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Introduction
Diagnostic radiology imaging provides anatomical and physiological information to aid diagnosis and treatment. Depending on the diagnostic question, there are a range of modalities and techniques that can be used. Common modalities include conventional X-rays, Computed Tomography (CT), ultrasound, Magnetic Resonance Imaging (MRI), nuclear medicine and fluoroscopy (Ball and Price, 1995).
Inappropriate choice of imaging modality or technique can not only delay diagnosis and treatment, but also be harmful to the patient due to unnecessary exposure to ionising radiation (Maughan and Ansell, 2014). Often, the task of requesting radiological investigations is undertaken by junior doctors, who may have little experience in this important task (Hartley et al. 2022).
Abdominal pain is a common presenting symptom for patients attending the emergency department (Malmstrom et al. 2012). Abdominal pain can be caused by conditions that range from benign to severe and life-threatening (Cartwright and Knudson, 2015).
Radiological imaging can help in the diagnosis of underlying causes for abdominal pain and a number of different imaging options are normally available to the emergency medicine clinicians (Marincek, 2002). Inappropriate choice of imaging can present a radiation risk to patients from unnecessary X-rays or CT scans, as well as an associated cost to the healthcare provider (Bhatt et al. 2018). 
The Royal College of Radiologists (RCR) publish evidence-based guidelines regarding the most appropriate imaging examinations for a wide range of symptoms and conditions. Initially developed in 1989, the RCR’s referral guidelines have become accepted as the standard in the UK and are accredited by the National Institute for Health and Care Excellence (Shaw, 2022). The guidelines are evidence-based and give recommendations for appropriate imaging examinations in a range of scenarios, such as guideline G17 which gives information on appropriate imaging investigations for patients with abdominal pain. 

The problem state is outlined as a rich picture in Figure 1.
Figure 1 – Problem state
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In the problem state, clinicians requesting imaging examinations are liable to select inappropriate investigations, which may be completed but without the intended diagnostic benefit, or declined by the radiology department if they are identified at the request vetting stage, leading to delays in diagnosis and treatment. Alternatively, where the requesting clinician is unsure which imaging procedure is required, a discussion with the radiologist, or other radiology team member is required. This can add to delays as it relies on the availability of radiology staff who may be undertaking other duties.
Clinical decision support (CDS) systems are used to aid decision making by using a computerised knowledge base to make recommendations depending on the input characteristics of a patient, symptoms or disease. Clinical decision support systems may also use an algorithmic approach, such as a neural network, in place of a coded knowledge base (Sutton et al. 2020). This paper explores the use of clinical decision support to assist clinicians in requesting the most appropriate imaging examinations for patients presenting with non-traumatic abdominal pain in the emergency unit.
The aims of a clinical decision support system for diagnostic imaging selection in this scenario would be to assist emergency unit clinicians to request the most appropriate radiological investigation and in turn, reducing diagnosis and treatment delays caused by unnecessary or inappropriate requests. The system also aims to improve safety using information from patient record and management systems to alert if a potentially unsafe radiological investigation is selected.


