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Research in context

Evidence before this study: Acute appendicitis is the most common general surgical
emergency in children. Its diagnosis remains challenging and children presenting with acute
right iliac fossa (RIF) pain may be admitted for clinical observation or undergo normal
appendicectomy (removal of a histologically normal appendix). A search for external validation
studies of risk prediction models for acute appendicitis in children was performed on MEDLINE
and Web of Science on 12 January 2017 using the search terms [“appendicitis” OR
“appendectomy” OR “appendicectomy”] AND [“score” OR “model” OR “nomogram” OR
“scoring”]. Studies validating prediction models aimed at differentiating acute appendicitis from
all other causes of RIF pain were included. No date restrictions were applied. Validation
studies were most commonly performed for the Alvarado, Appendicitis Inflammatory
Response Score (AIRS), and Paediatric Appendicitis Score (PAS) models. Most validation
studies were based on retrospective, single centre, or small cohorts, and findings regarding
model performance were inconsistent. There was no high quality evidence to guide selection
of the optimum model and threshold cut-off for identification of low-risk children in the UK and

Ireland.

Added value of this study: Most children admitted to hospital with RIF pain do not undergo
surgery. When children do undergo appendicectomy, removal of a normal appendix (normal
appendicectomy) is common, occurring in around 1 in 6 children. The Shera score is able to
identify a large low-risk group of children who present with acute RIF pain but do not have
acute appendicitis (specificity 44%). This low-risk group has an overall 1 in 30 risk of acute
appendicitis and a 1 in 270 risk of perforated appendicitis. The Shera score is unable to
achieve a sufficiently high positive predictive value to select a high-risk group who should
proceed directly to surgery. Current diagnostic performance of ultrasound is also too poor to

select children for surgery.

Implications of all the available evidence: Routine pre-operative risk scoring could inform
shared decision making by doctors, children, and parents by supporting safe selection of low-
risk patients for ambulatory management, reducing unnecessary admissions and normal
appendicectomy. Hospitals should ensure seven-day-a-week availability of ultrasound for
medium and high-risk patients. Ultrasound should be performed by operators trained to assess
for acute appendicitis in children. For children in whom diagnostic uncertainty remains
following ultrasound, magnetic resonance imaging (MRI) or low-dose computed tomography

(CT) are second-line investigations.



Abstract

Background: Acute appendicitis is the most common surgical emergency in children.
Differentiating acute appendicitis from conditions that do not require operative management
can be challenging in children. This study aimed to identify the optimum risk prediction model

for stratifying acute appendicitis risk in children.

Methods: A rapid review was performed to identify acute appendicitis risk prediction models.
A prospective, multicentre cohort study was undertaken to evaluate performance of these
models. Children (age 5-15 years) presenting with acute right iliac fossa (RIF) pain in the UK
and Ireland were included. For each model, score cut-off thresholds were systematically varied
to identify the best achievable specificity whilst maintaining a failure rate (proportion of patients
identified as low-risk who had acute appendicitis) under 5%. The normal appendicectomy rate
(NAR) was the proportion of resected appendixes found to be normal on histopathological

examination.

Findings: Fifteen risk prediction models were identified that could be assessed. The cohort
study enrolled 1827 children from 139 centres, of whom 34.5% (630/1827) underwent
appendicectomy. NAR was 15.9% (100/630). The Shera score (area under the curve 0.84)
was the best performing model. Applying score cut-offs <3 for children aged 5-10 and females
aged 11-15, and <2 for males aged 11-15, the failure rate was 3.3% (18/539), specificity 44.3%
(5621/1176), and positive predictive value (PPV) was 41.4% (463/1118). PPV for the Shera

score with a cut-off of <6 was similar to that of ultrasound scan (72.6% versus 75.0%).

Interpretation: The Shera score (online calculator http://appy-risk.org) has the potential to
identify a large group of children at low-risk of acute appendicitis, who could be considered for
early discharge. Risk scoring does not identify children who should proceed directly to surgery.
Medium and high-risk children should undergo routine pre-operative ultrasound imaging by

operators trained to assess for acute appendicitis in children.

Funding: None



Introduction

Abdominal pain accounts for around 1 in 20 attendances by children to emergency
departments’. Although most abdominal pain in children is self-limiting, around 1 in 10 have
surgical conditions, the commonest being acute appendicitis®. Diagnosis of acute appendicitis
is challenging, as clinical presentations vary across age groups, and clinical assessment may
be more difficult in younger children®. Children presenting with right iliac fossa (RIF) pain are
often initially reviewed either by paediatricians, who may lack confidence in assessment for
acute appendicitis, or general surgeons in non-specialist units* who have limited paediatric

training, and may lack confidence in the assessment of children.

Computed tomography (CT) imaging has a high sensitivity and specificity for the diagnosis of
acute appendicitis®. Although reduced-dose protocols have been developed®, in contemporary
UK practice routine use of CT is limited by concerns about the risks of ionizing radiation in
children’. This contrasts with the United States where as many as 40% of children with
suspected appendicitis undergo CT imaging®. Ultrasound is operator dependent, rarely
diagnostic, and specialist paediatric ultrasound may not be available outside of paediatric
centres®. Magnetic resonance imaging (MRI) has limited availability out-of-hours and outside
of specialist centres. Diagnostic uncertainty can result in children being admitted to hospital
for observation and radiological investigations, increasing the burden on the healthcare
system, carers, and children.

191 and has particular

Routine clinical risk scoring is recommended by international guidelines
relevance to UK practice where use of cross-sectional imaging to investigate suspected
appendicitis is limited. Despite a large number of appendicitis risk prediction models having
been developed, few surgeons routinely use risk scores to assess children due to limited
evidence to support selection of the optimum model and associated cut-off thresholds'>'3.
Robust validation of risk prediction models for the purpose of identifying children at low-risk of
acute appendicitis could help to standardise clinical assessment, particularly in non-specialist
settings. The aim of this study was to identify the optimum risk prediction model for stratifying
acute appendicitis risk in children with right iliac fossa pain at the point of initial surgical

assessment.



Methods

This is the primary analysis of the paediatric data captured by the Right lliac Fossa Treatment
(RIFT) Study. This was a prospective, multicentre, observational cohort study which collected

data in accordance to a published, peer-reviewed protocol™

. Hospitals providing acute general
surgery in the United Kingdom (UK), Italy, Portugal, the Republic of Ireland, and Spain

participated in RIFT, but paediatric data was only collected in the UK and Ireland.

The aim of the RIFT study was to use a multicentre cohort to validate the performance of
appendicitis risk prediction models at the point of initial surgical assessment'. Prior to data
analysis, collaborators agreed that model validation should be performed separately in the
paediatric and adult populations. In addition, rather than only validating the most commonly
used appendicitis risk prediction models, it was decided that a rapid review should be

completed to identify all existing risk prediction models.

The rapid review is reported according to Preferred Reporting Items for Systematic Reviews
and Meta-analyses (PRISMA) guidelines'. The cohort study is reported according to
Standards for Reporting Diagnostic Accuracy (STARD) guidelines'® for diagnostic accuracy
studies and the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines™’.

Rapid review for risk prediction models

A search for existing risk prediction models for acute appendicitis was performed on MEDLINE
and Web of Science. Search terms were [‘appendicitis” OR “appendectomy” OR
“appendicectomy”] AND [“score” OR “model” OR “nomogram” OR “scoring”]. Search results
were supplemented by hand searching reference lists of relevant articles. The search was last
updated on 25 July 2018. Studies that reported risk prediction models aimed at differentiating
acute appendicitis from all other causes of RIF pain were included. Models that only attempted
to differentiate simple from perforated appendicitis were excluded. Risk prediction models
developed in either paediatric or adult populations were eligible. Models requiring rectal
examination were excluded. Models that relied on standard blood tests such as full blood
count, liver function tests or C-reactive protein were included, but those based on non-routine
laboratory tests were excluded. Since a key application for risk prediction models could be to
stratify patients at the point of initial hospital assessment to determine need for imaging, any
models that included radiological parameters were excluded. No date restrictions were

applied, but only English language studies were included.

Titles and abstracts were independently screened by two authors, followed by full-text review
of selected relevant articles. Disagreements were resolved through discussion with a third

author. Data extraction was independently completed by two authors.



