stimulation sites (indicating regions of functional 

Figure 2  Awake craniotomy language test delivery methods from international survey including choice of hardware and 
software.

Figure 3  Schematic representation of map-OR’s dual functionality. Language tests are delivered via the screen of a digital 
device. If there is a positive stimulation then the neurosurgical team capture data on the neuroanatomical location of the 
stimulation site (neuronavigation localization and cortical photographs). This data are then plotted onto a digital atlas of the 
lateral cortex. International collaborating teams will pool these data to build a multilanguage functional map of the human brain. 
Created with BioRender.com.
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language localization) onto a digital atlas of the human 
cortex. Based on this functionality, map-OR is classified 
as a non-invasive and non-surgical device according to 
the IDEAL-D framework.14 Synthesizing the insights from 
the scoping reviews and survey, a set of development 
guiding principles were devised for map-OR (table  2). 
The UTAUT model was used as a framework to ensure 
the principles were developed systematically. For each 
UTAUT construct, a design objective was defined and 
onto this objective a series of map-OR features were 
devised to optimize its uptake. The core map-OR design 
objectives were to reduce pre-operative planning time 
through evidence-based recommendations of language 
tests, and to ensure enhanced intraoperative delivery effi-
ciency. Alongside this, map-OR needs to be simple and 
intuitive to use. Importantly, we plan on taking a trans-
parent approach to the development and validation of 
map-OR through publication in peer-reviewed journals 
and to build a consortium of international awake crani-
otomy teams to set map-OR standards through consensus. 
Finally, to ensure strong uptake of map-OR it must be 
accessible with minimal technical infrastructure.

Risk assessment using failure modes and effects analysis
As recommended by IDEAL, we used the FMEA frame-
work to conduct a systematic risk assessment. We iden-
tified four key risks attached to map-OR (table 3). The 
risk with the highest risk stratification was software or 
internet connection failure with an intermediate FMEA 
risk category. The possible side effect of this risk was 
disruption or delay to the language test delivery which 
could compromise a safe awake craniotomy. This risk 
could be mitigated by improved software testing and 
having a cache of language test material held on local 

device storage. The second risk identified was the 
recommendation of incorrect language tests which 
was deemed an intermediate FMEA risk category. 
Approaches to reduce the risk of this was to ensure 
building cross-checking for test recommendation and 
comprehensive user training. The third risk identified 
was patient data breaches which had a low FMEA risk 
category. To address this risk, map-OR should have 
industry standard encryption and require user iden-
tification. The final risk was incorrect annotation of 
the digital brain atlas which was deemed to be a low 
FMEA risk category. To manage this risk, users would 
get comprehensive training and each annotation would 
undergo consensus validation.

DISCUSSION
In this article, we describe the theory and evidence-base 
for developing a digital platform (map-OR) for the stan-
dardized delivery of intraoperative language tests during 
awake craniotomy, and to also facilitate collaborative 
sharing of brain mapping data. The driving force behind 
this work is to address two issues. The first is a lack of 
standardization in the delivery of language tests during 
awake craniotomy. This lack of standardization is at 
multiple levels encompassing the type of tests, the images 
used, the way they are delivered and how errors are inter-
preted. A review by Papatzalas et al found that a significant 
number of reported series used mixed or homemade test 
batteries.41 A survey of 137 specialists (including neuro-
surgeons, neuropsychologists and speech therapists) 
found high inter-rater variation in choice of language 
tests and interpretation of errors.11 The second issue is 
the bias in the language maps which have been described 

Table 2  map-OR development guiding principles based on the UTAUT model

Construct Design objective Key map-OR feature

Performance 
expectancy

Reduce pre-operative planning time and 
enhance intraoperative delivery efficiency

	► Evidence-based language test recommendation based 
on tumor’s neuroanatomical location

	► Evidence-based language test delivery paradigm 
(including recommended test delivery time and tones)

Effort expectancy Simple intuitive design with evidence-
based recommendations for language 
tests