Evidence review
A structured search of ProQuest Central was performed to identify potentially relevant literature. ProQuest Central was selected due to its size and subject areas. The final search criteria were:
(title(radiology) OR title(“diagnostic imaging”)) AND title(“decision support”)
A filter for the literature type of ‘scholarly journals’ was applied to the results. The search yielded 12 results.
The oldest journal article, Waxman (2007), is a review of an online version of diagnostic imaging pathways. Originally developed by Western Australia Health, the pathways are organised by body system with recommendations for appropriate imaging examinations, similar to the Royal College of Radiologists referral guidelines. The author describes the diagnostic imaging pathways site as being like a textbook, and there was no comment on the amount of patient-specific information that could be input to inform the recommendations. 
Solberg et al. (2010) conducted an evaluation of decision support for three specific diagnostic imaging procedures – Computed Tomography (CT) of the head, Magnetic Resonance Imaging (MRI) of the head, and MRI of the lumbar spine. The results of auditing pre and post implementation showed an improvement in the appropriateness of scan requests. There was no demonstrable impact on the number of scans with positive findings, or those which affected patient outcomes. The study was potentially limited as it only considered three commonly requested tests, so the results may not be generalisable across the complete range of more specialised imaging procedures. Although the study audited the direct effect of the scan on the patient outcome, there was no attempt to quantify the indirect impact on patients, such as reduced waiting times due to fewer unnecessary scans.
Bendorf et al. (2015) describe the development of a decision support tool for classifying the probability of malignancy for a given mass lesion seen on mammography, based on the characteristics of the mass and the patient’s age. The authors explain that there are other additional patient factors that might affect the probability of malignancy, such as a family history of breast cancer. Testing of the decision support system demonstrated a diagnostic performance similar to traditional clinical performance.
In a guest editorial in Applied Radiology, Herman (2016) discusses a mandate for the use of clinical decision support in America and highlights the importance of integrating CDS into existing workflows. This has limited relevance to the healthcare system in the United Kingdom, where the primary drivers of CDS adoption are likely to be efficiency, safety and cost reduction, rather than a mandate for use.
Hayden et al. (2019) outline the development of a clinical decision support tool for back pain. The authors consider the wider impact of CDS on the value of the performed scans, the radiation given to the patient, and the unnecessary workload from vetting inappropriate requests.
An administrative decision support programme in radiology is outlined in Burns et al. (2020). The system aims to improve the workflow for radiology examination requested by the emergency department. Potential benefits of the system are discussed, but no structured evaluation of the system is mentioned.
Kharbanda et al. (2021) assessed the effect of a clinical decision support on the numbers of diagnostic imaging tests performed on paediatric patients with suspected appendicitis. The study did not show a reduction in imaging when clinical decision support was used, but a limited analysis of one of the health systems involved in the study showed more appropriate use of imaging. It is difficult to draw any wider conclusions from a study of one specific presenting condition, and the authors highlight limitations to the use of CDS, with some clinicians choosing not to use it in cases where they had low suspicion of appendicitis.
Improved appropriateness of imaging requests with CDS use was also found in a study by Chepelev et al. (2021), although causation could not be proven.
Clinician engagement with CDS was considered in a study by Lee et al. (2021), where use of CDS was encouraged by allowing completion of a CDS survey instead of a required telephone discussion with a Radiologist. Giving clinicians an associated time saving improved the use of CDS, although the pre-intervention level of unscored tests (where the CDS had been bypassed) was significantly high at 69.4%.
Borodyansky (2022) describes the development of an image-based decision support system using a neural network trained using a dataset of chest X-rays but does not give any information about real-world use or evaluation.
A decision support system embedded within electronic referral was analysed by Mohammed et al. (2022) and compared with referral by fax. The authors concluded that integrating decision support within the electronic referral process improved the appropriateness of MRI requests for patients with knee pain.
Decision support systems can also be used to assist in the interpretation and reporting of imaging investigations. Shiang, Garwood and Debenedectis (2022) studied the introduction of an artificial intelligence based CDS with junior radiologists.
While there is a range of literature regarding the clinical aspects of diagnostic imaging choice for patients with abdominal pain, there is very little regarding the use of clinical decision support to assist clinicians in selecting the most appropriate form of imaging for this patient presentation. 
There is also little literature about the use of clinical decision support with diagnostic imaging selection, and where there is relevant literature, the effectiveness of the CDS has not been fully evaluated. Some limited studies on specific conditions or imaging procedures suggest that CDS can improve appropriateness of diagnostic imaging requests (Mohammed et al. 2022; Kharbanda et al. 2021; Hayden et al. 2019; Solberg et al. 2010). 
There is evidence that integrating general clinical guidance into decision support systems is effective (Woolf, 2000), so it can be reasonably argued that this is likely to be the case for diagnostic imaging guidance.
The literature reviewed is generally supportive of the use of CDS in diagnostic imaging selection, although the benefits of CDS in this context are not fully proven.

