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Ezra’s Story 

I am an emergency paediatrician and as part of my training I rotated through the paediatric 

intensive care unit (PICU) at the Royal Belfast Hospital for Sick Children (RBHSC) in 2016. During 

that rotation I was involved with the care of a little 14-month-old boy named Ezra.  

 

Ezra’s story began 36 hours before I met him. He had been a little “under the weather” with a 

cough and runny nose and because of this his mother (Sorina) had taken him to see the general 

practitioner (GP). At that time Sorina wasn’t too worried because Ezra was quite well in himself, 

her main concern at that time was his barking cough. Ezra was assessed by the GP and 

diagnosed with Croup. Ezra was discharged home.  

 

At this time-point in Ezra’s story he was relatively well and Sorina was comfortable taking him 

home with treatment for his cough. The following day Ezra took a turn for the worse, he became 

increasingly lethargic and Sorina became more and more worried for him. Ezra’s parents (Sorina 

and Cosmin) then attended the RBHSC emergency department (ED). At that time is was apparent 

that Ezra was unwell and whilst in the ED he developed a rapidly progressing purpuric rash. Ezra 

received parenteral antibiotics, fluids and was admitted to the PICU.  

 

Once in the PICU Ezra deteriorated further. He became increasingly haemodynamically unstable 

requiring multiple inotropes and mechanical ventilation. As the cytokine storm progressed, he 

developed disseminated intravascular coagulation with limb ischaemia. Despite the best efforts 

of the team in PICU the limbs could not be saved. Ezra lost both lower legs and fingers from both 

hands.  

 

Throughout Ezra’s journey in PICU Sorina and Cosmin were by his side. They never lost faith 

even when the medical team feared the worse. Thankfully Ezra survived and he is now a thriving 

bright little boy who has started a mainstream primary school. He will face challenges throughout 

his life. Ezra had survived invasive group B meningococcal disease. Ezra was amongst the last 
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group of children in the UK not to receive the meningococcal B vaccination.  

 

Ezra’s story was an eye-opening experience for me. As a front door emergency paediatrician 

trained after the introduction of the meningococcal C vaccine in 1999 I rarely encountered 

meningococcal disease and I had never seen anyone with such severe disease before. I had just 

learnt first-hand that meningococcal disease was real, meningococcal disease could kill and 

meningococcal disease took healthy children and left them with life-long challenges. 

 

My personal experience as a medic up to this point had been coloured by my time in ED. Every 

day we would see children with a fever and non-blanching rash and almost invariably they would 

have a painful blood test, receive antibiotics and be admitted only to be discharged a day or two 

later having been diagnosed with a benign cause for their rash. Invasive meningococcal disease 

had almost become a myth, something talked about by senior paediatricians as if to scare the 

current crop of doctors into doing the right thing. 

 

I had experienced the numerator (Ezra) and the denominator (everyone attending ED) and for the 

first time I began to understand the challenge facing doctors. How do we pick up every case of 

meningococcal disease without testing and treating every child with a non-blanching rash? 

 

I became increasingly interested in understanding how we could do better by children. How 

common was meningococcal disease in the post-vaccine era? Do all children need blood tests? 

Can some children be discharged home without parenteral antibiotics?  How long should I 

observe a child for before I can safely send them home from ED? 

 

Nobody seemed to have the answers I was looking for, but the more I asked the more I realised 

that I wasn’t alone in wanting answers to these questions. This was the start of my PhD journey 

and the birth of the petechiae in children study.  
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Figure 1 – Ezra during his admission to PICU and following recovery  

 

 

 

 

 

 

 

 

Above are pictures (Figure 1) of Ezra in the PICU and when I visited after discharge from hospital. 

I am grateful to Ezra, Sorina and Cosmin for allowing me to tell Ezra’s story and for their support 

throughout this research. Sorina and Comsin were the first members of our patient and public 

involvement (PPI) group and they have made numerous appearances on Radio and Television 

to raise awareness and promote the research.  

 

Ezra’s stories and pictures are shared with the full consent of both Sorina and Cosmin Muresan.  

 

Ethical approval  

The Northern Ireland research ethics committee (REC) and the Belfast Trust Research 

Governance office have both reviewed the petechiae in children study (IRAS 224660) and 

provided favourable outcomes (16201MS-SW and 17/NI/0169). Copies of approvals in the 

appendix.  
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Background 

In this section I present my background reading. This includes: the rationale behind the project, 

background information regarding Neisseria meningitidis, symptoms of meningococcal disease, 

a deeper review into non-blanching rashes an exploration of biomarkers and a review of the 

principles of treatment. The work presented in the background section has resulted in a number 

of publications summarised at the end of the chapter. 

 

Rationale  

Despite successful vaccination programmes meningococcal disease remains one of the leading 

infectious cause of septicaemia and death in children in the UK and Ireland [1, 2]. The early 

diagnosis of meningococcal disease improves outcomes with reduced morbidity and mortality 

[1, 2]. Unfortunately, the early diagnosis of meningococcal disease is difficult [1]. Meningococcal 

disease can present in a number of ways but one of the most typical presentations is of a fever 

and a non-blanching rash [1–3]. A fever and a non-blanching rash is however, a relatively 

common presentation to the paediatric emergency department with the vast majority of children 

simply having a self-limiting viral illness [4–10].  

 

The challenge is that during the prodrome invasive meningococcal disease is often 

indistinguishable from many self-limiting viral infections [1, 2]. This invariably leads to a cautious 

approach to the management of these children as exemplified by current guidance by the 

National Institute for Health and Care Excellence (NICE) [3]. Despite this cautious approach 

children are still being diagnosed late due to the difficulties in identifying those children with 

meningococcal disease from those with a benign cause [1, 3]. We therefore currently have a 

situation in which many children are being admitted unnecessarily and receiving broad-spectrum 

antibiotics and undergoing repeated painful procedures; whilst still having cases of invasive 

meningococcal disease diagnosed late.  
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These issues were demonstrated in published study that applied current NICE guidance to 

historical data on children presenting with fever and a non-blanching rash and found that the 

NICE guidance only had 50% specificity for diagnosing meningococcal disease [10]. The 

Paediatric Emergency Research in the UK and Ireland (PERUKI) network highlighted these 

challenges and the paucity of available research in a prioritisation exercise and they identified 

the validation of a clinical practice guideline for the management of fever and non-blanching 

rashes  in children as one of their research priorities [11]. This is in line with NICE’s research 

recommendations that have called for further research to better understand the symptoms and 

signs of bacterial meningitis and meningococcal disease in children and on the predictive value 

of blood test results [3].  

 

The vast majority of the existing research into the management of fever and non-blanching 

rashes in children comes from an era pre the meningococcal B and C vaccines with individual 

centres typically reporting on relatively small numbers of patients [6, 8–10]. The research was 

also conducted before the availability of point of care testing (POCT) for procalcitonin (PCT) and 

for N. meningitidis DNA [6–10, 12, 13].  

 

The PiC study was the first study to explore the use of PCT and loop-mediated isothermal 

amplification (LAMP) together in diagnosing early meningococcal disease. It was also the first 

attempt to validate and refine a clinical practice guideline based on new data for over 15 years 

[6, 8–10]. 
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Neisseria meningitidis  
 
Pathogenesis  

Invasive meningococcal disease describes the process when the bacteria Neisseria meningitidis 

crosses from the respiratory mucosa and invades the host. Neisseria meningitidis is a gram-

negative diplococcus that colonises the nasopharynx and oropharynx of humans (Figure 2). In 

most people carriage is asymptomatic but in a minority the bacteria cross the mucosa and enters 

the blood. Once the N. meningitidis bacteria crosses from the nasopharynx to the blood it 

multiples rapidly with resultant bacteremia and an associated cytokine storm. This leads to 

increased host vascular permeability, organ dysfunction and disseminated intravascular 

coagulation [3,4]. The bacteria may also cross the blood-brain barrier resulting in meningitis. Even 

in resource rich settings invasive meningococcal disease carries an approximate 10-15% risk of 

mortality [5]. 

 

The main virulence factor of Neisseria meningitidis is the outer polysaccharide capsule and the 

13 known serogroups are defined by their polysaccharide layer [14]. Of the 13 known serogroups 

six are responsible for Human disease (A,B,C,W,X,Y) [14]. The outer polysaccharide capsule aids 

in the avoidance of immune cells and has been shown to reduce phagocytosis by human dendritic 

cells [15]. It achieves this through a variety of mechanisms including molecular mimicry and the 

downregulation of complement [16–20]. Neisseria meningitidis can also avoid the host immune 

response by altering the antigens presented on its surface through a process of phase variation 

and through the transfer of extracellular DNA [21]. 

 

Beneath the capsule there is the lipopolysaccharide layer. Following phagocytosis by dendritic 

cells this layer is exposed and stimulates cytokine release by the dendritic cells [15]. 

Lipopolysaccharides (also known as endotoxin) from Neisseria meningitidis have been shown to 

be extremely powerful stimulants of cytokine release including the release of TNF- and 

Interleukins 1,6,8 and 12 [15, 22, 23]. This cytokine release is responsible for increased vascular 

permeability, organ dysfunction and disseminated intravascular coagulation classical of 
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meningococcal septicaemia [24]. The lipopolysaccharide layer also contains various membrane 

proteins including; porins (for ion exchange), adhesion molecules and pili to facilitate invasion of 

the host. 

 

Figure 2: Gram stain showing N. meningitidis (Diplococci) 

 

 

 

Creative Commons License:  Neisseria meningitidis in cerebrospinal fluid (CSF) seen by Gram stain at 1000x magnification. Microman12345 - Own 

work_Photomicrograph of a Gram stain of spinal fluid at 1000 times magnification. Neisseria meningitidis grew from this spinal fluid. The classic Gram negative 

diplococci morphology is visible here. https://en.wikipedia.org/wiki/Neisseria_meningitidis#/media/File:Neisseria_meningitidis_CSF_Gram_1000.jpg 

 
 
Carriage 

Humans are the only natural host for N. meningitidis. Benign carriage is common with around a 

quarter of young adults carrying the bacteria in their nasopharynx or oropharynx [25]. Carriage 

rates vary with age [25]. A meta-analysis of 89 studies from across the world published in 2010 

in the Lancet showed that carriage is lowest in infancy (4.5%) but then increases through 

childhood to a peak in late adolescence (27.7% at 19 years) [25]. The rates of carriage then 

reduce again throughout adulthood [25]. This worldwide data is mirrored by local data from 

Northern Ireland where 3.8% of children (median age 2.2 years) were found to be asymptomatic 

carriers of N. meningitidis [5]. Carriage rates are affected by a number of factors including; social 

https://commons.wikimedia.org/w/index.php?title=User:Microman12345&action=edit&redlink=1
https://en.wikipedia.org/wiki/Neisseria_meningitidis#/media/File:Neisseria_meningitidis_CSF_Gram_1000.jpg
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behaviors, living conditions and geographic area and season [26]. Behaviors such as smoking, 

intimating kissing and attending bars and clubs have been shown to significantly increase N. 

meningitidis carriage amongst teenagers [26]. This may go some way to explain the increase in 

carriage seen amongst UK teenagers attending university [27]. A group in Oxford reported an 

increase in first year student carriage, of N. meningitidis, from 23.2% at the beginning of term to 

55.7% by the end of the first University term [27]. Similarly overcrowding associated with mass 

gatherings, such as the Haj pilgrimage and large festivals, can lead to increased spread of N. 

meningitidis [28, 29]. 

 
Invasive Disease 

Invasive meningococcal disease rates vary considerably from country to country [30]. The 

reasons for this are complex but are likely to include environmental factors as well as the 

availability of vaccination programmes. The lowest rates of meningococcal disease are seen in 

the Northern United States and Canada with 0.5 case per 100,000 [30]. In Europe rates are 

around 1 case per 100,000 whereas in sub-Saharan Africa, the meningitis belt, rates range from 

10-1000 cases per 100,000 [30]. In Europe and the US serogroups B and C are responsible for 

the majority of disease [30]. In Africa and Asia serogroup A predominates [30].  

 

In addition to social and geographical factors it would appear that seasonal variations affect 

meningococcal disease rates. Winter is associated with increased meningococcal disease in both 

the meningitis belt of Africa and in Europe [31]. The reasons for this are unclear. It has been 

hypothesised that in Africa the dry winters are associated with reduced humidity and increased 

ease of spread whereas in Europe winter is associated with an increased risk of mucosal injury 

from other infectious agents leading to increased opportunistic meningococcal infection [31].  
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UK Specific Epidemiology  

The rates of invasive meningococcal disease in children have been falling in the UK since the late 

1990s. In the year 1999/2000 there were 1600 laboratory confirmed cases of invasive MD in 

children aged 14 and under from England alone [32]. With the introduction of the meningococcal 

C vaccine onto the UK vaccination schedule in 1999 and then the meningococcal B vaccine and 

the meningococcal ACWY vaccine in 2015 the rates of invasive MD in children 14 years and 

under have fallen to 288 cases in the 2016/2017 year. Figure 3 demonstrates the fall in cases of 

meningococcal sepsis in the UK and Table 1 summarises the UK meningococcal vaccination 

schedule [32]. Over the first three years since the introduction of the meningococcal B vaccine in 

2015 there has been a 75% drop in the number of cases of invasive meningococcal B disease in 

children in England [33]. 