Cohort study design and institutional approval

Hospitals providing acute general surgery were invited to contribute to this study. Participating
hospitals were not required to standardise diagnostic or patient management pathways, and
no changes were made to individual patients’ care as part of this observational study. Eligible
patients were identified over one of four pre-specified two-week blocks between 13 March
2017 and 18 June 2017.

All consecutive patients referred to the surgical team with acute RIF pain or suspected acute
appendicitis were included. This paediatric analysis included children aged 5-15 years.
Children who had had abdominal surgery in the preceding 90 days, or had had a previous

appendicectomy, right hemicolectomy or total colectomy were excluded.

A standardised data collection proforma was completed at the patient bedside. To avoid
placing an unrealistic workload on investigators, data collection was restricted to clinical and
biochemical data points required by the most commonly used risk prediction models'. Patient-
level variables collected included age, sex, clinical symptoms and examination findings, blood
tests, and, if applicable, radiological investigations, operative details and histopathology
results. Patients were followed up at 30 days following initial assessment using a combination

of hospital electronic and paper records.
Institutional approval

In the UK the study was registered at each site as either clinical audit or service evaluation,
as it was an observational study only collecting routine, anonymised data with no change to
clinical care pathways. In the Republic of Ireland lead investigators at each site were

responsible for securing research ethics committee approval, as required by local regulations.
Diagnosis of appendicitis

Patients were recorded as having acute appendicitis if they had a histopathological diagnosis
of acute appendicitis within 30 days of index admission. Patients with histopathologically
confirmed acute appendicitis were sub-classified as having either simple appendicitis or
complex (gangrenous, perforated) appendicitis based on histopathology reports’. Patients
were excluded if they had an appendicectomy but no histopathology report was available, as
it was not possible to determine a final diagnosis (acute appendicitis versus normal

appendicectomy).

The normal appendicectomy rate (NAR) was calculated as the proportion of all patients whose

appendix was excised who were found to have a histopathologically normal appendix.

Validation of risk prediction models



Risk prediction models were validated if the necessary constituent variables were available in
the dataset. The reference standard against which all models were validated was

histopathological diagnosis of acute appendicitis within 30 days of initial assessment.

Prior to commencing statistical analysis, collaborators agreed that the greatest clinical need
was for a risk prediction model that could support identification of patients at low-risk of acute
appendicitis. Therefore, the ideal appendicitis risk prediction model would maximise specificity
(the proportion of patients who do not have acute appendicitis identified as being at low risk
of acute appendicitis), whilst maintaining an acceptable failure rate (the proportion of patients
stratified to the low-risk group who actually have acute appendicitis). The failure rate (false
negatives / [true negatives + false negatives]) is the reciprocal of the negative predictive value

(NPV), but is preferred as it is easier to interpret in this context.

For a parallel validation of appendicitis risk prediction models in adults, a modified Delphi
process was completed to determine the maximum acceptable failure rate'®. The maximum
acceptable failure in adults was identified as 5%. Following discussion with paediatric surgery
experts, the same benchmark was adopted a priori for this study. For each risk prediction
model the score cut-off thresholds for defining the low-risk group were systematically varied
in order to identify the maximum achievable specificity whilst maintaining the failure rate under
5%. Overall model discrimination was assessed by calculation of the area under the curve
(AUC).

All risk prediction model scores were calculated post-hoc as part of the data analysis, using
the raw values for constituent variables that had been prospectively collected at baseline. The
primary analysis was performed on the whole dataset. There are distinct differential diagnoses
for RIF pain pre-puberty, post-puberty males, and post-puberty females. Therefore, pre-
planned sub-group (children aged 5-10 years, females aged 11-15 years, males aged 11-15
years) analyses were performed. The best performing model identified in the primary analysis
was separately validated in the three sub-groups. If the failure rate in any of the sub-groups
exceeded the pre-defined maximum acceptable rate of 5%, the cut-off threshold for that sub-

group would be reduced to decrease the failure rate below 5%.

Having identified the best performing appendicitis risk prediction model and score cut-off for
identifying low-risk patients, sensitivity and positive predictive value (PPV) were calculated to

determine the model’s ability to identify high-risk patients.

Validation of the accuracy of submitted data and sensitivity analyses for missing data are
described in S2 Appendix. Additional analyses for baseline characteristics were conducted by
presenting simple counts and percentages. The performance of ultrasound by age-sex

subgroup was assessed by calculation of AUC, sensitivity, specificity, NPV and PPV.



Analyses were carried out in Stata (Version 15, Stata Corp., College Station, Texas).

Role of the funding source

This study did not receive funding. The corresponding author had full access to all of the data

and the final responsibility to submit for publication.



Results
Rapid review

The rapid review identified 15 eligible risk prediction models'® that could be validated in the
cohort study (Figure 1). Of these, 14 required routine blood tests, whilst one was entirely based
on clinical history and examination (Supplemental Table 1). Twelve models were excluded as
specific variables required to calculate scores were not available in the study dataset

(Supplemental Table 2).
Cohort study

A total of 130 UK hospitals and 9 Irish hospitals contributed data on 1827 children aged 5-15
years (Figure 2). Participating hospitals contributed a median of 11 (interquartile range 5-18)
patients each (Supplementary Table 3). A risk score was used for 2.0% (36/1827) of patients
at the time of their initial surgical assessment. Across the 19 hospitals where at least one
patient was risk scored, a median of 9.4% (interquartile range 3.9%-16.7%) of patients were

scored.

Within 30 days of index admission with acute RIF pain, fewer than a third of children aged 5-
10 years (31.2%, 259/829) or females aged 11-15 (31.6%, 170/538) underwent surgery. Only
half of males aged 11-15 (49.6%, 228/460) underwent surgery. Amongst the patients who had
surgery, almost all underwent appendicectomy (95.9%, 630/657). The overall NAR was 15.9%
(100/630). The NAR was highest in females aged 11-15 (22.4%, 34/152, Table 1).

Validation of risk prediction models

Ten of the 15 risk prediction models demonstrated very good discrimination for acute
appendicitis with AUC>0.8 (Figure 3). The Shera score® (Supplementary Table 4) achieved
the highest specificity whilst maintaining a failure rate under 5% (Table 2). Across the whole
cohort, at a score cut-off value of <3, the Shera score had a specificity of 49.2% (579/1176)
with a failure rate of 4.8% (29/579).

In the sub-group analyses (Table 3), application of a cut-off <3 to the Shera score maintained
the failure rate <5% in children aged 5-10 years (failure rate 2.7% [7/257], specificity 47.3%
[250/528]) and in females aged 11-15 years (failure rate 3.9% [8/207], specificity 50.3%
[199/207]), but in males aged 11-15 years the failure rate was unacceptably high (9.7%
[14/144]). Reducing the score cut-off for males aged 11-15 to <2, decreased the failure rate in

that sub-group to 4.0%.

Therefore, the optimum model for identifying patients at low-risk of acute appendicitis was the
Shera score, with score cut-off of <3 for children aged 5-10 years and females aged 11-15,

and a score cut-off of <2 in males aged 11-15. Applying these cut-offs, overall the Shera score



identified 44.3% (521/1176) of patients who did not have acute appendicitis as low-risk, with
a failure rate of 3.3% (18/539).

Children stratified as low-risk

Overall, 0.4% (2/539) of children in the low-risk group had complex appendicitis. The most
common diagnosis in the low-risk group was non-specific abdominal pain (53.5%, 255/477).
Few patients had diagnoses requiring acute management (Supplemental Table 5). Only
11.0% (59/539) of patients in the low-risk group underwent surgery (Table 4), with 50
appendicectomies (84.7%), 7 diagnostic laparoscopies (11.9%), and 2 gynaecological
procedures (3.3%) performed. Amongst the patients who underwent appendicectomy, the
NAR was 40% (20/50).