	► Clean simple design for ease of navigation
	► Simple interactive atlas of lateral cortex for positive 
stimulation site annotation

	► Email notifications to map positive stimulation sites 
onto brain atlas

Social influence Build a community working towards 
standardizing language tests during 
awake craniotomy and goal to build a 
multilanguage map of the human brain 
using direct electrical stimulation

	► Use a transparent and evidence-based approach to the 
development and validation of map-OR with a strong 
focus on publication in peer-reviewed journals

	► Set up a consortium of like-minded neurosurgical 
teams around the world to set language testing and 
atlas mapping standards through consensus

Facilitating conditions Accessible with minimal technical 
infrastructure

	► map-OR to be delivered as a web application that is 
accessible through standard web browser

	► Hardware agnostic

UTAUT, Unified Theory of Acceptance and Use of Technology.
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in the literature. The predominant language maps have 
been in English, French and Mandarin.9 If we consider 
native speakers, this constitutes approximately 17.5% 
(1.4 out of 8 billion) of the global population.12 This bias 
limits the generalizability of the maps and comparisons 
between languages. As shown by Lu et al, DES has iden-
tified differences in functional neuroanatomy between 
Mandarin and English/French.9 As such, map-OR has two 
aims. First, to deliver standardized language tests during 
awake craniotomy covering a range of languages. Second, 
to facilitate the mapping of positive stimulation sites 
onto a digital brain atlas with the ambition to prospec-
tively build a functional multilanguage map of the human 
brain. This would serve as a resource for cognitive neuro-
science research and provide invaluable insights for oper-
ative neurosurgical planning.

To ensure a rigorous approach, we used a combination 
of the MRC framework for complex interventions and 
the IDEAL-D framework for surgical innovation.14 15 The 
updated MRC framework recommends using a theory 
to ensure a systematic approach to developing a new 
intervention. In the case of map-OR, we were particu-
larly interested in developing a technology that would be 
accepted and used by awake craniotomy teams. We there-
fore used the UTAUT model to provide a theoretical 
framework for developing map-OR.17 UTAUT provided 
a structured framework to examine the facilitators and 
barriers to technology adoption by surgical teams. In 
conjunction, it ensured thorough and robust consider-
ations when developing the guiding principles for map-
OR. We also used the preclinical phase of the IDEAL-D 

framework for device innovation.14 IDEAL-D classifies 
four types of preclinical studies for device innovation: 
(1) device perspective studies which examine technical 
effectiveness and safety profile; (2) patient acceptability 
studies which would involve patient and public involve-
ment; (3) clinician perspective studies which examine 
clinician usability and preferences and (4) system-level 
studies which explore gaps within the evidence and 
current healthcare systems. Typically, IDEAL-D stage 
0 analysis occurs after the development of the innova-
tion to allow feedback from these various perspectives. 
In this article, we present preliminary IDEAL-D stage 0 
work which has occurred prior to starting the develop-
ment of map-OR. We focused on system-level studies 
(two scoping reviews and international survey) to build 
the rationale for map-OR and inform its development. 
Prior to building the technical infrastructure of map-OR, 
there are a number of outstanding questions to address 
including which language tests should be used, how to 
define language errors and the choice of brain atlas. We 
plan on building a collaboration of international awake 
craniotomy teams and come to agreement on these ques-
tions using an expert Delphi consensus process.

Our scoping review of language mapping technologies 
used during awake craniotomy found a limited range of six 
technologies described in the literature. These technolo-
gies ranged from a simple PDA application which showed 
images for picture naming through to large integrated 
multiscreen platforms with a breadth of functionality. 
What was particularly striking was that all the technolo-
gies described had specific hardware requirements. This 

Table 3  map-OR risk assessment using FMEA

Failure mode Possible effect
Likelihood 
(rating)

Severity 
(rating)

Stratification of 
risk (FMEA risk 
category) Mitigation plan

Software failure 
during procedure 
(including loss 
of internet 
connectivity)

Disruption or delay 
to surgery. Inability to 
deliver language tests 
leading to less safe 
surgery

Occasional: 
<1/100 (3)

Serious (3) 9 (intermediate) Improve software testing 
procedures. Improve error handling 
for file corruptions. Cache language 
test materials on local device 
storage.