 

Figure 3 – UK meningococcal sepsis rates over time. Created using freely available Public Health 

England Data [32] 

 

 

In the UK serogroup C was traditionally responsible for the majority of invasive disease with 883 

laboratory confirmed cases in England in the 1998/1999 surveillance year [34]. This fell 

significantly following the introduction of the conjugate meningococcal C vaccine into the routine 
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immunisation schedule in November 1999 [34]. In 2016/2017 there were 37 laboratory confirmed 

cases of invasive meningococcal C infection in England [34]. Meningococcal B infection is now 

the leading cause of invasive meningococcal infection in the UK with 396 laboratory confirmed 

cases in England in the 2016/2017 year [34]. Meningococcal B rates are however, beginning to 

fall following the introduction of the meningococcal B vaccine into the UK vaccination schedule in 

2015 [34]. In recent years there has been an increase in serogroup W and Y infections in England 

(80 and 225 respectively for 2016/2017) [34]. Interestingly University wide ACWY vaccination 

programmes have had little effect on serogroup W carriage [35]. 

 

 

Table 1 – Current UK vaccination against invasive meningococcal disease. 

 

Current UK Vaccination Against Invasive Meningococcal Disease 

Vaccine 
(Serogroups) 

Year Introduced 
into schedule Age given 

B 2015 
8 weeks, 16 weeks, 1 
year 

C 1999 1 year* 

ACWY 2015 
14 years, University 
students 19-25 years 

*Prior to 2016 meningococcal C vaccine was also administered at 12 weeks 

 
 

Symptoms and signs of meningococcal infection 

Part of the clinical challenge with diagnosing early meningococcal disease is the varied and often 

non-specific ways it can present [1, 3, 36–38]. The early recognition of MD is especially 

challenging with a vast number of reported signs and symptoms that often overlap with other 

milder self-limiting illnesses. The NICE guideline “Meningitis (bacterial) and meningococcal 

septicaemia in under 16s: recognition, diagnosis and management Clinical guideline [CG102] [3] 

outlines a number of clinical features observed in children with MD. In developing the guideline 

NICE performed a systematic literature review and identified a number of potential signs and 
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symptoms of meningococcal infection. NICE divided these into common and non-specific signs 

and more specific signs of meningitis and/or meningococcal sepsis (summarised in Table 2) [3]. 

 

Table 2: Symptoms and signs of invasive meningococcal disease 

Non-specific signs Specific signs (Sepsis) Specific signs 

(Meningitis) 

Abdominal Pain Purpura Headache 

Nausea & Vomiting Non-blanching Rash Reduced GCS 

Diarrhoea Reduced GCS Neck Stiffness 

Lethargy Myalgia Photophobia 

Irritable/unsettled Cold Extremities Seizure 

Coryzal Symptoms Tachycardia Neurological Deficit 

Fever Ill Appearance Kernig’s 

Tachypnoea Pallor Brudzinski’s 

Sore Throat Shock Meningism 

Refusing Food/drink Limb pain/Leg pain  

Mottled skin Mottled skin  

 
 

Non-specific signs 

The non-specific signs listed by NICE feature as part of many different illnesses including many 

self-limiting infections. The presence of coryzal symptoms, fever and sore throat for example 

would be typical of a benign upper respiratory tract infection whereas diarrhoea, vomiting and 

abdominal pain would more likely point towards infective gastroenteritis. The non-specific signs 

listed by NICE serve to remind us that during the prodrome meningococcal disease can present 

with almost any features and should potentially be considered in all children presenting acutely 

unwell.  

 
Specific signs of sepsis 

The specific signs of meningococcal sepsis listed above can be condensed down to; a non-

blanching rash, unwell appearing child, shock and limb pain. For the most part these signs are 

relatively well recognised as concerning and any unwell or shocked child with a history of fever is 
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typically assessed for potential serious bacterial infection and/or sepsis [3, 10, 39, 40]. The 

presence of limb pain is perhaps less-well known but has been shown consistently to be a feature 

of early meningococcal sepsis [2, 41, 42]. The presence of a non-blanching rash is also widely 

known to be associated with an increased risk of meningococcal sepsis[6–10]. The distribution 

and appearance of the rash is important and this is discussed in more detail separately  [3, 10, 

39, 40]. 

 

Specific signs of meningitis  

Meningitis describes inflammation of the meninges with the inflammation resulting in headaches, 

altered mental state, photophobia and clinically detectable signs of meningism. Neck stiffness 

(nuchal rigidity), Kernig’s sign and Brudzinski’s sign are classical signs that date from the early 

20th century and are still used routinely in paediatric practice [43]. The physiological principle 

underlying these tests is that meningeal irritation can be elicited by performing certain 

movements. In each test, the clinician aims to stretch the meninges and thus elicit features of 

meningeal irritation. To test for nuchal rigidity, the examiner flexes the patient’s neck and the test 

is positive if there is palpable resistance to passive flexion. To test for Kernig’s sign, the patient 

is positioned supine with their hip flexed to 90 degrees. Kernig’s sign is present if there is pain on 

passive knee extension. To elicit Brudzinski’s sign, the patient lies supine and their neck is 

passively flexed by the examining clinician. The test is positive if this causes reflex flexion of the 

knee. Figure 4 demonstrates how to perform Kernig’s sign & Brudzinski’s sign. 
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Figure 4: Practical demonstration of how to perform Kernig’s and Brudzinski’s signs. (consent 

was granted for the use of images) 

 

Below in Table 4 there is a summary of the reported accuracy of each sign (nuchal rigidity, 

Kernig’s sign, Brudzinski’s sign) at correctly identifying meningitis. It is important to note that all 

of these studies were performed in different populations, using inconsistent reference standards 

across a range of healthcare contexts including high and low resource settings. The studies used 

inconsistent diagnostic reference standards often with low numbers of patients without all signs 

being assessed in all patients. There was significant inter-observer variability and often there was 

inconsistent and patchy microbiology reporting.  

 

Even with these variations in study design and setting, all studies demonstrated that the absence 

of clinical signs of meningism reduced the likelihood of meningitis with a combined likelihood ratio 

0.41 (95% CI 0.3-0.57) [44]. Likewise the presence of signs of meningism increased the likelihood 

of meningitis across all studies with the positive predictive values for each clinical sign reported 

as between 0.39-0.81 [45, 46]. The likelihood ratios for positive results range between 1.39-13.3 

[44, 47, 48]. In all of the studies included in Table 4 no children below the age of two months were 

included with all authors stating that the signs of meningism listed above were unreliable in infants 
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[40]. Young infants may present with irritability, poor feeding and bulging fontanelle but signs can 

be subtle, and it is necessary to maintain a higher index of suspicion for meningitis when infants 

present with fever [49, 50]. For this reason, NICE guidelines recommend lumbar puncture for  all 

febrile infants under the age of one month, and for infants aged one to three months who appear 

unwell[40]. Some of the differences in reported symptoms of meningitis between infants and older 

children are summarised below in Table 3 [49, 50]. 

 

Table 3: Symptoms of meningism reported dependent on age 

Infants Older Children 

Tachypnoea Neck Stiffness 

Pallor  Headache 

Seizures Photophobia 

Irritability Nausea and vomiting  

Refusing Feed Leg Pain 

Bulging Fontanelle  Kernig’s 

sign/Brudzinski’s sign 
 

 
 
Fever and meningococcal disease 

Not all children with meningococcal disease have a fever prior to their first presentation to a 

healthcare professional [10]. Estimates based on case series suggest that approximately 5% of 

children have no history of fever prior to presentation and that nearly 20% will be afebrile when 

they arrive at hospital [2, 51]. 

 

The height of fever has been shown to be a poor predictor of meningococcal disease [2, 51]. The 

duration of the fever however, may be useful at predicting those with meningococcal disease. A 

case series of 287 children identified at 87% of children with meningococcal disease presented 

with a short illness and fever for less than 72 hours [51]. Only 11% of children presented with 

fever after 72 hours [51].  
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Table 4: Summary of studies reporting the accuracy of signs of meningism at predicating meningitis in children positive/negative predictive value 
(PPV/NP), positive/negative likelihood ratios (LR+/LR) 95% confidence intervals are given in brackets.The table above is my own original work.

Author Study setting Study 
design 

Inclusion criteria Exclusion criteria Sample 
size 

Level of 
evidence 
(OCEBM) 

Key results 

Berkley et al Rural district 
hospital, 
Kenya 

Cross-
sectional 
 

All paediatric patients older than 
60 days admitted during 13-
month study period 

 4,582 
patients (91 
bacterial 
meningitis 
cases) 

2 Neck stiffness positive LR – 13.3 
negative LR – 0.74 
 

Lehmann et al Rural hospital, 
Papua New 
Guinea 

Cross 
sectional 
 

Children aged 1-59 months 
admitted during normal working 
hours with suspected meningitis 

CSF not collected for 
analysis 

697 2 Neck stiffness 
Sensitivity 53% 
Specificity 81% 
PPV 39% 
[NPV 80%] 

Offringa et al Urban 
hospital, 
Netherlands 

Cross-
sectional 

All children between 3 months 
and 6 years of age who 
presented with first episode of 
seizure with fever at two urban 
hospitals during two-year period 

 309 (23 
cases) 

2 Nuchal rigidity odds ratio 128 if “definite” 
Odds ratio 2.1 if “dubious” 
 
Combined history and examination features to define “major features” of 
meningitis” 
LR+ = ∞ 
LR- = 0.3 
PPV 100% 
NPV 98% 

Curtis et al Global  Systematic 
review of 
prospective 
studies 

Studies that described history 
and examination features of 
children with meningitis 
confirmed on LP compared to an 
LP-negative comparison group. 
Data collected prospectively and 
amenable to calculation of 
accuracy estimates.  

Not prospective 
No comparison group 
No data or mixed data 
Pre-treated with 
antibiotics 

10 studies 1 Meningeal signs (any one of NR, 
KS, or BS) 
Sensitivity 64% Specificity 89% 
LR+ 4.5 (2.4-8.3) LR- 0.41 (0.3-
0.57) 
Neck stiffness 
Sensitivity 51% Specificity 89% 
LR+ 4 (2.6-6.3) LR- 0.56 (0.43-
0.72) 

Kernig’s sign 
Sensitivity 53% Specificity 85% 
LR+ 3.5 (2.1-5.7) LR- 0.56 (0.41-
0.75) 
Brudzinski’s sign 
Sensitivity 66% Specificity 74% 
LR+ 2.5 (1.8-3.6) LR- 0.46 (0.31-
0.68) 

Bilavsky et al Urban 
hospital, Israel 

Prospective 
cohort study 
 
 

All children aged 3 months to 17 
years who were diagnosed with 
bacterial meningitis in a 4-year 
period  
Control group were children who 
were suspected to have bacterial 
meningitis but ruled out on LP 

Antibiotic therapy 
before arrival to ED 

86 (40 in 
study 
group) 

2 Nuchal rigidity 
Sensitivity 64.9% Specificity 
53.5% 
LR+ 1.39 LR- 0.66 
Brudzinski’s sign 
Sensitivity 52.6% Specificity 
77.5% 

LR+ 2.34LR- 0.61 
Kernig’s sign 
Sensitivity 51.3% Specificity 95% 
LR+ 10.27 LR- 0.51 
 

Amarilyo et al Urban tertiary 
hospitals, 
Israel 

Cross 
sectional  

Included patients with clinically 
suspected meningitis between 
the ages of 2 months and 16 
years 

Severe chronic 
disease, immune 
deficiency or any 
neurological condition, 
patients in whom LP 
was not performed 

108 (58 
cases of 
meningitis, 
6 confirmed 
bacterial) 

2 Nuchal rigidity 
Sensitivity 65% 
Specificity  
67% 
PPV 0.8 
[NPV 0.62]  
Brudzinski’s sign 
Sensitivity 
51% 
Specificity 80% 

PPV 0.81 
[NPV 0.58] 
 
Kernig’s sign 
Sensitivity 27% 
Specificity 0.87 
PPV 0.77 
[NPV 0.51] 
 
53.7% prevalence 
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Non-blanching rashes in children 

As discussed above a non-blanching rash represents a specific sign that should alert to the possibility 

of meningococcal disease or other invasive bacterial infection [3, 7, 8, 10]. A non-blanching rash 

describes any rash in which the colour of the rash is unchanged with direct pressure and is usually 

used to refer to the presence of petechiae/purpura (Figure 5).  

 

Although a non-blanching rash can be associated with meningococcal disease it can also be 

associated with a number of benign causes and a petechial rash is a relatively common presentation 

to the emergency department, accounting for around 2% of all attendances [7, 8]. The causes of non-

blanching rashes in children can be broadly classified as infective, mechanical, vasculitic, 

haematological and other [6–10, 12]. A summary of causes can be found in Table 5 below. 

 

Figure 5. Images of petechiae and purpura 

 

 

 
 
 

Petechiae Vs Purpura 

Petechiae are non-blanching spots that are <2mm in size and are due to capillary 

haemorrhage. As more haemorrhages occurs the petechiae coalesce into purpura (>2mm). 