Median hospital length of stay (LOS) in low-risk patients who did not have appendicitis was 1
day (interquartile range 1-2 days). Amongst these patients 38.4% (197/513) had LOS of =2
days, and 13.8% (71/5513) had LOS of =23 days. The most common diagnosis in both patients
with LOS of =2 days (46.7%, 92/197) and LOS of 23 days (33.8%, 24/71) was non-specific

abdominal pain.
Children stratified as medium and high-risk

Fewer than half of all children stratified as medium or high-risk (Shera score >3 in children
aged 5-10 years and females aged 11-15, and >2 in males aged 11-15) had acute appendicitis
(41.4%, 463/1118). In the patients who did not undergo appendicectomy (Supplementary
Table 6) the most common diagnoses were non-specific abdominal pain (45.4%, 252/554)
and mesenteric adenitis (23.6%, 131/554). A total of 17 patients underwent procedures other

than appendicectomy (Table 4).

Amongst the medium and high-risk patients who underwent appendicectomy, 75.7%
(426/563) were operated within 24 hours of admission to hospital, 19.4% (109/563) at 24-48
hours, and 5.0% (28/563) beyond 48 hours (time to surgery missing for one child). The overall
NAR was 14.2% (80/564). NAR increased from 11.0% (47/426) in children operated within 24
hours of hospital admission, to 24.1% (33/137) in children operated beyond 24 hours.

Shera® proposed a cut-off of 27 to identify high-risk patients; this cut-off was associated with
a PPV of 72.6% (233/321) and a sensitivity of 48.4% (233/481). The Shera score is an
adaptation of the Alvarado score'®, which proposed a cut-off 29 to identify ‘very probable
appendicitis’. At a cut-off of 29, the PPV was 79.1% (68/86) and the sensitivity was 14.1%

(68/481). Risk score performance by age-sex sub-group is summarised in Table 3.

Imaging



Few children underwent either pre-operative CT (0.6%, 10/1827) or MRI (0.7%, 13/1827).
Ultrasound was performed for 40.1% (733/1827) of patients. Ultrasound had a high specificity
(95.9%, 95% confidence interval 94.0%-97.3%) and NPV (92.7%, 95% CI 90.4%-94.6%).
However, the sensitivity (62.0%, 95% CIl 52.7%-70.7%) and PPV (75.0%, 95% CI 65.3%-
83.1%) for ultrasound were low. In total, 15.4% (97/630) of patients with an ultrasound scan
negative for acute appendicitis went on to have an appendicectomy, and 40.2% (39/97) of
these procedures resulted in normal appendicectomy. Amongst the patients with abnormal
ultrasound findings other than appendicitis, 6.1% (8/131) of patients subsequently underwent
appendicectomy with histopathological findings of appendicitis. The diagnostic performance

of ultrasound was similar across age-sex sub-groups (Table 5).



Discussion
Main findings

Fewer than half of all children aged 5-15 years in the UK and Ireland assessed by surgeons
for acute RIF pain underwent surgery. Amongst the children who underwent appendicectomy
the overall NAR was 16%, rising to 22% in females aged 11-15 years. The Shera score® was
the best performing risk prediction model for acute appendicitis. It identified 44% of children
as having a low-risk (1 in 30 chance) of acute appendicitis. Patients in the low-risk group had

a very low (1 in 270) incidence of complex (perforated) appendicitis.

The only previous validation of the Shera score was a single centre cohort of around 100
Dutch children, that found the score to have a high NPV (98.5%) and sensitivity (98.4%) at a
cut-off score of <4**. A larger Dutch study evaluated the Alvarado, AIRS (Appendicitis
Inflammatory Response Score) and PAS (Paediatric Appendicitis Score) models in children,
finding high AUC values (0.82-0.90) but high failure rates of 7-18%>°. Overall, previous
validations of appendicitis risk prediction models in children have been based on retrospective,
single centre, or small cohorts, and findings regarding model performance have been
inconsistent'®%. Model performance is likely to be context-specific, being influenced by
baseline prevalence of acute appendicitis in patients presenting with RIF pain. This study
represents the most comprehensive evaluation to date of appendicitis risk prediction models
in children in the laparoscopic era and its findings are broadly generalisable across the UK
and Ireland. The study’s findings may also apply in other settings with high baseline NAR and
high levels of admissions for non-specific RIF pain, but prior to adoption each health system

should separately validate appendicitis risk scores.
Normal appendicectomy and imaging

Although this study suggests that the overall NAR in children in the UK and Ireland has
reduced since 2012* (16% in 2017 versus 19% in 2012), this remains one of the highest
normal appendicectomy rates in the world. Normal appendicectomy rates of 3-5% are typical
in the United States and the Netherlands, where a greater proportion of patients undergo CT
imaging®®3"3% In adults CT is the gold standard radiological investigation for acute
appendicitis as it offers both high sensitivity and specificity>®. Concern about radiation
exposure and associated lifetime risk of malignancy restricts the use of CT imaging in the
UK"3. Whereas a multicentre study in the United States identified an overall 42% rate of CT
imaging for children®, in this cohort fewer than 1% of patients underwent CT imaging. MRI
imaging has excellent diagnostic performance for assessment of acute appendicitis in

children®®#!, but its availability is limited.



Ultrasound was the most frequently used imaging modality. In some settings routine
ultrasound may be the most cost-effective approach to diagnosing appendicitis in children*?.
However, it can be difficult to visualise the appendix with ultrasound and it is operator
dependent, so ultrasound results are frequently equivocal®*. In this study ultrasound had high
specificity, but low sensitivity, suggesting that it is not possible to rule out acute appendicitis
based on ultrasound alone. Amongst patients with findings of pathology other than
appendicitis on ultrasound, a small proportion were later confirmed to have appendicitis, so a

finding of alternative pathology on ultrasound does not exclude the possibility of appendicitis.
Strengths and weaknesses

The use of a simple bedside pro-forma which captured common symptoms and signs, and
routine investigations ensured high levels of data completeness, accuracy, and case
ascertainment. However, some existing risk prediction models require variables that could
only be captured if changes to clinical pathways and patient care were made; this was outside
the scope of this study. It is unknown therefore if the models excluded from this study would
have superior performance over the Shera score. Several models, such as Alvarado, AIRS
and PAS were found to have equivalent AUC values to the Shera score. Based on this study’s
pre-defined criteria, the Shera score was identified as the single best performing model, but

some clinicians may prefer to use Alvarado, AIRS or PAS if they are more familiar with them.

The study only captured patients referred to surgical teams, as its aim was to validate the use
of risk prediction models to stratify acute appendicitis risk at point of initial surgical
assessment. In the UK most children presenting in general practice or the emergency
department for whom appendicitis is a differential are referred for surgical review. However, a
small number of children with low-risk symptoms relating to acute RIF pain would have been
missed from this study if they were not referred for surgical assessment. Had they been
included it is likely that there would have been a greater proportion of true negatives, resulting
in lower failure rates and higher specificities. As follow-up was limited to the index hospital
where patients first presented, it is possible that patients were readmitted to a different hospital
where they were subsequently found to have acute appendicitis. However, this would be the
case for a very small number of patients, so this is unlikely to have had a substantial impact

on the study’s results.

There is likely to be significant variation in diagnostic and management strategies across
participating hospitals, but due to the relatively low volume of patients contributed by each
hospital it was not possible to explore this. Data were captured during brief data collection
windows so it was not possible to establish whether there is seasonal variation in the outcomes

we studied.



Implications for policy and clinical practice

The Shera score can be implemented by clinicians, including paediatricians, at the point of
initial assessment, without the need for invasive examinations or expensive tests. It could
serve as an adjunct to support clinical assessment and shared decision making with carers
and children, by identifying a large group of patients who are at low risk of either acute
appendicitis or other serious pathology that requires inpatient admission. Systemically well
children and their carers may prefer the option of early discharge, rather than inpatient
admission or transfer to a specialist centre. There is a risk that a small number of children with
patients with appendicitis may be missed, so there should be a low threshold to offer a safety
net of ambulatory clinic follow-up. Since short delays to appendicectomy do not increase the
risk of perforation**, serial examination within 24 hours should safely identify any cases of

appendicitis missed at initial presentation, without increasing the risk of complications.

Following clinical assessment, some children in the low-risk group will require admission, for
example for rehydration, analgesia, or observation and further investigation in the case of
unclear diagnoses. Since low-risk patients who undergo appendicectomy are at high risk of
normal appendicectomy (40%), ultrasound should be performed as first-line imaging to
confirm the diagnosis prior to making the decision to operate (Figure 4). If diagnostic
uncertainty persists following ultrasound imaging, cross-sectional imaging should be
considered. Preferentially MRI should be performed to avoid exposure to ioinising radiation,

but if this is not available low-dose CT protocols should be used.