Implementation issues
The foundation of any knowledge-based CDS system is the underlying information that informs the recommendation depending on the input by the clinician.
The information used within a CDS system needs to be evidence-based and medically accurate. The RCR’s iRefer guidance would be considered to meet these criteria and benefits from the added assurance of NICE certification (Shaw, 2022). It is necessary to update the CDS system as guidance is updated to ensure that the most current knowledge is used (Ash et al. 2007). While the information on which some CDS systems are based is updated weekly or monthly, such as the dm+d for prescribing, the RCR’s guidance is updated every few years, most recently in 2017. This update schedule limits the impact on workload of keeping an imaging referral CDS up to date (Royal College of Radiologists, no date).
Guidance, such as iRefer, is typically written with a human reader in mind and is commonly presented in a hard copy book, or more recently as an electronic document or website. In order to develop a CDS system, the guidance must be reformatted in a way that its content can be coded and followed by a computer program. For example, the entry relating to MRI scanning of the abdomen in guideline G17 states: “In pregnant women and children with equivocal US [Ultrasound] findings, MRI may be helpful to identify the cause of acute abdominal pain.” (Royal College of Radiologists, 2017).
In order for a CDS system to use this information, it needs to be formatted as a series of steps which the system can follow. E.g:
Input
1. Is the patient pregnant? [If yes, go to 3. If no, go to 2].
2. Is the patient a child? [If yes, go to 3. If no, go to outcome B]
3. Has the patient had an ultrasound scan? [If yes, go to 4. If no, go to outcome B].
4. Was the ultrasound finding equivocal? [If yes, go to outcome A. If no, go to outcome B].
Outcome
A. MRI scanning is an appropriate imaging examination for this patient
B. MRI scanning is not appropriate for this patient