 

 

Images used with permission of the Meningitis Research Foundation 
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Infectious causes 

Any overwhelming serious bacterial infection (SBI) can result in a non-blanching rash via 

disseminated intravascular coagulation (DIC). Some infections feature a non-blanching rash as an 

early sign. The commonest infections associated with a non-blanching rash as an earlier sign are [6–

9]: 

 

Viral:  

Enterovirus 

Adenovirus  

 

Bacterial  

Streptococcal Infections  

Meningococcal Disease  

Pneumococcal Disease 

 

Of these infections meningococcal disease is arguably the one we worry about most in the UK. It is 

however unclear as to how commonly meningococcal disease is responsible for a non-blanching 

rash in a child. This is because the published studies are difficult to compare due to their 

heterogeneity in design and because most studies fail to report all cases of non-blanching rash. For 

example one study looking at all presentations of fever (>38°C) and non-blanching rash presenting 

to the ED found that only 1% of children had meningococcal disease as the cause [7]. In contrast, 

studies of hospitalised children with fever and non-blanching rash have reported MD rates as high 

as 23% [9]. These differences likely represent differences in study design. The study that included 

all non-blanching rash represents a different population to the study that only included admitted 

children with non-blanching rash. The inpatient population is more likely to include those children 

where there was greater concern that meningococcal disease was likely and that study is more likely 

to report a higher prevalence of meningococcal disease amongst children with fever and non-

blanching rash. Other invasive bacterial infections may also present with a non-blanching rash - 
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especially streptococcal infections [6, 8, 12]. Other infectious causes are rare (<1%) of cases [7–9]. 

 
Mechanical causes 

A mechanical cause is identified in almost a quarter of non-blanching rashes in children [9], the most 

common being straining, coughing or vomiting. This causes raised pressure within the superior vena 

cava (SVC), with consequent pinpoint petechiae in the distribution of the SVC alone (above the nipple 

line) [8]. Direct trauma can result in bruising that can appear identical to a true non-blanching rash. 

There is usually a clear history of trauma. In cases where a traumatic cause is likely it is important to 

consider safeguarding. This is especially important when lesions are localised to the genital area, 

buttocks, are unusual or linear, or when the history is unclear [52]. 

 

Vasculitic causes 

Henoch-Schonlein Purpura (HSP) is the most common vasculitic cause in children, with other less 

common causes including atypical Kawasaki disease, polyarteritis nodosa, and anti-neutrophil 

cytoplasmic antibody related vasculitis (13). HSP typically presents with palpable purpura found in a 

gravity dependent distribution - classically on the legs and buttocks [53].  

 

Haematological causes 

The main haematological causes likely to present are thrombocytopenia, leukaemia, and 

coagulopathy. 

 

Thrombocytopenia 

Idiopathic thrombocytopenia purpura (ITP) is the most common haematological cause and presents 

with the sudden development of a NBR. In ITP a Full Blood Count (FBC) should show isolated 

thrombocytopenia, and a blood film should be normal other than thrombocytopenia[54, 55]. Other 

rare causes of thrombocytopenia include; infections such as Epstein Barr virus, drug induced (e.g. 

vaccination, Heparin, NSAIDs, Ranitidine), thrombotic thrombocytopenic purpura, disseminated 

intravascular coagulation, hypersplenism, and bone marrow failure [56–59]. 
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Coagulopathy 

Coagulopathy is a rare cause of a NBR in children (0.4% of cases)[9]. A family history of coagulation 

disorders or a long history of easy bruising and/or a NBR that remains unexplained may suggest an 

underlying coagulation disorder.  

 

Haematological Malignancy  

Children with undiagnosed haematological malignancies may present with a NBR, either as an 

isolated finding, or in conjunction with other features such as weight loss, fatigue, pallor, and general 

malaise[60]. Clinical features such as lymphadenopathy, hepatomegaly, splenomegaly, jaundice and 

anaemia should be sought and any child with an abnormal blood film or deficiencies in multiple cell 

lines should be discussed with the local haematology service. 

 

Other causes 
It is worth considering if a well child’s rash is in fact a normal variant. A study of infants attending 

routine health checks found that petechiae were commonly identified in well infants with over one 

quarter having one or more petechiae [61]. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

27 

27 

 
Table 5: Aetiology of non-blanching rashes in children  
 

Diagnosis  Features Investigations 

Infective Fever may or may not be present – look for worrying features: 

 Appearing unwell 

 Irritable/Lethargic 

 Prolonged CRT 

 Spread of rash 

 Purpura 

Full blood count 

C-reactive protein 

Meningococcal/viral PCR 

Blood Culture 

Blood Gas (pH, lactate) 

Glucose 

Haematological 

•ITP 

•Malignancy 

•Coagulopathy 

 

Isolated thrombocytopenia in a well child  

Abnormal film or cell count (Not ITP) 

Deranged clotting in a well child 

 

Full blood count 

Blood Film 

Coagulation studies 

Mechanical Identification of mechanical cause in an otherwise well child.  Not always needed – when 

performed they are normal. 

HSP Well child, classical rash, no spread or deterioration. Normal cell 

counts and film. Where unclear may need to rule out other serious 

causes. 

Urinalysis for evidence of 

glomerulonephritis 

Blood Pressure 

 

 

Making a diagnosis in a child with a non-blanching rash 

Much of our current practice has its origins in research performed in the late 1990s when 

meningococcal disease was far more prevalent in the UK and before the introduction of the conjugate 

meningococcal C vaccine in 1999 and the meningococcal B vaccine in 2015 [32]. The first clinical 

practice guideline described in the UK emerged from research by two groups who described the “ILL” 

criteria [6, 8]. Those groups found that in children who appeared irritable, lethargic or had a prolonged 

capillary refill time of greater than five seconds that they were highly likely to have meningococcal 

disease [6, 8]. Brogan et all reported on 55 children presenting with a non-blanching rash and fever 

>37.5 oC between 1997-1998 and in addition to the ILL criteria also reported that no child with e CRP 

<6mg/l was found to have meningococcal disease [6]. Similarly Wells et al reported on 233 children 

with very similar findings [8]. They also reported that no child with a CRP<6mg/l had meningococcal 

disease [8]. In addition Well’s et al showed that the presence of purpura was associated with an 

increased risk of meningococcal disease whereas the absence of purpura and the presence of 
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petechiae in the distribution of the superior vena cava (SVC) was associated with a reduced risk of 

meningococcal disease [8]. They attributed the petechiae in the SVC distribution to a mechanical 

cause such as coughing, vomiting or crying resulting in increased intravascular pressure and 

subsequent micro-hemorrhages [8]. Over time the “ILL” criteria have evolved and we now have two 

nationally recognised clinical practice guidelines (CPG) for the management of fever and NBR in 

widespread use in the UK. There are likely a number of unpublished and unvalidated CPGs in current 

use across the UK. 

 

The two published and previously validated CPGs are: 

 National Institute for Health and Care Excellence (NICE) CG102 “Meningitis (bacterial) and 

meningococcal septicaemia in under 16s: recognition, diagnosis and management” 

 The Newcastle-Birmingham-Liverpool algorithm [3, 10].  

 

These two CPGs both agree that any child with purpura or who appears unwell should be immediately 

treated for suspected meningococcal disease without delay. Both guidelines also advise that for 

children who appear well but have widespread petechiae that they should undergo investigation (full 

list below) with blood testing including a full blood count (FBC) and C-reactive protein (CRP) testing. 

The CPGs both then advocate treatment of any child with an abnormal white cell count (WCC) or 

CRP elevated beyond 6mg/l/. If the WCC and CRP are within normal limits, there is no progression 

of the rash and the child remains well appearing then both suggest discharge home would be 

appropriate following a period of 4-6 hours observation [3, 10].  

 

Full investigation list 

• Laboratory blood tests (FBC, CRP, coagulation screen) 

• Blood culture  

• Whole-blood polymerase chain reaction (PCR) for N.Meningitidis 

• Point-of-care tests  - blood glucose, blood gas (pH, lactate, acid-base status) 
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The main differences between the guidelines are: 

 The NBL CPG allows well appearing children with petechiae in the distribution of the 

superior-vena-cava to be discharged home without blood tests. The NICE CG102 does 

not allow for this. 

 The NICE CG102 lists a greater number of features that if present require treatment – 

summarised in Table 6. 

 

These CPGs were developed based on data collected prior to the introduction of meningococcal 

vaccines into the UK vaccination schedule  [6, 7, 9, 10]. Both CPGs have been shown to be highly 

sensitive for the recognition of meningococcal disease (NICE 0.97) and (NBL 1.00) [10]. The 

specificity of the two CPGs has been estimated as (NICE 0.50)  and (NBL 0.822) [10]. These data 

regarding sensitivity and specificity were calculated from a cohorts of children presenting with fever 

and non-blanching rashes prior to the introduction of meningococcal B and C vaccination. The 

prevalence of MD in that population was 23% [10]. The current prevalence of MD amongst children 

with fever and NBR is unknown but is reasonable to assume that national vaccination programmes 

will have lowered the prevalence of MD amongst children with fever and NBR. 

 

Table 6: Signs requiring treatment - adapted from NICE Guideline CG102 
Non-Specific  Specific  

 Fever 

 Vomiting 

 Lethargy 

 Unsettled 

 Ill appearance 

 Refusing food/drink 

 Headache 

 Muscle ache 

 Breathing difficulties 

 Chills  

 Diarrhoea 

 Sore throat 

 Cough/Cold  
 

 Non-blanching rash 

 Neck stiffness 

 Altered mental state 

 Unusual colour 

 Shock  

 Leg pains 

 Cold hands/feet 

 Meningism   

 Toxic state 

 Focal neurology  

 Seizures 
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Biomarkers  
 

Loop-mediated isothermal amplification (LAMP) 

The current gold-standard test for the diagnosis of meningococcal disease is detection of pathogenic 

N. meningitidis by either culture or real-time polymerase chain reaction (PCR) from a sterile site 

(typically blood or CSF)[62]. Bacterial culture techniques are slow taking around 36 hours to report 

and laboratory PCR requires highly specialised laboratory equipment and trained laboratory staff 

[63]. For these reasons children are typically given parenteral antibiotics whenever there is concern 

over possible meningococcal disease [64]. These are then discontinued based on the clinical 

progress of the child and the results of either culture or PCR.  

 

In the early 2000s a novel nucleic-acid amplification technique was described [65, 66]. The new loop-

mediated isothermal amplification technique enabled fast and highly accurate amplification of DNA 

targets under isothermal conditions [65, 66]. This new form of PCR utlilised a modified DNA 

polymerase that had a high strand displacement activity and was thermostable [65, 66]. It also 

required a set of four looped inner and outer primers that recognised six sites within the target DNA 

[63, 65, 66]. This new technique allowed for rapid amplification of DNA with sufficient quantities that 

within one-hour positive reactions could be confirmed by simple inspection of the samples (for 

turbidity) [63, 65, 66]. This new technique was fast and required minimal equipment [63, 65, 66].  

In 2011 a team in Belfast developed, optimised and validated a new LAMP assay to detect N. 

meningitidis. The assay targeted the ctrA gene encoding an outer membrane protein involved with 

capsular transport common to all serogroups of N. meningitidis [63]. They reported that the new 

assay was highly sensitive and able to detect as few as six copies of the ctrA gene in under an hour 

[63]. A retrospective validation exercise of stored samples (blood, CSF, oropharyngeal swabs and 

stool) demonstrated a high level of agreement between the LAMP assay and the reference standard 

(PCR). The specificity and sensitivity were reported as 0.99 and 1.00 respectively [63].  

 

In 2015 the team in Belfast published the first prospective diagnostic accuracy study reporting on the 

use of the LAMP assay for the early detection of meningococcal disease [12]. In that study children 
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under 14 years of age underwent LAMP testing in the emergency department using either 

naso/pharyngeal swabs or whole blood [12]. A researcher performed the DNA extraction and LAMP 

testing in the ED and in all instances the LAMP test including DNA extraction was completed within 

two hours [12]. The study included data from 148 children with a median age of 11 months [12]. There 

were 27 cases of confirmed meningococcal disease and the LAMP assay was highly sensitive 0.89 

(95%CI 0.72 to 0.96) and specific 1.00 (0.97 to 1.00) for detecting early MD [12]. Interestingly the 

non-invasive naso/oropharyngeal swabs performed exceptionally well with the LAMP assay detecting 

21 out of 25 cases of meningococcal disease with no false positives [12]. This finding likely reflects 

the nature of N. meningitidis and how it colonises the naso/oropharynx before invading the host. 

Further evidence to support this theory came from the same group who demonstrated that children 

with meningococcal disease have high meningococcal nasopharyngeal loads with a median of 

6.6x105 copies per ml [67].  

 

Since the publication of that landmark study by Bourke et al, in the Lancet Infectious Disease, the 

team in Belfast have paired with industrial HiberGene Diagnostics Ltd, Ireland. Together that have 

manufactured the commercially available Hibergene LAMP-MD direct swab meningococcus LAMP 

test. The commercially available assay consists of reaction strips containing lyophilised reaction mix 

comprised of the same specific primers targeting the conserved region of N. meningitidis ctrA gene, 

an exogenous bacteriophage sequence used as assay extraction control together with strand 

displacing polymerase enzyme, an intercalating dye and all other necessary reagents and buffer. 

This commercially available test has been advertised as being suitable for non-laboratory settings 

with results available within 40 minutes (under one hour including sample collection and DNA 

extraction).  

 

Procalcitonin 

Procalcitonin (PCT) is the precursor for calcitonin and is produced by parafollicular cells [68–70]. It 

is a 116-amino acid protein that has roles in calcium metabolism [71]. PCT is elevated during infection 

and typically rises within two hours of the onset of a bacterial infection reaching a peak at 24 to 36 

hours [71]. Procalcitonin levels are attenuated by the presence of interferon gamma which is typically 
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released during viral infections leading to suggestions that PCT may have uses in distinguishing viral 

from bacterial infections [71].  