The Shera score does not achieve a sufficient PPV to select a high-risk group who should
proceed directly to surgery. Medium and high-risk patients are frequently admitted for clinical
observation, but observation for over 24 hours was found to be associated with increased risk
of normal appendicectomy. Routine radiological imaging at the point of initial assessment may
be the most effective means of reducing unnecessary admissions and operations in medium
and high-risk patients, whilst ensuring children who do have acute appendicitis receive timely
treatment (Figure 4). Hospitals should provide a seven-day-a-week ultrasound service for
medium and high-risk patients. In order to inform clinical decision making, the diagnostic
accuracy of ultrasound should be increased by ensuring that this service is provided by
operators specially trained to assess for acute appendicitis in children. This may be achieved
either by centralising services or rolling out a national training programme aimed at improving
sonographic diagnosis of appendicitis. If the availability of MRI imaging increases in the future,
this could become the standard for routine assessment for appendicitis in children, but in the
meantime low-dose CT imaging protocols remain the second-line investigation for patients in

whom diagnostic uncertainty remains following ultrasound.



Internationally, routine use of appendicitis risk prediction models has been found to reduce

45,46 and

imaging, inpatient admission, and normal appendicectomy in both low-risk adults
children*’, but there is little evidence for its benefit and safety in the UK and Ireland. Since
paediatric appendicectomy in the UK costs around £3,700, increasing imaging rates is likely
to be a cost-effective means of reducing potentially unnecessary surgery (Supplementary
Table 11). A large-scale multicentre prospective trial is required to evaluate the impact and
cost-effectiveness of incorporating routine clinical risk scoring in to clinical pathways for
children presenting with acute RIF pain. In this study it was not possible to measure patient

and carer satisfaction and this should be a key outcome in future studies.

To support calculation and application of appropriate Shera score cut-offs at the patient
bedside, we have developed a mobile, tablet, and desktop compatible web application

(http://appy-risk.org).
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Table 1: Patient management stratified by age-sex sub-group

Total patients

Both sexes, age Females, age Males, age
5-10 years 11-15 years 11-15 years
829 538 460

Total patients operated

31.2% (259/829)

31.6% (170/538)

49.6% (228/460)

Appendicectomy performed
Confirmed acute appendicitis
Other appendix pathology

Histologically normal appendix

97.7% (253/259)
81.0% (205/253)
7.1% (18/253)
11.9% (30/253)

89.4% (152/170)
70.4% (107/152)
7.2% (11/152)
22.4% (34/152)

98.7% (225/228)
81.8% (184/225)
2.2% (5/225)
16.0% (36/225)

Total patients not operated

68.8% (570/829)

68.4% (368/538)

50.4% (232/460)




Table 2: Validation and identification of optimal thresholds for risk prediction models

AUC Optimal Failure rate Specificity
threshold

AIRS? 0.85 (0.83-0.87 <3 5.1% (3.6%-7.0%)  57.8% (54.9%- 60.7%)
Alvarado'® 0.84 (0.83-0.86) <3 4.0% (2.5%-6.0%) 44.5% (41.6%-47.4%)
Birkhahn?' 0.75 (0.73-0.77) = 5.2% (3.4%-7.6%) 38.1% (35.3%-40.9%)
Christian?? 0.79 (0.77-0.81) = 0% (0.0%-4.4%) 7.0% (5.6%-8.6%)

Eskelinen, 1992% 0.82 (0.80-0.84) <47.34 3.9% (2.0%-6.9%) 22.8% (20.5%-25.3%)
Eskelinen, 1994% 0.79 (0.76-0.81) <-4.76 3.4% (1.7%-5.8%) 26.2% (23.8%-28.7%)
Goh? 0.83 (0.81-0.85) <1 1.1% (0.1%-3.8%) 15.7% (13.7%-17.9%)
Izbicki®® 0.80 (0.79-0.82) <1 4.1% (2.0%-7.5%) 19.7% (17.5%-22.1%)
Mikaere? 0.82 (0.80-0.84) = 4.5% (1.9%-8.6%) 14.8% 12.8%-17.0%)
Modified Alvarado®” 0.84 (0.82-0.86) <3 4.8% (3.2%-6.8%) 47.6% (44.7%-50.5%)
PAS® 0.84 (0.82-0.86) <2 3.1% (1.5%-5.4%) 29.7% (27.1%-32.4%)
Shera* 0.84 (0.82-0.86) <3 4.8% (3.2%-6.8%) 49.2% (46.3%-52.1%)
Ting*! 0.68 (0.66-0.70) = 10.6% (8.3%-13.2%) 50.3% (47.4%-53.2%)
van der Broek?*? 0.80 (0.78-0.82) <1 4.1% (2.4%-6.6%) 31.9% (29.2%-34.6%)
Van Way?? 0.61 (0.59-0.64) =36 13.1% (8.0%-20.0%) 9.0% (7.5%-10.6%)

AUC: Area under the curve; AIRS: Appendicitis Inflammatory Response Score; PAS: Pediatric

Appendicitis Score

Data presented with 95% confidence intervals



Table 3: Validation of the Shera score in age-sex sub-groups

AUC Cut-off Failure rate Specificity Sensitivity PPV
Children aged 0.85 <3 2.7% 47.3% 96.4% 40.5%
5-10 years (0.82-0.88) (1.5%-5.5%) (43.0%-51.7%) (92.8%-98.6%) (36.0%-45.1%)
Females aged 0.84 <3 3.9% 50.3% 92.5% 33.2%
11-15 years (0.80-0.88) (1.7%-7.5%) (45.2%-55.3%) (85.7%-96.7%) (27.9%-38.9%)
Males aged 0.83 <3 9.7% 51.6% 92.2% 57.5%
11-15 years (0.80-0.87) (5.4%-15.8%)  (45.2%-57.9%) (87.2%-95.7%) (51.5%-63.3%)
<2 4.0% 28.6% 98.3% 49.4%
(0.8%-11.2%)  (23.1%-34.6%) (95.2%-99.7%) (44.1%-54.8%)
All patients 0.84 * 3.3% 44.3% 96.3% 41.4%
(0.82-0.86) (2.0%-5.2%) (41.4%-47.2%) (94.2-97.8%_  (38.5%-44.4%)
<6 18.6% 92.5% 48.4% 72.6%
(16.5%-20.8%) (90.9%-94.0%) (43.9%-53.0%) (67.4%-77.4%)
<8 26.3% 98.5% 14.1% 79.1%

(25.1%-28.5%)

(97.6%-99.1%)

(11.1%-17.6%)

(69.0%-87.1%)

AUC: Area under the curve; PPV: positive predictive value

Data presented with 95% confidence intervals

*Cut-off <3 in children aged 5-10 and females aged 11-15; and cut-off <2 in males aged 11-

15



Table 4: Management by Shera score risk category and age-sex sub-group*

Low-risk patients*

Both sexes, age Females, age Males, age
5-10 years 11-15 years 11-15 years
n=257 n=207 n=75

Total patients operated

8.9% (23/257)

14.0% (29/207)

9.3% (7/75)

Appendicectomy performedt
Simple appendicitis
Perforated appendicitis
Other appendix pathology§

Histologically normal appendix

95.7% (22/23)
22.7% (5/22)
9.1% (2/22)
27.3% (6/22)
40.9% (9/22)

75.9% (22/29)
36.4% (8/22)
0

18.2% (4/22)
45.5% (10/22)

85.7% (6/7)
50.0% (3/6)
0

33.3% (2/6)
16.7% (1/6)

Total patients not operated

91.1% (234/257)

86.0% (178/207)

90.7% (68/75)

Medium and high-risk patients**

n=467

n=295

n=356

Total patients operated

48.4% (226/467)

47.1% (139/295)

60.7% (216/356)

Appendicectomy performedf
Simple appendicitis
Perforated appendicitis
Other appendix pathology§
Histologically normal appendix

97.8% (221/226)
40.3% (89/221)
45.3% (100/221)
5.0% (11/221)
9.5% (21/221)

92,8% (129/139)
42.6% (55/129)
33.3% (43/129)
5.4% (7/129)
18.6% (24/129)

99.1% (214/216)
51.4% (110/214)
30.8% (66/214)
1.4% (3/214)
16.4% (35/214)

Total patients not operated

51.6% (241/467)

52.9% (156/295)

39.3% (140/356)

*Low-risk defined as children aged 5-10 years and females aged 11-15 years with Shera score

<3, and males aged 11-15 years with Shera score <2

**Medium and high-risk defined as children aged 5-10 years and females aged 11-15 years

with Shera score >3, and males aged 11-15 years with Shera score >2

T Procedures performed other than appendicectomy included: 7 diagnostic laparoscopies and

2 gynaecological procedures.