The task of translating clinical guidance into a system-readable format (known as Computer-Interpretable Guidelines, or CIG) is labour intensive and requires medical knowledge to interpret the guidance and technical knowledge of the coding language into which it is translated. While there are some automated approaches to this task, they are less accurate than manual translation (Gad El-Rab, Zaiane and El-Hajj, 2017). Automation is helpful for very large knowledge bases, but a manual approach would be more appropriate for a small CDS system such as the one discussed in this paper. Verification of the completed CIG is vital to ensure that it is free from errors and that the logic of the CIG is sound (Peleg, 2013).
In reality, the coding of the guidance to create a usable CIG is more complex that the high-level example given above, with many more ‘if, then, else’ decisions. For example, in input 3 there would need to be further checks to see if the ultrasound scan was of the correct anatomical area and within the same episode of care. It would be possible for a patient to have coincidentally had an ultrasound scan for an unrelated reason, so the CIG would need to account for this scenario. 
Incidentally, the RCR has recently partnered with a CDS system provider to translate their iRefer guidance for integration with electronic patient record systems (Royal College of Radiologists, 2022). The conversion of guidance into a computer interpretable format is challenging as it requires very tight and unambiguous definitions of each aspect, which may be lacking in the original guideline. For example, where RCR guideline G17 mentions children, in a computer interpretable format of the guideline the age at which a patient is considered an adult would have to be defined. While this seems straightforward, there is a lack of consensus on this within paediatrics (Sawyer et al. 2019), so agreement of the definition would be needed before the CIG could be used.
Once the relevant guidelines have been converted into CIGs, the CDS system itself must be designed. This can be considered from two main aspects: input and output. In order for a clinical decision support system to function, information input is required. This might include information about a patient, their symptoms or diagnosis, test results or other administrative factors.
In the CDS for abdominal pain, to consider whether MRI scanning is appropriate several pieces of information are required:
1. The patient’s pregnancy status
2. The patient’s age
3. Whether the patient has had an ultrasound scan
In the simplest implementation of a CDS system for this patient presentation, the information would be manually input by the clinician. This relies on accurate input by the clinician as errors may lead to an incorrect, or even potentially unsafe recommendation by the system (Hine et al. 2009).
Whereas information on a patient’s age may be easy for a clinician to obtain, other input information can be more difficult and rely on the individual clinician's skills and knowledge. This has been seen in CDS systems where more subjective information is used, such as the site, intensity, and nature of a patient’s pain. Hine et al. (2009) explores some potential mitigations for this problem, including the use of a ‘confidence factor’ which is then used in calculating the recommendation.
Where possible, the CDS system should be integrated with other systems, such as the electronic patient record (Press, 2015). This allows some of the required input information to be pulled directly from other sources, giving the dual advantages of reduced burden on the clinician to input information and a reduction in the chance of errors. Integration also has the advantage of allowing the use of information that the clinician would not be aware of. For example, the abdominal pain CDS system could be designed to prevent the recommendation of any MRI scans in patients who have an MRI-incompatible implant recorded in their electronic patient record. This provides an added safeguard where the clinician is not aware of their previous implant, as could be the case if the patient is very unwell or has a reduced level of consciousness so is unable to give their medical history.
Including information directly from electronic patient records can reduce ‘clicking fatigue’, making the CDS more acceptable to clinicians and increasing its use (Press et al. 2015).
Some caution does need to be taken when using information pulled directly from clinical and administrative systems. The quality of the information recorded in these systems may not be known and inaccuracies can occur. For example, when recommending a particular type of diagnostic imaging for abdominal pain, some of these studies have a weight limit due to the rating of the scanning equipment. This factor can be included in the algorithm that generates the imaging recommendation and the patient’s weight can be pulled from their health record. The challenge to the end user is that they might not know the quality of the information recorded about the patient’s weight. If the CDS system pulls only the raw weight value from the health record, it would be impossible for the clinician to have confidence in the quality of the information. They would not know how recent the weight reading was taken, whether it was directly measured or estimated by the patient or another clinician, for example. These data quality issues can affect the safety of CDS systems which use these data in their algorithms (Liu, 2022). Presenting this contextual meta-data to the clinician using the CDS system allows them to assess the quality of the information and correct or re-measure as necessary.
After the input information has been provided to the CDS system, either directly from clinical systems, or entered manually by the clinician (or a combination of both), the CIG generates recommendations for imaging procedures which are considered appropriate and warnings against imaging procedures that are inappropriate.
For maximum effectiveness, the abdominal pain CDS system would be integrated into the existing radiology requesting system and process. It has been seen in evaluations of other CDS systems that having CDS as a separate system to be a drawback and a barrier to acceptance by clinicians and use in their daily practice (Bunestado, 2013).
There is much in the literature about the barriers to acceptance of CDS recommendations and alerts by clinicians. One of the common themes is mistrust of the information when the selection and input of evidence into the system is not transparent (Van Dort, Zheng and Baysari, 2019). This issue is somewhat mitigated for CDS systems related to the choice of diagnostic imaging examinations as the RCR iRefer guidelines are authoritative and widely accepted. The guidelines also include a grading of the underlying evidence, which adds further transparency. 
One of the challenges with CDS systems is the acceptance of their recommendations by clinicians, which can limit the intended benefits of CDS. Commonly reported reasons for non-acceptance are clinicians not seeing CDS as necessary, a lack of control over the CDS system, and concerns with the legal implications of following (or not following) the CDS recommendations (Jones et al. 2022a).
Clinicians have a varying level of acceptance for CDS systems. Liberati et al. (2017) classified these positions against the perceived value of CDS and the familiarity with CDS. At the lowest level of acceptance (“no evidence, no technology”), clinicians do not see CDS systems as useful and express concern about negative impacts on their care. In the highest level of acceptance (“CDSS nurtures innovation and organizational learning [sic]”), clinicians see CDS systems as helpful tools which use their skills and critical thinking.
Improving acceptance can be achieved through organisational change, such as promoting the value of evidence and guidelines in clinical practice and involving clinicians in the selection of evidence used in CDS systems (Liberati et al. 2017). Prior to implementation of the abdominal pain CDS, it would be prudent to communicate with clinical staff to explain the benefits of the system to themselves and their patients, such as reduced time contacting radiology for advice, reduced delays in diagnosis and less unnecessary radiation exposure for patients.
In both the input and output stages of the CDS system, usability is essential to successful adoption and use. The abdominal pain CDS should be designed to avoid unnecessary clicking or scrolling, with information and recommendations displayed clearly on screen (Van Dort, Zheng and Baysari, 2019). 
CDS systems can be adapted to suit local requirements (Wiegel et al. 2020). This can aid successful adoption of the system as it makes the recommendations and alerts more relevant to local contexts. For example, it does not assist the clinician if the abdominal pain CDS recommends an imaging procedure that is not available in their hospital. These local adaptations need to be regularly reviewed to ensure that they take account of transient issues such as the unavailability of a certain type of imaging, as was seen with a recent radioisotope shortage (O’Neill, 2022).
When implementing the abdominal pain CDS system, there is the potential that it may alter the normal demand for particular types of diagnostic imaging due to the recommendations made to clinicians. This presents a potential risk if sufficient capacity is not available to accommodate these changes. This risk can be mitigated by having a period of time pre-go live where silent alerts and recommendations are used. This allows the system to use the input data and algorithm to generate a recommendation, but this is not displayed to the user, who can continue to request imaging as normal. This allows capture of the numbers of each imaging examination that would have been recommended if the system were fully live. This information can then be considered by the radiology department to ensure that any changes to demand due to the CDS system are anticipated and prepared for.
As the abdominal pain CDS system becomes accepted and embedded into normal clinical practice, there is a risk of overreliance. This can occur with the requesting clinicians, where the recommended imaging examination is blindly followed. There is also the risk that clinicians in radiology have false reassurance that imaging requests have already been ‘vetted’ by the CDS system, removing their responsibilities in justifying the examination, particularly in those using ionising radiation, where this responsibility is set out in law (The Ionising Radiations Regulations 2017). Reducing the time taken on this task is likely to be attractive to radiologists, with Murphy, Sheehy and Kavanagh (2018) finding vetting taking an average of 2.3 hours per radiologist per week. Clear guidance on the responsibility for vetting imaging procedure requests must be established before implementation of the CDS system.