 

Although PCT has been shown to be useful at identifying bacterial infections in children the use of 

PCT is not currently recommended by NICE in the UK with a request for further evidence [3]. 

Previously the team in Belfast have conducted a systematic review and meta-analysis to assess the 

performance of diagnostic tests such as procalcitonin, C-reactive protein and cell counts for the early 

recognition of MD. This included a cost-effectiveness analysis [13]. That systematic review screened 

790 studies, reviewed 46 full publications and included six studies in the final analysis [13]. The six 

studies reported 881 children and the overall quality of the studies was deemed as high [13]. The 

meta-analysis compared the diagnostic accuracy of procalcitonin (PCT) with C-reactive protein 

(CRP) and total white cell count (WCC) [13]. They reported that PCT demonstrated a better 

diagnostic accuracy than both CRP and WCC at an optimum cut-off value of 1.93mg/l. At this level 

the sensitivity and specificity of procalcitonin for detecting early MD was 0.89(0.76 to 0.96) and 

0.74(0.40 to 0.92) respectively [13]. The use of PCT in addition to CRP and WCC was reported to 

result in a 12% reduction in treatment costs per patient tested [13].  

 

To determine if there had been any significant changes in the literature since the 2015 systematic 

review, I performed a Medline search for all publications containing (procalcitonin or PCT) and 

(mening* or sep*) from January 2012 until December 2019. From this search an additional nine 

studies were identified [72–80]. Of these three were concerned with the use of PCT on CSF 

specimens to distinguish bacterial from viral meningitis [72, 74, 78]. Two were editorials and one was 

a systematic review [73, 79, 80]. Three studies were new original research studies assessing the 

performance of blood PCT testing in children to differentiate bacterial meningitis from non-bacterial 

meningitis [75–77]. All three relevant studies involved small cohorts of children (less than 50) and the 

results were mixed with two studies suggesting that PCT testing was superior to CRP for recognition 

of bacterial meningitis [75, 76]. One study found that both CRP and lactate were superior biomarkers 

to PCT for detecting bacterial meningitis [77]. Performing the literature search did not identify any 

new high-quality research to suggest a need to update the findings from the original systematic review 
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and meta-analysis published in 2015. 

 
C-reactive protein 

C-reactive protein (CRP) is a non-specific acute-phase protein that is routinely used in the UK for 

assessment of possible meningococcal disease, sepsis and fever without source [10, 39, 40, 62]. 

The CRP level begins to rise within four to six hours after infection and peaks at 36 to 48 hours [71]. 

The CRP test lacks sufficient diagnostic test accuracy to be used in isolation as a rule in or out test 

for bacterial infection [13, 81, 82].  

 

There are very few studies specifically exploring the diagnostic accuracy and optimum cut-off value 

for CRP when assessing children with possible meningococcal disease [13]. The systematic review 

and meta-analysis published by the team in Belfast in 2015 reported that a CRP cut-off of 28mg/l 

performed optimally and that the area under the curve for CRP testing was 0.83(95%CI 0.79 to 0.87 

[13]. Other studies have however shown that in early MD the CRP level can be normal or near-normal 

and for these reasons most clinical practice guidelines and published literature regarding CRP 

suggest a rule-out cut-off of 6mg/l should be used when looking to exclude early MD[6–10]. The main 

draw-back of CRP testing is that the test is poorly specific. The CRP test does however offer some 

advantages over other biomarkers such as PCT. The CRP test is unaffected by the use of systemic 

corticosteroids, immunosuppression or renal dysfunction and dialysis [71]. 

 
Full blood count 

Total white cell counts (WCC) and total neutrophil counts are often used to help predict the likelihood 

of serious bacterial infection in children with fever and non-blanching rash [6, 8, 10, 39, 40, 62]. 

These tests have however, been shown to be lack sensitivity and specificity for this purpose [6–9, 

83]. This was demonstrated beautifully in a case-control study of 108 children (64 Fever and NBR 

with MD) and (44 Fever and NBR without MD) [83]. In that study the total WCC and total neutrophil 

counts were no different between the two groups [83]. This is remarkable because studies utilising 

a case-control methodology typically overestimate the accuracy of diagnostic tests but despite that 

methodology the total WCC and total neutrophil counts had no diagnostic value for predicting MD 



 

 

34 

34 

in febrile children with a NBR[84]. 

 

Despite the lack of evidence to support the routine use of total WCC and total neutrophil counts to 

predict meningococcal disease NICE continue to recommend their routine use for this purpose[3, 

39]. This is exemplified by current NICE guidance for Fever, Sepsis and Meningitis which all 

advocate performing a full blood count to assess the WCC and neutrophil count [3, 39, 40]. The 

NICE sepsis guidance and NICE meningitis guidance do not provide a normal reference range for 

either WCC or neutrophil count [3, 39]. The NICE Fever guidance does not provide a reference 

range for the neutrophil count but does provide a reference range for the WCC of between 5x109 /l 

and 15x109/l [40].  

 
Novel biomarkers 

There are a range of novel biomarkers currently at varying levels of development. These include 

interleukins (IL-6, IL-8, IL-18), Adrenomedullin and a range of different RNA based assays [71, 85–

91]. The evidence for the use of these biomarkers for the diagnosis of paediatric bacterial infections, 

sepsis and meningococcal disease is minimal. 

 

Interleukins are human cytokines involved with the regulation of the immune response to 

inflammation and infection. There are over 50 Interleukins but the most promising for recognition of 

bacterial infection, sepsis and meningococcal disease are IL-6, IL-8 and IL-18 [71]. There are very 

few paediatric studies exploring the clinical utility of these tests. The small number of paediatric 

studies published to date suggest that IL-6 may be useful in recognising serious bacterial infections 

in neutropenic children and IL-8 and IL-18 may have roles in risk stratification and prediction of 

survival [71]. In addition to paediatric trials there are a number of adult studies exploring the clinical 

utility of IL-6, IL-8 and IL-18. The majority of the adult literature centres around the use of IL-6. A 

Cochrane review updated in January 2019 identified 20 studies, including 4192 adults, that explored 

the role of IL-6 in predicting adult sepsis [92]. That Cochrane review concluded that the available 

research was limited by heterogeneous study designs and a high risk of bias within the studies [92]. 

The review also reported that using the available data for IL-6 as a predictor of sepsis would result 
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in a significant number of false positive diagnoses of sepsis (13/100 tests) and a significant number 

of false negative tests incorrectly ruling out sepsis (17/100) [92]. Currently the role of interleukin 

testing to predict serious infections in children is unclear. None of the interleukin tests were available 

as a point-of-care tests.  

 

Mid-regional proadrenomedullin (MR-proADM) is related to the peptide Adrenomedullin (ADM) 

which was first discovered 1993 and found to have potent and long-lasting vasodilatory effects [93]. 

ADM has been shown to be involved in a wide range of physiological processes in normal human 

biology and is regarded as a circulating hormone with significant paracrine and biological activities 

[94]. ADM levels have been shown to rise early in serious infection and specifically in response to 

hypoxia and the production of cytokines such as interleukin-1, IFY-ϒ and tumour necrosis factor 

[95–97]. ADM levels do not appear to rise to the same extent in mild self-limiting viral infections and 

the levels of ADM are reported to correlate with disease severity [86, 98–100]. Adrenomedullin is 

however difficult to measure owing to its instability as a molecule, rapid binding to receptors, fast 

metabolism and short half-life [100]. Mid-regional proadrenomedulin (MR-proADM) is a 48 amino 

acid fragment of ADM produced during ADM synthesis at a ratio of 1:1. Although biologically inactive 

it’s longer half-life and relative stability makes measurement from body fluids easy and reliable [98]. 

These features make MR-proADM an exciting prospect as a new biomarker for the diagnosis of 

serious bacterial infection in children. Currently the role of MR-proADM testing to predict serious 

bacterial infections in children is unclear. MR-proADM became available as a rapid point-of-care 

test during the PiC study (manufactured by Thermofisher®).  

 

A greater understanding of the human genome, epigenome, transcriptome, proteome and 

metabolome in the context of disease has led to exploration of different “omic” signatures using next 

generation sequencing and bioinformatics. The hope is that “omic” signatures can be found that 

reliably differentiates serious infection (bacterial, viral or fungal) from a self-limiting illness and that 

can predict severity and outcome. This research is still in its infancy but may represent the future of 

biomarker development.  
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Principles of treatment  
 
Initial resuscitation: 

Although early meningococcal disease can be difficult to detect late meningococcal disease often 

presents with signs of shock and or raised intracranial pressure (RICP)[3, 101]. Recognising and 

treating these two complications successfully are key to resuscitating a child with MD presenting in 

extremis. 

 

Shock can present in a number of way but the most common type of shock seen amongst children 

is “cold shock” [102]. This is when the child presents with cool peripheries, mottled skin, a prolonged 

capillary refill time and poor perfusion [102]. The child is likely to have tachycardia and may be 

hypotensive (although this is a late sign) [3, 101, 102]. A minority of children can present with “hot 

shock” characterised by warm peripheries, a bounding pulse and a rapid capillary refill time [102]. 

These children will also have tachycardia and may be hypotensive [102]. 

 

The immediate treatment of meningococcal septic shock aims to restore the circulatory volume with 

intravenous fluid [3, 39, 101, 102]. Most guidelines advocate for fluid boluses of 10-20ml/kg repeated 

every 5 to 10 minutes as required [3, 39, 101]. The fluid can either be 0.9% Sodium Chloride or 4.5% 

Human Albumin Solution (HAS) [3, 101]. The ideal fluid choice remains controversial with advocates 

for both crystalloid and colloid [101, 103]. Traditionally HAS was favoured by many due to the belief 

that the colloid fluid remained within the intravascular compartment for longer and that this had the 

potential to improve survival [101]. Studies have however, failed to demonstrate any benefit of HAS 

and there have been concerns from some that use of HAS has been associated with increased 

mortality[101, 103–105]. 

 

Irrespective of the fluid used volumes greater than 40ml/kg are associated with an increased risk of 

pulmonary oedema and most guidelines advocate for intubation and mechanical ventilation at this 

point [3, 39, 101]. The purpose of intubation is to protect the airway, reduce metabolic demands 

through anaesthesia and allow for management of pulmonary oedema [3, 39, 101]. A rapid sequence 
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induction for a septic child is extremely dangerous and should be undertaken with support from an 

experienced paediatric intensivist or anaesthetist where possible [3, 39, 101]. The child’s condition 

should be optimised prior to intubation with fluid resuscitation and early use of vasoactive drugs. The 

choice of induction agents should reflect the need to minimise haemodynamic instability.  

 

Meningococcal disease can also present with signs of meningitis or even a combination of meningitis 

and shock [3, 49, 106, 107]. Meningococcal meningitis results in raised intracranial pressure 

characterised; by a falling or fluctuating consciousness level, presence of the Cushing’s triad 

(irregular respiration, hypertension and bradycardia) and evidence of focal neurology (unequal pupils, 

abnormal posturing, neurological deficit and papilloedema). If RICP is evident then treatment is aimed 

at maximising cerebral perfusion [3, 101]. This includes intubation and mechanical ventilation to 

reduce metabolic demands and to maintain normocapnia [3, 101]. The use of vasoactive drugs to 

support a normal blood pressure and the use of agents such as Mannitol and hypertonic saline to 

improve cerebral blood flow [3, 101].  

 

Ongoing management  

Once stabilised the child will require careful and close monitoring typically within an intensive care 

setting. In the UK the national body NICE have produced guidance regarding the management of 

meningococcal infection in children “Meningitis (bacterial) and meningococcal septicaemia in under 

16s: recognition, diagnosis and management - Clinical guideline CG102” [3]. This guidance outlines 

an evidence based approach to the management of MD in children [3]. The principles of this guidance 

are summarised below: 

 

Airway:  

Ensure there is a correctly placed and appropriately size cuffed endotracheal tube in situ.  

 

Breathing: 

For ventilated children the aims are to maintain normocapnia and manage pulmonary oedema. In 

extremis pulmonary oedema is common due to increased capillary leak, myocardial dysfunction and 
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aggressive fluid resuscitation. A high positive end-expiratory pressure (PEEP) will be required to 

manage pulmonary oedema and maintain Oxygenation.  

 

Circulation: 

Critically ill children will require central monitoring to help guide ongoing fluid management. Further 

fluid boluses are likely to be required to maintain the intravascular fluid volume and vasoactive drugs 

(such as Adrenaline and Noradrenaline) are often required to support the dysfunctional myocardium. 

In some instances shock can be refractory even to high-dose vasoactive drugs. In these instances 

low dose hydrocortisone has been shown to be beneficial although this should be guided by a 

paediatric intensivist.  

 

Disability: 

Careful monitoring including pupillary responses is vital. Seizures may occur and these should be 

treated seizures using national or local guidelines. If there are signs of raised intra-cranial pressure 

this should be treated as discussed with input from the local neurosurgical team. Treatment for 

meningitis can include the use of corticosteroids (i.e. Dexamethasone 0.15mg/kg four times per day 

for four days).  

 

Everything Else: 

Infection with N. meningitidis should be treated with a fourth generation Cephalosporin that has good 

CSF penetration (i.e. Ceftriaxone) as soon as possible. This should be continued for seven days if 

meningococcal disease is confirmed or suspected. It is also important to monitor for and correct any 

metabolic disturbances common to meningococcal disease. These include hypoglycaemia, 

metabolic acidosis, hypokalaemia, hypocalcaemia, hypomagnesaemia, anaemia and coagulopathy. 
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Summary 
 
There are a number of unanswered questions regarding the assessment and management of 

children with fever and non-blanching rash that have been highlighted during my background reading 

and these questions are summarised below.  Throughout my thesis I have attempted to answer these 

questions and I will refer back to them in my final conclusion at the end of this thesis.  