T Procedures performed other than appendicectomy included: 8 diagnostic laparoscopies, 3
gynaecological procedures, 2 resections of Meckels diverticulum, 2 urological procedures, 1

drain insertion, and 1 procedure for which details were missing.

§ Amongst the 33 patients with other pathology, there was one carcinoid case, zero
adenocarcinoma cases, and zero Crohns cases, with no further detail available for the

remaining 32 cases.



Table 5: Ultrasound utilisation and performance by age-sex sub-group

Proportion of

patients scanned* AUC Sensitivity Specificity NPV PPV
Chidren aged 510 | 34.1% (283829) | (o 75/0's7) | (ag.8%78.1%) | (90.2%-06.7%) | (89.3%.96.1%) | (51.5%-80.9%
Females aged 1115 | 59.9% (322/538) | (0 67'0'00) | (34.0%-651%) | (96.3%00.6%) | (86.5%.05.0%) | (66.3%.958%)
Males aged 11-15 27.8% (1281460) | (o 77005 (57.772{-2%.1%) (85.;’/20'-%0/70.1%) (85.;’/20'-%0/70.1%) (57.772{-2%.1%)

AUC: Area under the curve; CI: Confidence interval; NPV: Negative predictive value; PPV:

Positive predictive value.

Data presented with 95% confidence intervals.

*Proportion of patients scanned by risk score: children aged 5-10 years — 37.0% low risk

patients, 38.1% medium/high risk; females aged 11-15 years— 60.4% low risk patients, 62.7%
medium/high risk; males aged 11-15 years — 38.7% low risk patients, 27.2% medium/high risk.



Figure 1: Flowchart of study inclusion in the rapid review
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Excluded (n=49):

Reports duplicating the same appendicitis scores, n=15
Scores for perforated appendicitis only, n=6

Scores incorporating intraoperative parameters, n=2
Scores incorporating radiological parameters, n=9
Scores incorporating non-routine lab tests, n=3
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Figure 2: Flowchart of patient inclusion in cohort study

Records entered on to database
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Excluded (n=211):
* Previous appendicectomy, n=14
«| * Current pregnancy, n=26
]+ Missing age/gender, n=14
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confirmation of diagnosis, n=157
Valid patients in RIFT dataset
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] Italian, Portuguese, and Spanish patients, n=1,908
A 4
UK and Irish patients
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] Children aged <5 years, n=88
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Children aged 5-10 years Females aged 11-15 years Males aged 11-15 years
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Children aged 5-10 years Females aged 11-15 years Males aged 11-15 years
n=253 n=152 n=225
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A 4 A 4

Children aged 5-10 years
Low risk, n=257
Medium/high risk, n=467

Females aged 11-15 years
Low risk, n=207
Medium/high risk, n=295
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Low risk, n=75
Medium/high risk, n=356

Y

Y

Y

Patients with data available to calculate Shera score who underwent appendicectomy # I

A 4

A 4

A 4

Children aged 5-10 years
Low risk, n=22
Medium/high risk, n=221

Females aged 11-15 years
Low risk, n=22
Medium/high risk, n=129

Males aged 11-15 years
Low risk, n=6
Medium/high risk, n=214

* Denominators for overall description of patient management (Table 1) and evaluation of

ultrasound performance (Table 5)
** Denominators for overall NARs (Table 1)

T Denominators for assess of the performance of the Shera score (Table 3) and description

of patient management by Shera risk category (Table 4)
T Denominators for NAR by Shera risk category (Table 4)




Figure 3: Receiver operating characteristic curves for 15 appendicitis risk prediction
models validated in children aged 5-15 years*
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Van_Way ROC area: 0.6114 — Relerence

AIRS: Appendicitis Inflammatory Response Score; PAS: Pediatric Appendicitis Score; ROC:
Receiver operator characteristic

*To produce these ROC curves, only patients with complete data required for all 15 risk prediction
models were included. The ROC curve data presented in Table 2 was based on patients who had
complete data required for each individual model being validated (so some patients eligible to be
included in the analyses in Table 2 were not used when producing the ROC curves in this figure). This

accounts for any minor discrepancies between data presented here and Table 2.



Figure 4: Proposed clinical algorithm for children (age 5-15 years) presenting with
right iliac fossa pain

Clinic history and examination
Blood tests including WCC

Clinical risk scoring

l l

Low-risk children Medium and high-risk children

I
| | |

Systemically well and no Diagnosis other than
specific pathology appendicitis requiring
suspected acute management

l ! l

Discharge home with Point of assessment ultrasound by a provider trained to assess for acute
safety net advice appendicitis in children

l

Consider arranging If diagnostic uncertainty remains following ultrasound, consider MRI (if
ambulatory clinic review available) or low-dose CT imaging

Clinical suspicion that
appendicitis is likely

Admit to hospital

CT: computed tomography; MRI: magnetic resonance imaging; WCC: white cell
count

Low-risk defined as children aged 5-10 years and females aged 11-15 years with Shera score
<3, and males aged 11-15 years with Shera score <2

Medium and high-risk defined as children aged 5-10 years and females aged 11-15 years with

Shera score >3, and males aged 11-15 years with Shera score >2



Supplementary Table 1: Risk prediction models included in validation

Model Year | Country Clinical symptoms Examination findings Laboratory tests
Sex | Symptom | Recurrent | snorexia | Nausea/ | Migration | RIF | Fever| = RIF RIF | peritonismt | WCC | neutrophilia | CRP
uration pain vomiting of pain pain tenderness | guarding
AIRS 2008 | Sweden X X X X X X X X
Alvarado 1986 USA X X X X X X X X
Birkhahn 2005 USA X X X X X
Christian 1992 India X X X X X
Eskelinen, 1992 | 1992 Finland X X X X X X
Eskelinen, 1994 | 1994 | Finland X X X
Goh * 2017 China X X X X X
Izbicki 1992 | Germany X X X
Mikaere 2018 Nz X X X X X X
An:lvc;?i;‘i‘e:* 1994 UK X X X X X X X
PAS 2002 UK X X X X X X X X
Shera * 2010 India X X X X X X X X
Ting * 2010 | Taiwan X X X X X X X
van der Broek | 2002 | Holland X X X
Van Way 1982 USA X X X X

*modifications of the Alvarado Score

AIRS: Appendicitis Inflammatory Response Score, PAS: Paediatric Appendicitis Score, NZ: New Zealand, UK: United Kingdom, USA: United
States of America, CRP: C-reactive protein
T Signs of peritonism include rebound tenderness, percussion tenderness, and pain on coughing