Incorrect 
language test 
recommendation 
or delivery

Erroneous surgical 
decision-making 
leading to iatrogenic 
language deficit

Remote: 
<1/1000 (2)

Serious (4) 8 (intermediate) Build in cross-checking of test 
recommendations. Consensus 
validation of language test choice. 
Comprehensive user manuals and 
training.

Patient data 
breach

Serious breach of 
patient confidentiality. 
Could undermine trust 
in the system

Remote: 
<1/1000 (2)

Minor (2) 4 (low) Use encryption methods for all 
transfer and storage of patient 
data. Require user authentication 
for access. Security training for 
users.

Incorrect brain 
atlas annotation

Incorrect annotation 
of stimulation sites 
invalidating scientific 
value of atlas

Occasional: 
<1/100 (3)

Negligible 
(1)

3 (low) Comprehensive user manuals and 
training. Build in cross-checking 
of data entry and annotations. Use 
consensus validation of language 
maps.

FMEA, failure modes and effects analysis.
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limits the dissemination and uptake of these technologies 
as other awake craniotomy teams need to invest in the 
hardware. This was evident in the international survey 
where none of the respondents used any of the technol-
ogies that had been described in the literature. Approxi-
mately three-quarters of respondents delivered language 
tests using a digital device of which 9 out of 10 of the 
pieces of software used were proprietary (PowerPoint, 
Keynote and PDF) and were not designed for language 
test delivery. The widespread use of software that is not 
designed specifically for intraoperative language testing 
will further increase the variation in test delivery. For 
example, language mapping protocols recommend an 
auditory cue to indicate to the surgical team when a new 
image has been shown to the patient which should be 
visible for 4 s during which time DES is applied.42 43 This 
functionality is not available or easily set up using the 
range of software used by the survey respondents.

To address the issue of limited technology adoption, 
we took a systematic approach to setting our map-OR’s 
development guiding principles. We laid out four key 
design objectives guided by UTAUT covering the four 
constructs: performance expectancy, effort expectancy, 
social influence and facilitating conditions. One of the 
key features that emerged from this process was the 
importance of using evidence-based language tests agreed 
through consensus using a transparent process. There 
are a number of published protocols in the literature for 
language testing during awake craniotomy.42 44–46 As our 
ambition is to create a multilanguage functional map of 
the human brain, it will be vital to ensure the language 
test paradigms is validated for a range of languages such 
as the MULTIMAP picture naming test.47 The map-OR 
feature that emerged from the other two UTAUT 
constructs (effort expectancy and facilitating conditions) 
centred on ensuring ease of use of map-OR through an 
intuitive user interface and minimal hardware require-
ments. The international survey highlighted the range of 
different devices used by awake craniotomy teams. There-
fore, map-OR will be delivered as a web application to 
allow it to be accessible on any internet connected device.

The work presented in this article has a number of 
limitations. First, the international survey had a small 
number of responses which were mainly located in 
Europe. This needs to be considered when interpreting 
the results as they are unlikely to be representative, partic-
ularly for teams working in North America. Second, the 
work in this article is preliminary IDEAL-D stage 0 as 
development of map-OR has not been completed. This 
analysis focused solely on system perspectives and did 
not include patient or clinician views. We are planning 
to complete IDEAL-D stage 0 after the development of 
minimal viable product of map-OR.

In conclusion, our study presents a rigorous, struc-
tured approach to the development of a digital platform 
for standardized intraoperative language testing during 
awake craniotomy and collaborative brain mapping. 
The work lays a robust theory and evidence-base for the 

development of map-OR to give it the best chance of 
adoption and successful implementation. By leveraging 
the power of collaboration, map-OR holds the potential 
to facilitate the creation of a multilanguage functional 
map of human language, contributing significantly to the 
field of cognitive neuroscience.
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