 

At the end of this chapter I have included copies of publications in peer review journals that relate to 

the background section. The publications (all in Archives of Disease in Childhood, Education and 

Practice) relate to the diagnosis of meningitis, meningococcal disease and the assessment of 

children with non-blanching rashes. 

 

Unanswered Questions 
 

Risk/Aetiology 

o In the UK, currently, what proportion of children with fever and non-blanching rash 

have meningococcal disease (MD) as a cause? 

o In the UK, currently, what proportion of children with fever and non-blanching rash 

have an invasive bacterial infection (IBI) as a cause? 

 

Biomarkers 

 Loop-mediated isothermal amplification (LAMP) for n. meningitidis DNA 

o What is the diagnostic accuracy of LAMP for predicting MD in children with fever and 

non-blanching rash? 

o Can LAMP be performed in the emergency department? 

o How does carriage influence the performance of LAMP? 

 

 Procalcitonin 

o What is the diagnostic accuracy of PCT for predicting meningococcal disease/invasive 
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bacterial infection in children with fever and non-blanching rash? 

o Is there an optimal PCT cut-off value for excluding meningococcal disease/invasive 

bacterial infection in children? 

o Should PCT replace CRP as the biomarker of choice? 

 

 

 

 

 Mid-regional proadrenomedullin (MR-proADM) 

o What is the diagnostic accuracy of MR-proADM for predicting meningococcal 

disease/invasive bacterial infection in children with fever and NBR? 

o Is there an optimal MR-proADM cut-off value for excluding meningococcal 

disease/invasive bacterial infection in children? 

o Is MR-proADM useful for predicting outcomes i.e. death, the need for intensive care 

or prolonged admission? 

 

Clinical practice guidelines (CPGs) 

o What CPGs are available in the UK and how do they compare? 

o Which clinical features if present confer the greatest risk of MD? 

o How can conventional laboratory tests improve existing CPGs? 
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Publications relating to the background chapter 
 How to use clinical signs of meningitis. Arch Dis Child Educ Pract Ed. 2019 Jan 28. PMID: 30692129 DOI: 10.1136/archdischild-2018-315428 
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 Fifteen-minute consultation: the child with a non-blanching rash. Arch Dis Child Educ Pract Ed. 2018 Oct;103(5):236-240. PMID:29514867. DOI:10.1136/archdischild-2017-313998 
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 Fifteen-minute consultation: Symptoms and signs of meningococcal disease. Arch Dis Child Educ Pract Ed. 2019 Oct 16. doi: 10.1136/archdischild-2019-317722. PMID:31619453 
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Defining a programme of research 

Based on the unanswered questions outlined above I designed a programme of research with several 

work packages. The first work package aimed to synethesise data relating to existing biomarkers 

suitable for use as point-of-care tests, the second work package set out to verify the performance of 

those tests, work package three related to the development of a study protocol, work package four 

involved embedded qualitative research around consent methodology for emergency research, work 

package five was the guideline validation exercise, work package six was the validation of point-of-

care biomarkers and work package seven related to the development of a new clinical-practice 

guideline. These work packages are presented below in order with publications relating to each work 

package presented at the end of each chapter.  

 

Work Package 1: Systematic reviews 

Work package 1 (WP1) involved synthesising existing data to better understand the research field 

and finalise aspects of the clinical research component. For WP1 I conducted systematic reviews on 

both the use of LAMP and MR-proADM for the diagnosis of MD and invasive bacterial infection. 

Based on my provisional background reading I decided not to repeat the systematic review on the 

use of PCT for the diagnosis of MD as this had been completed in 2015 by my colleagues in Belfast 

and based on a quick review (outlined in the background section) there had been no significant 

changes since that initial review.  

 

The systematic reviews are presented below.  
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Loop-mediated isothermal amplification (LAMP) systematic review 
 

It is possible that LAMP technology could be used as a rapid point of care test (POCT) for the early 

diagnosis of meningococcal disease in children. This could be achieved through the rapid testing of 

blood samples or throat swab specimens in emergency departments, primary care facilities or 

pharmacies. To gain a better understanding of LAMP testing for meningococcal disease I led a 

systematic literature review. A systematic review was required because there were a growing number 

of individual studies that had reported on the diagnostic accuracy of LAMP technology in diagnosing 

meningococcal disease [4, 12, 63]. These studies had used a similar approach; LAMP directed at 

the conserved CtrA region of the bacteria Neisseria meningitidis, but in different populations using 

different specimens i.e. blood, CSF and naso/oropharyngeal swabs [4, 12, 63].  

 

Methods 
 

Clinical pathway 

LAMP could potentially be used at two points within existing care pathways. Firstly at presentation to 

identify early invasive meningococcal disease in children who present with a minor illness [12]. 

Alternatively, LAMP could be used in place of the current gold-standard (quantitative PCR or sterile 

site culture) to quickly confirm or exclude the diagnosis allowing for a more tailored treatment 

including early ambulation or discharge.  

 

Objectives 

The main objective of the systematic review was to determine the diagnostic accuracy of LAMP 

technology in the diagnosis of invasive meningococcal disease in children (<18 years of age). 

 

PRISMA and PRISMA-P 

The review and protocol were produced in adherence to the standards of the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) and were registered prospectively on 

the 29/11/2017 with the International Prospective Register of Systematic Reviews (PROSPERO) - 

registration number CRD42017078026 [108, 109]. The protocol and systematic review have both 

undergone external peer review and have been published [110, 111]. I used the Cochrane 
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recommendations for reporting systematic reviews of diagnostic accuracy studies [112].  

 
Identifying eligible studies 

I included all prospective, retrospective and randomised controlled trials that assessed the 

performance of LAMP in children (<18 years of age) with potential invasive meningococcal disease. 

For the purpose of this review the index test was defined as LAMP testing for Neisseria meningitidis. 

Index testing could have been performed using blood, cerebrospinal fluid and naso/oropharyngeal 

swabs. Commercial and laboratory developed tests were eligible. The reference standard was 

identification of Neisseria meningitidis from a sterile site (blood or CSF) using either bacterial culture 

or real-time PCR. There were no language restrictions. Studies only identifying benign carriage and 

studies assessing artificially spiked human samples were excluded. The inclusion criteria are 

summarised below in Table 7. 

 

Search strategy 

I created an electronic search strategy following teaching by the Queen’s University Medical Librarian 

(RF). The search was designed to identify all prospective, retrospective and RCTs available on 

MEDLINE, Embase, Web Of Science, Scopus  and The Cochrane Library inclusive of Cochrane 

Controlled Trials Register. An example of the search strategy I used can be seen below in Figure 6. 

In addition, I hand searched lists of references for relevant articles and performed a targeted grey 

literature search including contacting the manufacturers of any commercially available LAMP tests 

for meningococcal disease and searching conference abstracts.  

 

 

 

 

 

 

 

 

http://ovidsp.uk.ovid.com/sp-3.4.2a/ovidweb.cgi?&S=KJJOPDEIFLHFAKFJFNBLFDPFDDMJAA00&New+Database=Single%7c7
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Table 7: Inclusion criteria for systematic review 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 

6: Medline search strategy  
 

 

Study characteristics Inclusion criteria 

Population Children < 18 years of age with suspected meningococcal disease 

Index tests 

(intervention tests) 
Loop-mediated-isothermal AMPlification for Neisseria meningitidis  

Reference test 

(comparator test) 
TaqMan® PCR and/or culture of sterile site (blood and/or CSF) specimens 

Outcomes 
• Sensitivity and specificity of LAMP 

 

Study designs 
All prospective, retrospective and randomised control studies that report measures of diagnostic 

accuracy of Loo-mediated-isothermal AMPlification for Neisseria meningitidis   
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Data collection  

Selection of studies  

Two reviewers (TW, MDS) independently screened search results for study eligibility and to extract 

data. Screening was a two-step process with initial title/abstract screening followed by full-text 

screening. Disagreements among reviewers were resolved through the consensus or third-party 

reviewer (DF). Reports that were duplicates or co-publications of studies were identified. Following 

full-text screening, a list of excluded studies with reasons was produced.  

 

Data extraction and management 

TW and MDS developed a data extraction tool that was piloted initially to achieve a good level of 

agreement between the data extractors (Figure 7). The following data were extracted in duplicate by 

TW and MDS:  

 

Study characteristics: author, year of publication, country, design, sample size, clinical 

setting, number studied, number of dropouts with reason, and funding source.  

Population characteristics: inclusion/exclusion criteria; patient demographics such as age 

and gender. LAMP Testing: timing of sampling; method of sampling (e.g throat swab, blood 

or CSF), and time to result.  

Reference standard: Quantitative PCR (e.g.TaqMan® PCR) or sterile site bacterial  culture 

(i.e blood/CSF) 

 

Outcomes: From this 2 × 2 table were created to calculate; true positives, false positives, true 

negatives, and false negatives.  

 

Assessment of methodological quality  

The risk of bias of each article was evaluated independently by two investigators (TW, MDS) and 

reported according to the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool 

[113]. Disagreements between the two investigators (TW, MDS) were resolved by consensus or 

arbitration by a third party (DF).  
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Figure 7: Copy of data extraction tool 
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Statistical analyses and evidence synthesis  

The planned analysis included descriptive analysis with an initial overview of the available studies 

including study design, children, index tests details, sample types, reference standard and details 

regarding the quality of the studies relating to QUADAS-2.  

 

LAMP test result data were compared to the reference test. The true positive, true negative, false 

positive and false negative rate were recorded. When these data were not immediately available, 

they were calculated from raw data wherever possible. A summary table of evidence was produced 

and individual studies represented using forest plots displaying the sensitivity and specificity values 

of the LAMP test with 95% confidence intervals.  

 

The LAMP test is a binary test with either a positive or negative result. I therefore planned a meta-

analysis of the available studies using a bivariate random-effects model with covariates of age, 

sample type, disease incidence and study type included. This approach was based on 

recommendations from the Cochrane collaboration and is reportedly well suited for the meta-analysis 

of diagnostic tests with binary outcomes [114]. All analyses were performed in duplicate by TW and 

MDS using SPSS version 23 (® IBM and STATA version 14 ® StataCorps). 

 

Subgroup analysis 

In addition to the covariates included in the bivariate random effects model already discussed I 

intended to perform subgroup analyses. 

• Infants (Less than 1 year of age) 

• Pre-school children (Less than 4 years) 

• School age children (4-11 years) 

• Adolescents (11-18 years) 

• Throat swab testing 

• Blood testing 

• CSF testing 
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Results 
 
Study inclusion 

I identified 95 records in total: 94 records from the electronic databases and 1 additional study from 

the grey literature. After removal of duplicates, 36 studies were screened, and 31 studies excluded 

based on the title/abstract. All of the 31 studies screened and excluded were not relevant to the 

systematic review. Five full text studies underwent full text review, and three studies were included 

in the final systematic review (Figure 8). The two studies excluded both used “spiked specimens” as 

opposed to true clinical specimens [115, 116]. Spiked specimens involve the adding of Neisseria 

meningitidis DNA to human specimens as opposed to detecting wild type Neisseria meningitidis in 

disease. 

 

Figure 8: PRISMA Flow Diagram 
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Study characteristics and risk of bias 

Three studies including 2243 tests on 1989 patients aged between seven days and 18 years were 

included [4, 12, 63]. All three studies were cohort studies, two were conducted in the United Kingdom 

and one in Vietnam, China and Korea [4, 12, 63]. In all studies the LAMP assay and qPCR primers 

were directed against the ctrA region of the Neisseria meningitidis bacteria. The ctrA gene sequence 

is genetically conserved across all pathogenic (capsular) strains of the Neisseria meningitidis 

bacteria. Study characteristics are outlined in Table 8. In total there were 1595 tests using CSF 

samples, 345 using blood samples and 396 using naso/oropharyngeal swabs.  

 

The study by McKenna et al was performed in the UK in both adults and children with a total 267 

patients recruited. The age range was seven days to 57 years and the median age was one year 

(16). Of the 267 patients 256 were children under 18 years of age. I contacted the corresponding 

author and obtained the dataset pertaining only to those children under 18 years of age. These data 

included 256 separate patients with 203 individual blood samples (either serum or EDTA), 21 patients 

with CSF samples and 155 patients with naso/oropharyngeal swabs including “respiratory swabs”. 

The study by Bourke et al included 148 patients aged 17 days to 12 years of age and was performed 

in the UK. Of the 148 patients 141 had naso/oropharyngeal swab results and 144 had blood results. 

There was also an analysis of eight CSF samples of which seven had both LAMP and qPCR results 

(15). The study by Lee et al included 1574 patients under five years of age with suspected meningitis 

recruited from across Vietnam, China and Korea. All children underwent both LAMP and qPCR on 

CSF samples. 