Supplementary Table 2: Risk prediction models excluded from validation

Reference | First author Year Reason for exclusion

1 Arnbjornsson 1985 Score inappropriate in paediatric context (requires rectal examination)

2 Fenyo 1987 Score inappropriate in paediatric context (requires rectal examination)

3 Teicher 1983 Score inappropriate in paediatric context (includes adult age as variable)

4 Fente 2009 Score inappropriate in paediatric context (requires rectal examination)

5 Jearwattanakanok 2013 Score inappropriate in paediatric context (includes pregnancy as variable)

6 Chong 2010 Score inappropriate in paediatric context (includes adult age as variable)

7 Sammalkorpi 2014 Score inappropriate in paediatric context (includes adult age as variable)

8 Garst 2013 Intra-operative score

9 Reid 2017 Intra-operative score

10 Impellizzeri 2002 Requires a non-routine laboratory test (fibrinogen)

11 Son 2012 Requires a non-routine laboratory test (lipase)

12 Andersson 2014 Requires a non-routine laboratory test (monocyte chemotactic protein
[MCP]-1)

13 Atema 2015 Score for distinguishing perforated from non-perforated appendicitis

14 Avanesov 2018 Score for distinguishing perforated from non-perforated appendicitis

15 Blumfield 2017 Score for distinguishing perforated from non-perforated appendicitis

16 Bonadio 2017 Score for distinguishing perforated from non-perforated appendicitis

17 Peng 2006 Score for distinguishing perforated from non-perforated appendicitis

18 Williams 2009 Score for distinguishing perforated from non-perforated appendicitis

19 Leeuwenburgh 2014 Requires radiological investigation

20 Mannil 2018 Requires radiological investigation

21 Tzanakis 2005 Requires radiological investigation

22 Reddy 2017 Requires radiological investigation

23 van den Bogaard 2016 Requires radiological investigation

24 Boettcher 2016 Requires radiological investigation

25 Gorter 2016 Requires radiological investigation

26 Zakaria 2011 Requires radiological investigation

27 Athans 2016 Requires radiological investigation

28 Anupam 2018 Details of how to calculate score not provided




29 Sakai 2007 Details of how to calculate score not provided
30 Chattopadhyay 2012 Details of how to calculate score not provided
31 Hsieh 2011 Details of how to calculate score not provided
32 Sakai 2007 Details of how to calculate score not provided
33 de Dombal 1991 Details of how to calculate score not provided
34 Prabhudesai 2008 Details of how to calculate score not provided
35 Jahn 1997 Unable to validate using RIFT dataset (missing nature of onset of pain,
duration of pain <12hr, exacerbation of pain on movement/ coughing, pain
intensity)
36 Jawaid 1999 Unable to validate using RIFT dataset (missing initial location of pain)
37 Ahn 2016 Unable to validate using RIFT dataset (missing heel drop test)
38 Wilasrusmee 2017 Unable to validate using RIFT dataset (missing pain intensity, exacerbation
of pain on movement/ coughing)
39 Ramirez 1994 Unable to validate using RIFT dataset (missing diarrhoea, location of initial
pain)
40 Lindberg 1988 Unable to validate using RIFT dataset (missing duration of pain <12hr, pain
outside RIF, pain intensity, exacerbation of pain on coughing)
41 Ohmann 1999 Unable to validate using RIFT dataset (missing genitourinary symptoms,
pain intensity)
42 Lintula 2005 Unable to validate using RIFT dataset (missing bowel sounds, pain
intensity)
43 Yap 2015 Unable to validate using RIFT dataset (missing constant versus intermittent
pain, exacerbation of pain on coughing)
44 Kharbanda 2005 Unable to validate using RIFT dataset (missing location of maximal pain)
45 Kharbanda 2012 Unable to validate using RIFT dataset (missing location of maximal pain,
exacerbation of pain on coughing/walking)
46 Kharbanda 2017 Unable to validate using RIFT dataset (missing location of maximal pain,
exacerbation of pain on coughing/walking)
1 Arnbjornsson E. Scoring system for computer-aided diagnosis of acute appendicitis. The value of prospective
versus retrospective studies. Ann. Chir. Gynaecol. 1985;74:159-166
2 Fenyo G. Routine use of a scoring system for decision-making in suspected acute appendicitis in adults. Acta
chirurgica Scandinavica. 1987;153(9):545-51.
3  Teicher I, Landa B, Cohen M, Kabnick LS, Wise L. Scoring system to aid in diagnoses of appendicitis. Ann Surg.
1983;198(6):753-9.
4 Fente BG, Echem RC. Prospective evaluation of the Bengezi and Al-Fallouji modified Alvarado score for
presumptive accurate diagnosis of acute appendicitis in University of Port Harcourt Teaching Hospital, Port
Harcourt. Nigerian J Med. 2009;18(4):398-401.
5 Jearwattanakanok K, Yamada S, Suntornlimsiri W, Smuthtai W, Patumanond J. Clinical Scoring for Diagnosis of
Acute Lower Abdominal Pain in Female of Reproductive Age. Emerg Med Int. 2013;2013:730167
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Supplementary Table 3: Distribution of patient totals contributed per hospital*

Number of patients aged 5-15 Number of hospitals
years contributed

1-4 29

5-9 33

10-19 50

20-29 15

30-39 8

40-49 2

50-54 2

*Participating hospitals contributed a median of 11 (interquartile range 5-18) patients. The
number of patients contributed ranged 1-54.



Supplementary Table 4: The Shera score’

Variable Score
Migratory right iliac fossa pain
Nausea and/or vomiting

Anorexia

Right iliac fossa tenderness
Pyrexia (temperature 237.3°C)

Right iliac fossa tenderness on cough/
percussion/ hopping*
Leucocytosis (white cell count 210 x 10%L) 1

Neutrophilia (neutrophils as proportion of 1
total white cell count 275%)

N =N ] A A

*In this validation this was substituted for right iliac fossa rebound tenderness, which is an
equivalent clinical sign

'Reference: Shera AH, Nizami FA, Malik AA, Naikoo ZA, Wani MA. Clinical scoring system for
diagnosis of acute appendicitis in children. Indian J Pediatr. 2011 Mar;78(3):287-90.



Supplementary Table 5: Diagnoses in low-risk patients who did not have an

appendicectomy*

Total Both sexes, Females, Males,
age 5-10 age 11-15 age 11-15
Gastrointestinal 144 90 28 26
Gastritis/ gastroenteritis 39 26 5 8
Meckel's diverticulum 1 1 0 0
Mesenteric adenitis 83 55 18 10
Pancreatitis 1 1 0 0
Colitis 1 0 0 1
Inflammatory bowel syndrome 2 0 0 2
Constipation 14 5 4 5
Adhesional symptoms 1 1 0 0
Intra-abdominal abscess 0 0 0 0
Other gastrointestinal pathology 2 1 1 0
Gynaecological 35 1 34 -
Benign ovarian cyst 19 0 19 -
Other ovarian pathology 1 0 1 -
Menstrual pain 13 0 13 -
Other gynaecological pathology 2 1 1 -
Urological 22 10 10 2
Testicular/ epididymal pathology 1 1 - 0
Urinary tract infection 19 8 10 1
Other urological pathology 2 1 0 1
Other 276 128 109 39
Non-specific abdominal pain 255 116 105 34
Musculoskeletal pain 3 0 2 1
Hernia 2 1 0 1
Lower respiratory tract infection 2 2 0 0
Other miscellaneous pathology 14 9 2 3
Data missing 12 6 4 2

*Low-risk defined as children aged 5-10 years and females aged 11-15 years with Shera score

<3, and males aged 11-15 years with Shera score <2




Supplementary Table 6: Diagnoses in medium and high-risk patients who did not have

an appendicectomy*

Total Both sexes, Females, Males,
age 5-10 age 11-15 age 11-15
Gastrointestinal 204 107 42 55
Gastritis/ gastroenteritis 52 23 10 19
Meckel's diverticulum 2 2 0 0
Mesenteric adenitis 131 78 24 29
Pancreatitis 0 0 0 0
Colitis 2 0 0 2
Inflammatory bowel syndrome 0 0 0 0
Constipation 14 2 8 4
Adhesional symptoms 0 0 0 0
Intra-abdominal abscess 2 1 0 1
Other gastrointestinal pathology 1 1 0 0
Gynaecological 24 0 24 -
Benign ovarian cyst 16 0 16 -
Other ovarian pathology 1 0 1 -
Menstrual pain 7 0 7 -
Other gynaecological pathology 0 0 0 -
Urological 25 13 9 3
Testicular/ epididymal pathology 2 0 - 2
Urinary tract infection 21 13 7 1
Other urological pathology 2 0 2 0
Other 266 108 84 74
Non-specific abdominal pain 252 100 81 71
Musculoskeletal pain 2 1 0 1
Hernia 0 0 0 0
Lower respiratory tract infection 2 2 0 0
Other miscellaneous pathology 10 5 3 2
Data missing 35 18 7 10

*Medium and high-risk defined as children aged 5-10 years and females aged 11-15 years

with Shera score >3, and males aged 11-15 years with Shera score >2




Supplementary Table 7: Number of patients missing data for each variable

Data field on case report Number of patients
form missing this variable
Clinical variables
Previous admissions
Duration of pain
Presence of RIF pain
Migration of pain to RIF
Anorexia

Nausea

Vomiting

RIF examination findings
Rebound tenderness
Temperature

Laboratory test variables
C-Reactive Protein 161
Neutrophil count 173
White cell count 153

AIBRDNNROINDWO

N
~

RIF: Right iliac fossa



Supplementary Table 8: Association between clinical signs and symptoms and

missing laboratory data

Clinical Shera score* All lab data availablet Odds ratio (95% CI) p-value
0-1 73.6% (176/239) - -

2-3 88.5% (646/730) 2.75 (1.91-3.97) <0.001
4-8 94.8% (794/838) 6.46 (4.25-9.81) <0.001

Cl: confidence interval

* Calculation of the Shera score based on clinical signs and symptoms (anorexia, nausea,
vomiting, fever, migration of right iliac fossa pain, right iliac fossa examination findings)
alone, i.e. excluding the laboratory parameters that are usually included in the Shera score.
Patients missing clinical variables required to calculate Shera score excluded from this

analysis.