Evaluation
As with any healthcare information technology implementation, it is essential to evaluate the system to ensure that it achieves the required aims, to safeguard against unintended consequences and to help future refinement and development of the system.
Evaluation of the CDS system can be broken down into three main aspects: effectiveness, user experience and safety.
For the abdominal pain diagnostic imaging CDS system to be effective, it must assist the user with appropriate recommendations. This relies on the underlying CIG and the accuracy of the translation from human-readable guidelines into a format which can be used by the CDS system. Verification of this translation is an important part of ensuring the effectiveness of the system (Peleg, 2013). This should also be completed following any updates to the underlying guidelines and the CIG on which it is based.
Evaluation of the effectiveness of the system is aided by information from the system itself. CDS systems can give data on the number of times they are used, the number of alerts issued and often the number of times that an alert is overridden (Van De Sijpe, 2022). Valuable information can also be gained from the system users, such as by recording the reasons for alert override. Relevant data may also be obtained from connected systems to add additional detail, for example the electronic radiology requesting system into which the CDS is integrated would capture information about the requester. For example, this could be used to assess any difference in usage between clinicians of differing seniority. Analysis of the recommendations and alerts generated by the CDS system may also highlight areas of the underlying guidelines which need to be updated. The governance structures supporting the implementation and maintenance of the CDS should include a mechanism for providing this information the guideline authors.
The impact of the system can be measured by assessing the appropriateness of imaging requests pre and post implementation by manually reviewing the request and the patient’s medical notes. This approach was taken by Solberg et al. (2010) to assess clinical decision support for three specific imaging examinations. While this type of audit is suitable for a small and specific CDS system, such as the abdominal pain CDS discussed in the paper, using this approach for a larger implementation, such as the complete iRefer guidelines is likely to be very labour intensive. As Solbeg et al. (2010) note, the impact of CDS in selection of diagnostic imaging is likely to vary between different procedures, depending on the complexity of the choice.
In a busy clinical setting, the time taken to complete tasks is paramount. The value of including a CDS within the electronic requesting system may be demonstrated by measuring the time taken to use the CDS system and comparing this with the previous arrangements, where the requesting doctor would have to locate a radiologist and seek guidance on the most appropriate imaging procedure. Poor design of CDS systems can lead to low adoption rates (Richardson et al. 2019). User experience can be evaluated using a structured tool such as the System Usability Score (SUS), which is a short survey that can be used to evaluate the usability of software (Lewis, 2018). The challenge when undertaking a usability assessment of the abdominal pain CDS is ensuring that those clinicians completing the survey only do so in relation to CDS and not the wider radiology requesting system. The more seamless the integration (which is desirable from a workflow perspective), the more difficult it is to evaluate the CDS in isolation.
Usability experts can undertake additional evaluation of the user experience and design of the CDS to identification of heuristic violations, such as the lack of warnings to prevent accidental loss of data from a semi-completed form (Yuan et al. 2013).
User experience testing should include the full range of devices on which the CDS may be used, for example, mobile phones, tablets, and desktop computers to ensure the results are representative.
Evaluation of user experience may also be impacted by clinicians’ wider views of clinical decision support and related organisational policies, as well as clinician culture (Solberg et al. 2021).
To evaluate the usability of the abdominal pain CDS system a combined approach with both expert and end-user assessment would be undertaken as this has been demonstrated to improve detection of usability issues when compared to a single method (Jones, 2022b).