 

The methodological quality of the studies was judged as at low risk of bias (Figure 9). In all instances 

the reference test was performed blinded to the result of the test being evaluated. 
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Table 8: Study characteristics  
 

 

 

 

 

 

 
 

CSF = Cerebrospinal fluid, qPCR = Quantitative PCR 

 

Figure 9: Summary study quality and risk of bias 
 

 

Author Year N= Country Design Clinical 

Setting 

Fundin

g 

Drop 

Outs 

Inclusion 

Criteria 

Exclusion 

Criteria 

Age 

Range 

LAMP 

Specimens 

Timing of 

sampling 

Reference 

Standard 

Lee (14) 2015 1574 Vietnam, 
China & 
Korea 

Retrospective 
cohort study 

Suspected 
Meningitis 

State 
Funded 

0 Suspected 
Meningitis 

> 5 years of 
age 

< 5 years CSF Retrospective qPCR 

Bourke (15) 2015 148 UK Prospective 
cohort study 

Paediatric 
ED 

State 
Funded 

13 
No 
consent 

Suspected 
meningococcal 
infection 

>14 years of 
age 

17 days to 
12 years 

CSF, Blood, 
Swab 

Prospective qPCR 
Blood 
Culture 

McKenna(16) 2010 267 UK Retrospective 
cohort study 

Children’s 
Hospital 

State 
Funded 

11 
Excluded 
(>18 years 
of age)  

Suspected 
meningococcal 
infection 

None 7 days to 
18 years 

CSF 
Blood 
Swab 

Retrospective qPCR 
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Diagnostic accuracy 

The diagnostic accuracy of LAMP testing for invasive meningococcal disease was reported as high 

(sensitivity 0.84-1.0 and specificity 0.94-1.0) in all studies irrespective of the sample tested (CSF, 

Blood, Swab) (Figure 10).  

 

LAMP (Blood) 

Two of the studies (Bourke et al and McKenna et al), with 345 patients combined, provided diagnostic 

accuracy on LAMP testing for Neisseria meningitidis on blood specimens (either EDTA or Serum) 

[12, 63]. The sensitivity was reported as high in both the Bourke et al study 0.85(95%CI 0.65 to 0.96) 

and the McKenna et al study1.00(95%CI 0.81 to 1.00). The specificity of LAMP testing for Neisseria 

meningitidis on blood was also reported as high in both the Bourke et al study 1.00(95%CI 0.97 to 

1.00) and the McKenna et al study 0.99(95%CI 0.96 to 1.00) [12, 63].   

 

LAMP (CSF) 

All three studies including 1602 patients provided diagnostic accuracy data on LAMP testing for 

Neisseria meningitidis on CSF specimens [4, 12, 63]. Of these 1574 came from a single study by Lee 

et al [4]. The sensitivity and specificity was reported as high in the largest cohort  reported by Lee  et 

al 1.00(95%CI 0.86 to 1.00) and 1.00(95%CI 0.99 to 1.00) respectively [4]. LAMP testing of CSF was 

also found to be highly sensitive in the other two smaller studies with Bourke et al reporting the 

sensitivity as 1.00(0.59 to 1.00) and McKenna et al reporting the sensitivity as 1.00(0.29 to 1.00) [12, 

63]. The specificity of LAMP testing for Neisseria meningitidis on CSF specimens was reported as 

high in the study by McKenna et al 0.94(95%CI 0.73 to 1.00).    

 

LAMP (naso/oropharyngeal swabs) 

Two of the studies (Bourke et al and McKenna et al), with 296 patients combined, provided diagnostic 

accuracy on LAMP testing for Neisseria meningitidis on naso/oropharyngeal swab specimens [12, 

63]. The sensitivity was reported as high in both the Bourke et al study 0.84(95% 0.64 to 0.95) and 

the McKenna et al study 1.00(95%CI 0.77 to 1.00). The specificity of LAMP testing for Neisseria 

meningitidis on naso/oropharyngeal swab specimens was also reported as high in both the Bourke 
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et al study 1.00(95%CI 0.97 to 1.00) and the McKenna et al study 0.99(95%CI 0.96 to 1.00)[12, 63]. 

  

Figure 10: Diagnostic accuracy of LAMP 

 

The analysis shown above was performed using Review Manager (RevMan) Version 5.3. 

Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014. 

 
 

Meta-analysis  

To learn how to perform the meta-analysis I attended a course at the University of Birmingham on 

performing meta-analyses of diagnostic test accuracy studies. The course instructors were all 

members of the Cochrane Collaboration and were vastly experience in performing meta-analysis of 

diagnostic test accuracy studies. I discussed the data I had collated from the systematic review and 

unfortunately, they advised me that data available from the LAMP systematic review involved too few 

studies with too much heterogeneity and that using the random-effects model to calculate pooled 

sensitivity and specificity data was statistically unsafe. I was, however, keen to explore the data and 

to apply the skills learnt at the course and I performed the analysis. The analysis, summarised below, 

was performed using STATA (® IBM and STATA version 14 ® StataCorps) and was not included in 

the published systematic review.  

 

The pooled sensitivity and specificity when applying a random effects model of LAMP testing on 

blood, CSF or swab for diagnosing invasive meningococcal disease was 0.99 (95% CI 0.71 to 1.0) 

and 1.00 (95% CI 0.99 to 1.0) respectively. The pooled positive and negative likelihood ratio were 
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247.4 (95%CI 106.7-574.0) and 0.03 (95%CI 0.00-0.36) respectively. These data are summarised in 

Table 9. An assessment of the degree of heterogeneity was performed and the I2 index and Q statistic 

for sensitivity and specificity was 50.74% (p=0.07) and 62.63% (p=0.02) respectively indicating 

statistically significant heterogeneity between the studies.  

 
 
Table 9: Pooled sensitivity, specificity and likelihood ratios (All studies and sample types) 
 

PARAMETER ESTIMATE 95% CI 

SENSITIVITY 0.97 0.71 to 1.00 

SPECIFICITY 1.00 0.99 to 1.00 

POSITIVE LIKELIHOOD RATIO 247.4 106.7 to 574.0 

NEGATIVE LIKELIHOOD RATIO 0.03 0.00 to 0.36 

 
 

Discussion 

The LAMP systematic review was designed to determine the accuracy of LAMP testing for Neisseria 

meningitidis when compared to the existing reference standard of either real-time PCR 

(e.g.TaqMan® PCR) or bacterial culture in children less than 18 years of age. I included three studies 

with 2243 tests on 1989 patients using CSF, blood samples or naso/oropharyngeal swabs. The 

studies were all of a high quality and deemed at low risk of bias. Results show that LAMP testing on 

blood and CSF was highly accurate when compared to qPCR/culture with a sensitivity ranging from 

0.85 to 1.00 and a specificity ranging from 0.94 to 1.00.  

 

Similarly testing of naso/oropharyngeal swabs was highly accurate for predicting those children with 

invasive meningococcal disease (Blood/CSF positive qPCR or bacterial culture) with a sensitivity 

ranging from 0.84 to 1.00 and a specificity reported at 1.00. This is likely due to a combination of 

factors including (i) the LAMP assays used were directed against the ctrA region thereby only 

detecting pathogenic strains of Neisseria meningitidis that are typically associated with invasive 
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disease and (ii) low carriage rates of capsular Neisseria meningitidis in young children. These 

findings raise the possibility that in young children that LAMP testing of naso/oropharyngeal swabs 

for Neisseria meningitidis could be used as a non-invasive and rapid test to identify those as risk of 

invasive meningococcal disease.  

 

If LAMP testing for Neisseria meningitidis is to be used as a rapid rule out test as suggested above, 

then further studies are required to demonstrate the safety of this approach. The overall sensitivity of 

LAMP testing is high 0.85 to 1.00 but the existing studies using blood and naso-oropharyngeal swab 

testing are small with wide confidence intervals. Given the life-threatening nature of meningococcal 

infection it is important that any use of LAMP as a rule out test has excellent sensitivity and can be 

shown to be safe in clinical practice.  

 

Limitations 

The systematic review has a number of limitations. The number of diagnostic accuracy studies 

reporting on LAMP for Neisseria meningitidis was small. With the majority of data available from a 

single study. This systematic review may also overestimate the diagnostic accuracy of LAMP testing 

on naso/oropharyngeal swabs to predict invasive meningococcal disease. The majority of the 

children in the reviewed studies were under five years of age and as such the carriage rates of 

capsular Neisseria meningitidis will have been low.  

 

Finally, it is entirely possible that LAMP techniques are more sensitive than the existing reference 

standard of qPCR and/or bacterial culture techniques. With LAMP testing it is possible to detect fewer 

than 10 copies of bacterial DNA. If LAMP testing is more sensitive than the existing reference 

standard, then this review would underestimate the specificity of LAMP by falsely assuming that a 

LAMP positive, but reference standard negative test was a false positive result.  
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MR-ProADM Systematic Review  
 

Adrenomedullin (ADM) is a peptide that was first discovered in 1993 and was found to have potent 

and long-lasting vasodilatory effects. ADM is reported to be involved with the regulation of vascular 

tone [96, 98, 117]. Invasive bacterial infections have been shown to stimulate ADM secretion through 

a number of mechanisms including: hypoxia and the production of cytokines such as interleukin-1, 

IFY-ϒ and tumour necrosis factor [117, 118]. Of particular interest ADM levels have been reported 

to rise significantly in patients with bacterial infections but not significantly in the presence of viral 

infections [119]. This has led to a hope that ADM could be used as a biomarker of bacterial infection. 

Furthermore levels of ADM have been shown to correlate with disease severity and mortality 

suggesting that ADM may also have a prognostic value in sepsis [86, 94].  

 

Unfortunately, ADM is difficult measure due to: its instability as a molecule, rapid binding to receptors, 

fast metabolism and short half-life [98]. Mid-regional pro-adrenomedullin (MR-proADM) is a fragment 

of 48 amino acids that is produced during the synthesis of adrenomedullin at a ratio of 1:1[98]. MR-

proADM appears to be biologically inactive but proportionally represents the level and activity of 

ADM. Its longer half-life and relative stability allow it to be easily measured in clinical practice [98]. 

MR-proADM levels are reported to rise early in children with invasive bacterial infections making it 

an attractive biomarker[98].  

 

Methods  
 

Clinical Pathway  

As discussed already the diagnosis of invasive bacterial infections (IBI) in children represents a 

significant clinical challenge. MR-proADM could potentially be used to distinguish invasive bacterial 

infections from self-limiting viral infections. If levels of MR-proADM do rise earlier than other infective 

biomarkers it could be used by clinicians to help decide (i) when to initiate antimicrobial treatment or 

(ii) when to stop antimicrobial treatment. 
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Objectives 

The objective of the systematic review was to determine the diagnostic accuracy of MR-proADM in 

diagnosing IBI in children <18 years. 

 

PRISMA and PRISMA-P 

The review and protocol were produced in adherence to the standards of the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) and were registered prospectively on 

the 30/05/2018 with the International Prospective Register of Systematic Reviews (PROSPERO) - 

registration number CRD42018096295. The Cochrane recommendations for reporting systematic 

reviews and meta-analysis of diagnostic accuracy studies were adhered to [112].  

 

Identifying eligible studies 

I included all prospective, retrospective and randomised controlled trials that assessed the 

performance of MR-proADM in children (<18 years of age) with potential invasive bacterial infection. 

Index testing could be performed on any bodily fluid using commercially and non-commercially 

available tests. The reference standard used to confirm the presence of invasive bacterial infection 

was the presence of a bacterial pathogen in either blood or CSF by culture or PCR techniques. There 

were no language restrictions. The inclusion criteria are summarised below in Table 10. 

 

Search strategy 

I developed an electronic search strategy following teaching by the Queen’s University Medical 

Librarian (RF). The search was designed to identify all prospective, retrospective and RCTs available 

on MEDLINE, Embase, Web Of Science, Scopus  and the Cochrane Library inclusive of Cochrane 

Controlled Trials Register. An example of the search strategy used can be seen below in Figure 11. 

In addition to the electronic search strategy I hand-searched referenced lists of relevant articles. A 

targeted grey literature search was conducted to review clinical trials databases, conference 

abstracts and review articles.  

 

 

http://ovidsp.uk.ovid.com/sp-3.4.2a/ovidweb.cgi?&S=KJJOPDEIFLHFAKFJFNBLFDPFDDMJAA00&New+Database=Single%7c7
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Table 10: Inclusion Criteria 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Study 

characteristics 
Inclusion criteria 

Population 
Children < 18 years of age with suspected invasive 

bacterial infection 

Index tests  Mid-regional proadrenomedullin  

Reference test  
Quantitative PCR and/or culture of sterile site (blood, urine 

and/or CSF) specimens 

Outcomes 
True and false positives, true and false negatives 

 

Study designs 

All prospective, retrospective and randomised control 

studies that report measures of diagnostic accuracy of 

mid-regional proadrenomedullin in the diagnosis of IBI.  
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Figure 11: Search strategy 

 
Database(s): Ovid MEDLINE(R) ALL 1946 to December 13, 2019 

Search Strategy: 

# Searches Results 

1 Adrenomedullin/ 2865 

2 

adrenomedullin*.mp. [mp=title, abstract, original title, name of substance word, subject heading word, 

floating sub-heading word, keyword heading word, protocol supplementary concept word, rare disease 

supplementary concept word, unique identifier, synonyms] 

3573 

3 MR-proADM.mp. 268 

4 

"mid-regional proadrenomedullin*".mp. [mp=title, abstract, original title, name of substance word, subject 

heading word, floating sub-heading word, keyword heading word, protocol supplementary concept word, 

rare disease supplementary concept word, unique identifier, synonyms] 

26 

5 

 

exp Bacterial Infections/ 

 

874269 

6 

"invasive bacteria* infection*".mp. [mp=title, abstract, original title, name of substance word, subject 

heading word, floating sub-heading word, keyword heading word, protocol supplementary concept word, 

rare disease supplementary concept word, unique identifier, synonyms] 

393 

7 exp Sepsis/ 119629 

8 exp Meningitis/ 54872 

9 exp Meningococcal Infections/ 10982 

10 Cerebrospinal Fluid/ 18399 

11 

"cerebrospinal fluid infection*".mp. [mp=title, abstract, original title, name of substance word, subject 

heading word, floating sub-heading word, keyword heading word, protocol supplementary concept word, 

rare disease supplementary concept word, unique identifier, synonyms] 

 

70 

12 1 or 2 or 3 or 4 3610 

13 5 or 6 or 7 or 8 or 9 or 10 or 11 98266 

14 12 and 13 176 

15 limit 14 to "all child (0 to 18 years)" 20 
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Data collection  

Selection of studies  

Two reviewers (TW and MC) independently screened study eligibility and extracted data. This was a 

two-step process with title and abstract screening followed by full text screening. Disagreements 

between the two reviewers were resolved via consensus or third-party reviewer (MDS). Any reports 

that were duplicates or co-publication were identified at the screening stage. Excluded studies with 

the reason for their exclusion were noted.  