T Data available for all three laboratory tests required to validate all risk prediction models
(R-Reactive Protein, white cell count, neutrophil count. Amongst patients with one or more
laboratory test results not available, 33.0% (63/191) had a clinical Shera score of 0-1, 44.0%
(84/191) had a score of 2-3, and 23.0% (44/191) had a score of 4-8.




Supplementary Table 9: Sensitivity analysis with head-to-head comparison of risk prediction models using a constant sample of

patients
Main analysis Sensitivity analysis
Optimal . e Optimal . e
Model AUC threshold Failure rate Specificity AUC threshold Failure rate Specificity
AIRS 0.85 (0.83-0.87) <2 3.8% (2.2%-5.9%) 37.6% (34.8%-40.5%) | 0.85 (0.83-0.87) <2 3.6% (2.1%-5.8%) 37.5% (34.6%-40.3%)
Alvarado 0.84 (0.83-0.86) <3 4.0% (2.5%-6.0%) 44.5% (41.6%-47.4%) | 0.85(0.83-0.87) <3 4.1% (2.6%-6.2%) 44.4% (41.5%-47.4%)
Birkhahn 0.75 (0.73-0.77) 1 5.2% (3.4%-7.6%) 38.1% (35.3%-40.9%) | 0.75 (0.73-0.77) 1 5.2% (3.4%-7.7%) 37.9% (35.1%-40.8%)
Christian 0.79 (0.77-0.81) 0 0% (0.0%-4.4%) 7.0% (5.6%-8.6%) 0.79 (0.77-0.81) 0 0% (0%-4.5%) 7% (5.6%-8.6%)
:E;;;Imen, 0.82 (0.80-0.84) <47.34 3.9% (2.0%-6.9%) 22.8% (20.5%-25.3%) | 0.82 (0.80-0.84) <47.34 4.0% (2.0%-7.1%) 22.8% (20.4%-25.4%)
Ifgs;:lmen, 0.79 (0.76-0.81) <-4.76 3.4% (1.7%-5.8%) 26.2% (23.8%-28.7%) | 0.77 (0.74-0.79) <-4.76 4.5% (2.4%-7.7%) 22.1% (19.8%-24.6%)
Goh 0.83 (0.81-0.85) <1 1.1% (0.1%-3.8%) 15.7% (13.7%-17.9%) | 0.83(0.81-0.85) <1 1.1% (0.1%-3.9%) 15.6% (13.5%-17.8%)
Izbicki 0.80 (0.79-0.82) <1 4.1% (2.0%-7.5%) 19.7% (17.5%-22.1%) | 0.80 (0.78-0.82) <1 4.2% (2.0%-7.6%) 19.9% (17.7%-22.4%)
Mikaere 0.82 (0.80-0.84) 0 4.5% (1.9%-8.6%) 14.8% 12.8%-17.0%) 0.82 (0.80-0.84) 0 4.5% (2.0%-8.7%) 14.7% (12.7%-16.9%)
Xﬁ:lrf:;i 0.84 (0.82-0.86) <3 4.8% (3.2%-6.8%) 47.6% (44.7%-50.5%) | 0.84 (0.82-0.86) <3 4.9% (3.3%-7.0%) 47.6% (44.7%-50.6%)
PAS 0.84 (0.82-0.86) <2 3.1% (1.5%-5.4%) 29.7% (27.1%-32.4%) | 0.84 (0.82-0.86) <2 3.1% (1.6%-5.5%) 29.6% (27.0%-32.4%)
Shera 0.84 (0.82-0.86) <3 4.8% (3.2%-6.8%) 49.2% (46.3%-52.1%) | 0.84 (0.82-0.86) <3 4.9% (3.3%-6.9%) 49.2% (46.3%-52.2%)
Ting 0.68 (0.66-0.70) 0 10.6% (8.3%-13.2%)  50.3% (47.4%-53.2%) | 0.68 (0.66-0.70) 0 10.3% (8.1%-12.9%)  50.1% (47.2%-53.0%)
\éargedker 0.80 (0.78-0.82) <1 4.1% (2.4%-6.6%) 31.9% (29.2%-34.6%) | 0.80 (0.78-0.82) <1 4.1% (2.4%-6.6%) 32.2% (29.5%-35.0%)
Van Way 0.61 (0.59-0.64) 36 13.1% (8.0%-20.0%) 9.0% (7.5%-10.6%) 0.61 (0.58-0.64) 36 14.6% (8.9%-22.1%) 9.2% (7.5%-11.0%)

AUC: Area under the curve; AIRS: Appendicitis Inflammatory Response Score; PAS: Pediatric Appendicitis Score
Data presented with 95% confidence intervals



Supplementary Table 10: Sensitivity analysis for missing operation field data’

Cut-off Failure rate
Main analysis Sensitivity analysis

Children aged <3 2.7% 2.7%
5-10 years (7/257) (7/256)
Females aged <3 3.9% 3.9%
11-15 years (8/207) (8/206)
Males aged 11- <2 4.0% 4.1%
15 years (3/75) (3/73)
All patients * 3.3% 3.4%

(18/539) (18/535)

T A detailed explanation is provided in Appendix 2. This table presents a sensitivity analysis
excluding six patients with missing data for the operation field from calculation of failure rates
based on the Shera score. To allow an easier comparison, results of the sensitivity analysis

are presented against the main analysis (as per Table 3).

*Cut-off <3 in children aged 5-10 and females aged 11-15; and cut-off <2 in males aged 11-

15



Supplementary Table 11: Estimated cost savings per 1,000 children presenting with

suspected appendicitis q

Low-risk patients Medi;:z:lil%?-risk
Total patients 325 675
Ultrasound imaging*
Additional scans required 13 396
Cost for additional scans £702 £21,384
Computed tomography imaging™**
Additional scans required 3 99
Additional CT scan cost £165 £5,445
Normal appendicectomiest
Total normal appendicectomies 12 48
Potentially avoidable procedures 10 38
Estimated cost savings £37,370 £142,006
Balance for cost savings] £36,503 £115,177

11 Core recommendations from this study are that all low-risk patients should undergo
imaging prior to a decision being made to undertake appendicectomy, and all medium/high-
risk patients should undergo imaging at the point of initial assessment. First-line imaging
should be with ultrasound. Computerised tomography should be performed preoperatively if
diagnostic uncertainty persists. Tabulated data present cost savings associated with
implementing these recommendations. Data are presented for 1,000 children aged 5-15
years, based on the RIFT cohort where 32.5% (539/1657) children were stratified as low-risk
and 67.5% (1118/1657) were stratified as medium/high risk.

* Additional cost for all patients who did not have pre-operative imaging to have an
ultrasound scan. Costs are based on the 2017-18 UK National Health Service National
Schedule of Reference Costs. An “ultrasound scan with duration of less than 20 minutes,
without contrast” is costed for £54.

** Additional cost for 25% of patients who did not have pre-operative imaging to undergo a
computerised tomography scan in addition to ultrasound. Costs are based on the 2017-18
UK National Health Service National Schedule of Reference Costs. A “computerised

tomography scan of one area, without contrast, between 6 and 18 years” is costed for £55.

T Assumption that at least 80% of normal appendicectomies are avoidable if preoperative
diagnosis is improved. Figure based on the total cost of surgery for 80% of normal
appendicectomies. Cost for appendicectomy is based on the 2017-18 UK National Health
Service National Schedule of Reference Costs. An “appendicectomy procedures, 18 years
and under, with no comorbidity” is costed for £3,737.