An outline of the evaluation approach for the abdominal pain CDS is set out in Table 1:



Table 1 – Evaluation plan
	Aspect to be evaluated
	Method
	Notes

	Usability
	System Usability Score (SUS)
	

	User experience
	Expert testing
	

	User experience
	End user testing
	

	Effectiveness
	Audit of imaging request appropriateness
	Pre and post implementation comparison

	Effectiveness
	System usage monitoring
	

	Effectiveness
	Measure time taken to use the CDS
	Compare with time taken to obtain radiologist advice pre-implementation

	Safety
	Patient safety incident report monitoring
	



While the CDS system can be evaluated and its usage measured, direct evaluation on patient outcomes is difficult. It can be reasonably hypothesised that if CDS improves the appropriateness of imaging requests, then the number of unnecessary imaging procedures will be reduced, which reduces the delay between the clinical evaluation of the patient and their subsequent diagnosis and treatment. This causal chain is however difficult to prove. Even in areas with more established use of CDS, such as laboratory test ordering, there is limited evidence about the effects on patient outcomes (Zare, 2021).

Conclusion
This paper has explored considerations for development, implementation and evaluation of a clinical decision support system for diagnostic imaging selection in patients presenting with non-traumatic abdominal pain in the emergency unit. 
These considerations can be summarised against the five rights of CDS implementation, set out by Osheroff et al. (2012):
The right information – the most appropriate diagnostic imaging procedure for the individual clinical presentation and patient characteristics, in accordance with the Royal College of Radiologists guidance.
To the right person – the clinician requesting the diagnostic imaging procedure.
In the right intervention format – presented to the user as a recommendation, but with appropriate alternative options, when these exist, to allow clinical judgement and the inclusion of other factors in the decision which may not be incorporated into the CDS.
Through the right channel – integrated into the electronic radiology requesting system to prevent interruption to the workflow and encourage use.
At the right time in the workflow – before the diagnostic imaging examination is requested to prevent potential unnecessary procedures, diagnostic delays and exposure to radiation.
While non-traumatic abdominal pain is a relatively limited scope, the majority of the considerations discussed would also apply to a wider implementation of CDS in diagnostic imaging selection. With demand on diagnostic imaging continuing to grow, clinical decision support has an important role to play in ensuring that this limited resource is used as effectively and efficiently as possible, while ensuring patient safety and allowing timely diagnosis and treatment.
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