 

Data extraction and management 

I developed a data extraction tool that was piloted initially to achieve a good level of agreement 

between the data extractors (Figure 12). The following data were extracted in duplicate by TW and 

MC:  

Study characteristics: author, year of publication, country, design, sample size, clinical 

setting, number studied, number of dropouts with reason, and funding source.  

Population characteristics: inclusion/exclusion criteria; patient demographics such as age 

and gender. MR-proADM Levels: time of sampling, method of sampling  

Reference standard: PCR or sterile site bacterial culture (i.e blood/CSF) 

 

Outcomes: From this 2 × 2 table were to be created to calculate; true positives, false positives, true 

negatives, and false negatives.  

 

Assessment of methodological quality  

The risk of bias of each article was evaluated independently by two investigators (TW, MC) and 

reported according to the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool 

[113]. Disagreements between the two investigators (TW, MC) were resolved by consensus or 

arbitration by a third party (DF).  
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Figure 12: Data extraction tool 

 
 



 

 

68 

68 

Statistical analyses and evidence synthesis  

The planned analysis included descriptive analysis with an initial overview of the available studies 

including study design, inclusion criteria, index tests details, sample types, reference standard and 

details regarding the quality of the studies relating to QUADAS-2.  

 

MR-proADM test result data were compared to the reference test. Where possible the true positive, 

true negative, false positive and false negative rate were recorded. When these data were not 

immediately available, they were calculated from raw data wherever possible. A summary table of 

evidence was produced. 

 

I intended to produce a  summary receiver operator curve (SROC) analysis of pooled study data 

including calculated areas under the curve (AUC) with 95% confidence levels (CIs). I also planned to 

perform a meta-analysis, employing the random-effects and Hierarchical Summary ROC models 

(HSROC).  

 

Where possible I intended to perform subgroup analyses on the following groups: 

• Neonates 

• Infants less than 3 months old 

• Immunocompromised children  

• By specimen type tested 

 

These subgroups would represent children with different levels of immunological defence compared 

to the overall paediatric population and sample test may provide interesting insights to MR-proADM 

utility in different aetiologies of IBI.  
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Results 
 

I identified 501 records in total: 501 records from the electronic databases and 0 additional studies 

from the grey literature. After removal of duplicates, 334 studies were screened, and 323 studies 

excluded based on the title/abstract. All of the 323 studies screened and excluded were not relevant 

to the systematic review. There were 11 full text articles that underwent full review, and six studies 

were eligible for inclusion in the final systematic review [85, 87, 120–128]. Of the five excluded studies 

four were excluded because the index test was Adrenomedullin and not MR-proADM and one study 

was excluded because it only reported the differences in cord blood concentrations of MR-proADM 

in newborns with and without risk factors for infection [122–125, 128]. Two of the six eligible studies 

reported on adult and paediatric data [87, 121]. The authors were contacted for any paediatric specific 

data, but they did not respond [87, 121]. 

 

The results of the search with exclusions are summarised in the flow diagram below (Figure 13). 
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Figure 13: PRISMA Flow Diagram 

 
PRISMA 2009 Flow Diagram 
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Table 11: Study characteristics 

 

 
Figure 14: Summary study quality and risk of bias 

 

Author Year 

Published 

Number 

of 

Patients 

Country Design Clinical 

Setting 

Funding Dropouts Inclusion 

Criteria 

Exclusion Criteria Age Range Timing of 

sampling 

Reference 

Standards 

Benito 2013 1077 Spain Prospective 
cohort study 

Paediatric 
ED 

Industry  42 Fever  
without source 

Focal infection 
Prior antibiotic therapy 
Immunodeficiency 

1 to 36 months of 
age 

Prior to 
antibiotics 

Culture/PCR from 
sterile site 

Hagag 2010 60 Egypt Case-control Neonatal 
Intensive 
Care 

None 
declared 

0 20 “Mild Sepsis” 
20 “Severe Sepsis” 
20 “Controls” 

None reported New-borns Prior to 
antibiotics 

Severity of sepsis 

Lan 2019 139 China Case-control Intensive 
Care 

State funded 0  94 “Sepsis” 
25 “SIRS” 
20 “Controls” 

Severe chronic disease 
Diabetes 
Specific medications 
Burns 
Myocardial infarction 
Heart failure 
Rheumatic disease 
Death within 24 hours of 
admission 
Incomplete data sets 
 

6 to 12 years of age Within one hour 
of admission to 
intensive care 

Severity of sepsis 
 

Oncel 2012 128 Spain Case-control Neonatal 
Intensive 
Care 

No declared 4 31 “Proven Sepsis” 
45 “Clinical Sepsis” 
52 “Controls” 

Maternal heart failure or 
preeclampsia  
Intracranial bleed  

New-borns  Within 6 hours 
of diagnosis of 
sepsis 

Proven sepsis  
Clinical sepsis  
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Study characteristics and risk of bias 

Four studies including 1404 patients aged between day one of life and 12 years were included in the 

final systematic review [85, 120, 126, 127]. One study was a prospective cohort study and the other 

three studies were all case-control studies [85, 120, 126, 127]. The single prospective cohort study 

was the largest (n=1077) and the only one to assess the diagnostic test accuracy of MR-proADM for 

predicting invasive bacterial infection[127]. The three smaller case-control studies (combined n=331) 

used differing definitions of sepsis as their reference standards [85, 120, 126]. These characteristics 

are summarised in Table 11. The methodological quality of the studies was judged using the 

QUADAS2 tool. Only the study by Benito et al was deemed to be highly applicable and at a low risk 

of bias [127]. The three case-control studies were all deemed to be a high risk of bias and poorly 

applicable to the review question (Figure 14) [85, 120, 126].  

 

Diagnostic accuracy & meta-analysis  

Only the study by Benito et al (n=1077) provided data directly assessing the diagnostic test accuracy 

of MR-proADM for the identification of invasive bacterial infection in children [127]. They prospectively 

assessed 1077 consecutive children under three years of age with fever without source. They 

reported data on 1035 children with 16 confirmed invasive bacterial infections. In the study by Benito 

et al MR-proADM had a reported area under the curve (AUC) of 0.69(95%CI 0.54 to 0.85). Benito et 

al reported that the optimal cut-off for MR-proADM in their study was 0.70nmol/l [127].  

 

The studies by Oncel et a (n=128) and Hagag et al (n=60) were both performed in newborn 

populations[85, 126]. These case-control studies both demonstrated that MR-proADM levels were 

higher in the sepsis groups when compared to controls. The study by Hagag et al reported a 

correlation between MR-proADM levels and death (r=0.67 p<0.05) [126].  

 

The study by Lan et al reported that MR-proADM levels were significantly higher in children with 

paediatric sepsis in the intensive care unit compared to healthy controls (p<0.05). They also reported 

that the MR-proADM level was positively correlated with severity of sepsis (r=0.62 p<0.05) [120].  
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Unfortunately, the planned meta-analysis could not be performed due to the lack of studies.  

 
Discussion 
 

The systematic review was designed to determine the accuracy of MR-proADM at identifying invasive 

bacterial infection in children less than 18 years of age. The review included four studies of 1404 

patients [85, 120, 126, 127]. Only one study was of a high quality and that study accounted for the 

vast majority of patients (n= 1035) [127]. The remaining studies were all of low quality due to their 

case-control design and lack of adherence to STARD criteria. From the available literature there is 

evidence that MR-proADM levels are elevated in cases of sepsis when compared to healthy controls 

and that levels are correlated with severity. The only study reporting the diagnostic accuracy of MR-

proADM for invasive bacterial infection reported an AUC 0.69 [127]. This would suggest that MR-

proADM testing alone is poor at identifying invasive bacterial infection in young children.  

 

It remains unclear if MR-proADM performs differently in older children or in children with signs and 

symptoms of meningococcal disease.  

 

Limitations 

The numbers of studies reporting on the test accuracy of MR-proADM for the diagnosis of invasive 

bacterial infections in children are small and there is only one high quality paediatric study. The 

available studies suggest that MR-proADM may have a role in identifying and stratifying sepsis in 

children, but further studies are required to understand the clinical utility of the test.  
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WP1 – Summary  

WP1 contributed to a better understanding of LAMP testing for N. meningitidis DNA with the 

systematic review summarising the current literature and demonstrating that LAMP testing is fast, 

reliable and highly suited to the rapid diagnosis of MD. The findings from the LAMP systematic review 

have been published and copies of the published protocol and review are available below at the end 

of this chapter. 

 

WP1 also summarised the literature regarding the performance of MR-proADM as a biomarker of 

serious/invasive bacterial infection in children. The limited available evidence had suggested that 

MR-proADM may have a role in the diagnosis of invasive bacterial infection and also may have a role 

for prognosticating. The review protocol relating to MR-proADM has been accepted to BioMed 

Central Systematic Reviews pending a minor amendment and a copy can be found at the of this 

chapter. I intend to publish the full review following publication of the protocol. 

 

. 
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Publication relating to WP1 
 

 Waterfield, T., Fairley, D., Lynn, F. et al. A protocol for a systematic review of the diagnostic accuracy of Loop-mediated-isothermal AMPlification (LAMP) in diagnosis of invasive meningococcal 
disease in children. Syst Rev 7, 86 (2018) doi:10.1186/s13643-018-0747-0 
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 Waterfield, T., Fairley, D., Blackwood, B. et al. A systematic review of the diagnostic accuracy of Loop-mediated-isothermal AMPlification (LAMP) in the diagnosis of invasive meningococcal 
disease in children. BMC Pediatr 19, 49 (2019) doi:10.1186/s12887-019-1403-0 
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 Corr M, Waterfield T, Fairley D, McKenna J, Shields MD. A protocol for a systematic review and meta-analysis of the diagnostic accuracy of mid-regional pro-adrenomedullin in predicting 
invasive bacterial infection in children. Accepted pending minor revision to BMC systematic reviews. 
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Work Package 2: Verification of rapid tests 

Based on the background work and the findings of WP1 I decided to include rapid testing of blood 

PCT and MR-proADM levels and rapid testing of N. meningitidis using throat swabs in the PiC 

study. I chose these tests because they were available as CE marked commercial tests and all 

had shown promise based on existing research. Prior to beginning the PiC study, I performed pilot 

work to verify the performance of these point-of-care tests and to develop standard operating 

procedures and training packages for clinical staff. In this chapter I present that initial verification 

work.  

 
Loop-mediated isothermal amplification for meningococcal disease 

(LAMP-MD) 

The original LAMP-MD assay developed, and refined, in Belfast had been shown to be highly 

accurate at detecting N. meningitidis when compared with qPCR techniques [12, 63]. The original 

experimental assay described by Mckenna et al and Bourke et al has since been converted into a 

CE marked commercially available test.  

 

Developing a standard operating procedure for the LAMP-MD test 

The LAMP-MD test required the direct testing of patient swabs. The child underwent an 

oropharyngeal swab which was then cut and placed into a HIbergene elution buffer (EB). The EB 

and swab were mixed by inverting and then heated at between 95oC and 100oC for five minutes 

using a heat block. The LAMP-MD test strip was then placed in the strip holder and 25ul of EB 

was pipetted into each of the two test chambers (test and control). The test strip was then inverted 

and then placed on the LAMP-MD (Swift) analyser and tested. The analyser produced a graphical 

representation of the fluorescence and provided a final result of either positive, negative or invalid. 

An invalid result occurred when the internal control did not amplify. This signified that there had 

been inhibition of the PCR reaction. The equipment required to perform the test was minimal and 

can be seen below in Figure 18 along with a flow diagram outlining the test. 
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Figure 18: Picture of ED setup and flow diagram outlining test (reproduced with permission) 

 
 
 
 
Based on the manufacturer’s guidance I produced a flow diagram aide-mémoire to assist clinical 

staff when they performed the LAMP-MD test in the ED. This can be seen in Figure 19. I also 

produced a training video. 

 
Figure 19: Flow diagram of how to perform the LAMP-MD test.  
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Verification of performance (LAMP-MD) 

Prior to using the commercially available Hibergene LAMP-MD test in the PiC study I verified the 

performance of the LAMP-MD test compared to with TaqMan quantitative PCR using, spiked 

specimens and fresh patient swabs. 