T Difference between the potential savings on avoidable appendicectomies and the cost for
increasing preoperative imaging. The potential benefits of reducing length of hospital stay
and avoiding some patients being admitted altogether have not been considered in these
calculations, but these would considerably increase overall costs savings identified here.
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S2 Appendix: Data quality and sensitivity analyses for missing data
Data accuracy

Independent data validators who had not been involved in the initial data collection determined
data accuracy rates by review of the following key data fields against the original clinical
records for enrolled patients: (1) whether the patient had undergone surgery; (2) whether the
patient had been readmitted within 30 days of index admission; (3) histopathological results,
if applicable. The data accuracy rate was defined as a proportion of validated data fields that
was correctly recorded. Any incorrect data identified were amended on the database by the

validators.

Independent validators examined 29.9% (1281/4284) of eligible data fields, determining data
accuracy to be 99.0% (1268/1281).

Data completeness

Data completeness was calculated as the proportion of data fields required for calculation of

the validated appendicitis risk prediction scores that were missing in the overall dataset.

Data completeness for the 13 variables required to validate the risk prediction models was
97.8% (23223/23751).

Overall, 211 patients did not have data available for at least one variable required to calculate
one or more of the risk prediction models. The number of patients missing each variable is
reported in Supplementary Table 7. The data fields most commonly not available were
neutrophil count (WCC, n=173), c-reactive protein (CRP, n=161), and white cell count (n=153).
In total 195 patients had one or more blood test results not available. There were very low
rates of missing data for the non-laboratory variables. Just 16 patients were excluded from
risk prediction model validation due to missing clinical variables (i.e. patients with all laboratory

test data available, but one or more missing clinical variables).
Missing data for variables required to calculate risk scores

Laboratory data (CRP, WCC, neutrophils) can be retrieved relatively easily from electronic
records. So rather than investigators having ‘missed’ this data during the data collection
process, it is likely that these blood tests were not actually performed as part of routine clinical
care [this observational study did not require patients to undergo additional tests] and so it

was not possible to collect this data at all.

One possible explanation for blood tests not being performed is that they may be less likely to
be performed in younger children, in whom there is a preference to avoid invasive tests. This

is reflected in more children aged 5-10 years than children aged 11-15 years missing one or



more laboratory tests (13.5% [112/829] versus 8.3% [83/998], respectively, p<0.001).
Although this imbalance could theoretically have influenced the overall validation result, this
has been accounted for by stratification of Shera score performance by age-sex sub-group
(Table 3).

Another possibility is that blood tests are less likely to be performed in children for whom there
is a lesser index of suspicion of a serious pathology. This is supported by children for whom
one or more laboratory tests were missing having a lower incidence of appendicitis than those
children for whom all three tests were available in the dataset (12.3% [24/195] versus 28.9%
[472/1632], respectively, p<0.001). Furthermore, more than three quarters of patients missing
laboratory test data had three or fewer clinical signs/symptoms (Supplementary Table 8).
Conversely, the odds of a patients having all three laboratory tests available significantly
increased the more clinical signs and symptoms the patient had (Supplementary Table 8).
Therefore, it is possible that a large proportion of the patients excluded from the risk prediction
model validations are likely to have been ‘true negatives’ (low-scoring patients [few clinical
signs/symptoms] who did not have appendicitis). The effect of including these patients in the
risk prediction model validations would have been to decrease the failure rate, as the
proportion of true negative versus false negatives would increase. Therefore, exclusion of
these patients may have underestimated performance of the models, with the failure rates for

the Shera score at the selected cut-offs remaining <5%.
Head-to-head comparison of risk prediction models using a constant sample of patients

In order to maximise the sample size and precision of our estimates, and to minimise possible
residual bias, in the main analysis each risk prediction model was validated based on all
patients who had complete data for the variables required to calculate that risk score.
Consequently, the sample sizes for validation of the different risk scores varied. In order to
enable a head-to-head comparison of the risk prediction models based on a constant sample
of participants, we have performed a sensitivity analysis that only includes children who had
data available to calculate all the risk prediction models. Of the 1,827 total children, it was

possible to calculate all risk prediction models for 1,616 children.

The results of this sensitivity analysis are reported in Supplementary Table 9. The same
optimum threshold was identified in the sensitivity analysis for each of the 15 models, as had
been identified in the main analysis. For 13 risk prediction models the area under the curves
(AUC) in the main and sensitivity analyses were identical; for the Alvarado score the AUC
slightly increased from 0.84 in the main analysis to 0.85 in the sensitivity analysis; and for the
1994 Eskelinen score the AUC slightly decreased from 0.79 in the main analysis to 0.77 in the

sensitivity analysis. In the sensitivity analysis, the Shera score achieved the highest specificity



(49.2%) whilst maintaining a failure rate under 5%. Therefore, the finding regarding the best
performing risk prediction model from the main analysis was robust in the head-to-head

comparison of models.
Sensitivity analyses for missing data required to calculate the Shera score

Since surgical trainee collaborative cohort studies have been completed with very low rates of
missing data, an incomplete data rate of under 2.5% was anticipated, so imputation of missing
data was not planned. We performed a complete case analysis (listwise deletion) and pre-
planned sensitivity analyses: (1) missing data points scored as zero, representing what would
happen in normal clinical practice and providing a scenario that would underestimate individual

patient acute appendicitis risk; (2) missing data scored with maximum applicable points.

Overall, applying the Shera score with cut-off of <3 for children aged 5-10 years and females
aged 11-15, and a cut-off of <2 in males aged 11-15, the failure rate was to 3.0% in both

sensitivity analyses, whilst the specificity ranged 43.7-48.9%.

In the sensitivity analyses, the failure rate was found to range 2.3-2.6% in children aged 5-10,
3.4-3.7% in females aged 11-15 years, and 3.4-3.8% in males aged 11-15 years. Specificity
was found to range 47.3-53.7% in children aged 5-10, 48.5-53.4% in females aged 11-15
years, and 27.9-31.2% in males aged 11-15 years.

Sensitivity analyses for missing data for the operation field

In this observational study all patients meeting eligibility criteria were included at the point of
presenting to the surgical team. Since patient consent was not required in this study, there

was no non-participation due to patients withholding consent.

The follow-up pathway was designed to be minimise the burden on investigators and maximise
data returns. Patients were followed-up at 30-days by review of in-hospital electronic records,

with no requirement for additional patient contact.

For 14 patients data was missing regarding whether they had undergone surgery within 30
days of index admission. Branching logic in the REDCap database in which data was collected
required completion of the operation field to access any of the operation specific fields (what
operation was completed, preoperative delay, intraoperative findings, histology), therefore it
was unlikely that collaborators would miss completion of the operation field by accident for
patients who had undergone surgery, as they would be alerted to the omission by the inability
to access any of the operation-specific data fields. It was assumed therefore that patients who

had missing data for the operation field did not undergo surgery.

Of the 14 patients missing data for the operation field, 5 were also missing data for white cell

count and so would have been excluded from the key analyses validating risk prediction model



performance due to inability to calculate the risk scores. Of the remaining 9 patients, the
records were locked and confirmed for 3 patients, indicating that the data input had been
reviewed and confirmed (at many sites through the data validation process this was completed
by a different investigator to the person who initially entered the data). This suggests that it is
unlikely that these patients underwent surgery as the lack of operation-specific data input
would have been flagged at the data locking stage. For the remaining six patients there is less

certainty around whether the original assumption is correct that they did not undergo surgery.

Since to meet the criteria for appendicitis in this study patients had to be recorded as having
undergone surgery with subsequent histopathological examination of their appendix and
confirmation of the diagnosis, these six patients were coded as not having had appendicitis.
In order to determine whether the coding of these six patients made a difference to the results
of the Shera score validation a sensitivity analysis was conducted. In this analysis the six
patients were excluded and the failure rate for the Shera score was recalculated for each age-
sex group and overall. Of the six patients with a missing operation field, four patients had low
Shera scores and two patients had medium/high Shera scores. The results of the sensitivity
analyses are reported in Supplementary Table 10, demonstrating that exclusion of the six

patients made no discernible difference to the results.