 

Methods 

To determine the limit of detection of the LAMP-MD test I artificially spiked flock swabs with serial 

dilutions of N. meningitidis serogroup B DNA. The method for this is summarised below: 

 

 Culture N. meningitidis serogroup B (NMB) NCTC 10026 overnight on Chocolate blood 

agar @370C in 10% CO2 

 Manufacture a stock suspension of N. meningitidis serogroup B (NMB) NCTC 10026 in 

sterile saline to achieve an OD ~4 

 Make tenfold serial dilutions of stock suspension 10-1 to 10-8 in sterile saline. Determine 

cfu/ML by spread plate method in triplicate (50µl spreads on Chocolate blood agar). 

Incubate plates 48 hrs @370C in 10% CO2 

 Add 5 µl of sample to LAMP-MD test strip and to the control. Analyse on HG Swift 

instrument. 

 Test with ctrA qPCR to determine genome cop/ml 

 

In addition extracts of N. meningitidis A,C,Y and W DNA were used to spike blank flocked swabs. 

These swabs were also tested. As were 17 fresh swabs sent for virology assessment at the Royal 

Victoria Hospital Virology Laboratory.  

 

Results  

Limit of detection 

The limit of detection for heat denatured spiked DNA dilution series was 10-5 dilution. This 

corresponded to 4.5x103 cfu/ML [3.1x103 genome cop/ML]. The serial dilution data are 
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summarised in Table 14 below. The limit of detection for the LAMP-MD test was the same as for 

TaqMan qPCR. 

 

Table 14: Time to positive result (LAMP-MD) compared to CFU/ml and Cop/ml determined by 

qPCR 

Dilution TT mins:secs CFU/ML Cop/ml (qPCR) 

-1 7:15 4.50x107 NT 

-2 8:30 4.50x106 NT 

-3 9:00 4.50x105 8.1x104 

-4 9:45 4.50x104 4.9x103 

-5 11:15 4.50x103 3.1x102 

-6 - VE 4.50x102 NEG 

-7 - VE 45 NT 

NT=not tested, CFU = colony forming units, TT = Time to result 

 

All serogroups tested (A,C,W and Y) tested positive using LAMP-MD and TaqMan qPCR. There 

were no instances of non-specific amplification with the 17 randomly selected negative clinical 

swabs. One of the fresh negative clinical swabs gave repeatedly invalid results. Figure 20 below 

shows a valid negative LAMP-MD graph compared with the invalid result. In the case of the invalid 

result there was no amplification of the internal control suggesting there may have been something 

inhibitory within the fresh swab.  
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Figure 20: (Left appearance of a valid test negative) (right appearance of invalid test) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Expected amplification 
of ʎ Phage within 
internal control 

No amplification of ʎ 
Phage. Invalid result due 
to inhibition.  
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Additional invalid results 

During the first three weeks of the PiC pilot phase there were 12 patients recruited and tested at 

the Royal Belfast Hospital for Sick Children. From those initial 12 patient oropharyngeal swabs 6 

produced invalid results due to non-amplification of the internal control. On discussion with the 

manufacturers I learnt that during the development of the LAMP-MD assay the manufacturer had 

calculated the amount of ʎ Phage based on development work with frozen swabs that were thawed 

before testing. The freeze-thawing of specimens is a known mechanism for reducing inhibition of 

PCR reactions and it is likely that the degree of inhibition from the frozen swabs was lower than 

fresh swabs. As a result, the amount of ʎ Phage in the LAMP-MD test was too low resulting in 

non-amplification and invalid results. As a result of the feedback from the verification work and 

initial pilot the LAMP-MD assay was modified with an increased ʎ Phage concentration within the 

control. Following that intervention there were only three further invalid specimens from 263 

patient tests.  

 

Performance without denaturation step (LAMP-MD) 

The aim of these experiments was to ascertain if the removal of the heat denaturation step 

significantly affected the performance of the LAMP-MD assay. The heat denaturation step involved 

placing the specimen and elution buffer into a heat block for five minutes at 950C to 1000C. The 

denaturation step required additional equipment and time which could potentially limit the 

application of the test to emergency department settings.  

 

Based on previous research, conducted in Belfast I knew that the median N. meningitidis DNA 

load was very high in naso/oropharyngeal swabs taken from children with MD (6.6x105 genome 

copies/ml) with a range of (1.2x105 to 1.1x108 genome copies/ml)[67]. I hypothesised that given 

the high DNA load it could be possible to detect the presence of N. meningitidis without the need 

for a heat denaturation step.  

 

 

 



 

 

94 

94 

Methods  

To test the hypothesis, I cultured N. meningitidis as before and created serial dilutions to determine 

the limit of detection.  

 

 Culture N. meningitidis serogroup B (NMB) NCTC 10026 overnight on Chocolate blood 

agar @370C in 10% CO2 

 Made up stock suspension of N. meningitidis serogroup B (NMB) NCTC 10026 in sterile 

saline to achieve an OD ~4 

 Make tenfold serial dilutions of stock suspension 10-1 to 10-8 in sterile saline (Add 100µl 

to 900µl). Determine cfu/ML by spread plate method in triplicate (50µl spreads on 

Chocolate blood agar). Incubate plates 48 hrs @370C in 10% CO2 

 Test saline suspensions without any prior heating using RVL ctrA LAMP mix (Wet mix) to 

determine cut off point for non-heat denatured serial dilutions. Add 5 µl of sample to 20 µl 

of mix in OptiGene test strip. Analyse on HG Swift instrument run parameters 630C for 30 

mins.  

 Spike 700µl HG EB buffer with 70µl of each of saline dilution series. This represents a 1:10 

dilution factor correct for this for downstream calculations. Add in blank flocked swab 

(Orange capped) to each tube including a blank control 

 Analyse EB spikes -1 to -4  no prior heating with HG Meningococcus kit.  

 Heat spiked EB 950C for 5 mins immediately place on ice test with HG Meningococcus kit. 

Test with ctrA qPCR to determine genome cop/ml 

 Heat original saline preps 950C for 5 mins immediately place on ice test with wet mix. Test 

with ctrA qPCR to determine genome cop/ml 

 

Results 

The limit of detection for non-heat denatured dilution series was a 10-4 dilution which corresponded 

to 4.5x103cfu/ML or 4.9.1x103 genome cop/ML (Table 15 below). This is well within the range 

previously reported (1.2x105 to 1.1x108 genome cop/ml) suggesting that removal of the heat 
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denaturation step was unlikely to interfere with the real-world performance of the LAM-MD assay. 

The heat-denaturation step did have a significant effect on the sensitivity of the LAMP-MD assay 

and allowed for a limit of detection down to a 10-5 dilution which corresponds to 4.5x102cfu/ML or 

3.1x102 genome cop/ml. The prior heat denaturation of EB resulted in one Log increase in 

sensitivity for HG assay 

 
 
 
 
Table 15: LAMP-MD results for dilution series preps Time to positivity TT in minutes is shown 
 

DILUTION CFU/ML COP/ML NO HEAT PRIOR 
DENATURATION 
TT MINS:SECS 

PRIOR 
DENATURATION 
TT MINS:SECS 

-1 4.5x106 NT 12:76 NT 
-2 4.5x105 NT 13:51 NT 
-3 4.5x104 8.1x104 24.51 NT 
-4 4.5x103 4.9 x103 25:26 14:26 
-5 4.5x102 3.1x102 - VE 16:76 
-6 45 NEG - VE - VE 
-7 4.5 NT - VE - VE 

NT=not tested, CFU = colony forming units, TT = Time to result 

 
 

Summary 

Based on the findings of the verification work I was staisfied that the LAMP-MD test was reliable 

and that I could perform the test and train others. I was also keen to compare the accuracy of the 

LAMP-MD test with and without the heat denaturation step and where possible I planned for the 

LAMP-MD test to be performed in duplicate i.e. with and without the heat denaturation step. 
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Procalcitonin point-of-care testing 

Based on the background reading procalcitonin (PCT) testing was one of the most promising 

biomarkers for the early recognition of meningococcal disease and had been made available as a 

point-of-care test in the form of the Samsung BRAHMS PCT test. This immunochemical test 

worked by combining chemistry with microfluidics and centrifugal flow to rapidly prepare samples 

and move them through channels to rehydrate, solublise and mix with freeze dried 

immunoconjugates. Using active flow and capillary action the test quantitatively measured PCT 

levels in 20 minutes. The manufactures reported that the Samsung BRAHMS PCT test was able 

to report PCT values within 0.08μg/L – 10.0μg/L with the proportion of false positives and false 

negatives under 5%. 

 
Developing a standard operating procedure for the Samsung 

BRAHMS PCT test 

The PCT testing was performed on 0.5ml of whole blood collected using Lithium Heparin paediatric 

blood bottles (Figure 21). Samples were tested as soon as possible after collection using the 

Samsung BRAHMS PCT test. The stepwise procedure used to test samples is outlined below 

and demonstrated in Figure 22. 

 

 Press new analysis on the Samsung BRAHMS PCT test analyser  

 Enter the Patient ID manually  

 Mix the blood by gently inverting AVOID bubbles/froth 

 Using fixed pipette (500μl) draw up patient sample into the tip, going past the stop point 

on drawing up sample 

 At 45° angle pierce X on red dot of the disc and expel the patient sample into the chamber 

NOT going past the stop point on the pipette.  

 Press OK on LABGEO 

 Tray will open, place disc in and press RUN 

 Leave for 20 minutes 

 Results will automatically print 
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Figure 21: PCT testing setup in the Emergency Department  
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Figure 22: PCT testing flow diagram 
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In addition to testing of samples I performed weekly quality control checks. The stepwise 

procedure for the quality control checks is outlined below. 

 

 QC using external control should be performed weekly 

 Remove test disc from pouch and place on level surface 

 On LABGEO analyser press NEW ANALYSIS  

 Enter the external control ID  

 Mix control gently by inverting, ensuring no bubbles are formed 

 Using fixed pipette (500μl) draw up QC sample into the tip, going past the stop point on 

drawing up sample 

 At 45° angle pierce X on red dot of the disc and expel the QC sample into the chamber 

NOT going past the stop point on the pipette.  

 Press QC on LABGEO, tray will open, insert the disc and press RUN 

 Select corresponding QC details on the screen and press OK 

 Leave for 20 minutes  

 Results will be displayed on screen 

 Compare with expected values  

 Remove test disc and dispose in appropriate hazard bin 
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Verification of performance (Samsung BRAHMS PCT) 

Prior to using the commercially available Samsung BRAHMS PCT test I verified the performance 

of the POCT compared to the ELECSYS BRAHMS  PCT benchtop Electrochemiluminescence 

immunoassay.  

 

Methods  

I compared the correlation and agreement of the two assays (ELECSYS BRAHMS PCT and 

Samsung BRAHMS PCT) using 40 residual blood whole blood samples collected from the 

paediatric intensive care unit at the RBHSC. The blood samples were analysed simultaneously 

using both assays. The data were analysed for: 

 

 Correlation between the two tests using Pearson’s correlation coefficient  

 Agreement using a Bland-Altman plot with limits of agreement and Lin’s concordance 

correlation and with 95% confidence intervals (CI) and limits of agreement (LoA) 

 

Of the two measures (Pearson’s correlation coefficient and Lin’s concordance coefficient) the Lin’s 

concordance correlation coefficient represents the best measure of accuracy when comparing two 

tests. Two tests can correlate well without having a good degree of agreement. The Lin’s 

concordance correlation evaluates the degree to which pairs of observations fall on the 45o line of 

identity through the origin and provides a correction factor that measures how far the best-fit line 

between the two tests deviates from that line of identity [129]. For clinical tests a Lin’s concordance 

correlation greater 0.90 represents a satisfactory agreement. Values below 0.90 represent a poor 

agreement [129]. 

 

The Samsung BRAHMS PCT test records a maximum value of 10ng/ml with any value greater 

than 10ng/ml reported as >10ng/ml. For values over 10ng/ml the data were excluded from the final 

analysis.  
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Results  

The Samsung BRAHMS PCT was easy to perform could be accommodated in the ED with all 

results available within 20 minutes and no invalid samples. The anonymised individual results are 

shown below in Table 16. Using the data from Table 16 I compared the correlation and agreement 

between the two assays. There were seven patients with PCT levels >10ng/ml leaving n=33 for 

the final analysis.  

 

The correlation of the two tests is shown in Figure 23 the Pearson’s correlation co-efficient was 

0.96. The agreement between the two assays can be visualised in Figure 24. The mean difference 

between the two assays was +0.83ng/ml (95% LoA -1.4 to + 3.1) with the Samsung BRAHMS 

PCT typically reporting higher values than the ELECSYS BRAHMS PCT for the same sample.  

The Lin’s concordance between the two assays was 0.83 (95% CI 0.76 to 0.89). The agreement 

between the two assays was best at PCT levels below 0.5ng/ml (n=12) as seen in Figures 23 and 

24. At these lower levels the Lin’s concordance coefficient was 0.92 and the mean difference 

between the two assays was +0.0ng/ml(95% LoA -0.1 to +0.1). 

 

Discussion 

Although the Samsung BRAHMS PCT and the ELECSYS BRAHMS PCT tests correlated well 

(Pearson’s correlation coefficient 0.96) the two tests showed a poor overall agreement (Lin’s 

concordance 0.83). The amount by which the two assays disagreed increased with higher PCT 

values. The poor agreement at higher PCT levels was a concern. Based on existing literature I 

expected the majority of the PCT levels in healthy children with serious bacterial infection to be 

below 0.5ng/ml and at these levels the agreement was acceptable[81, 130]. There was also no 

suitable alternative POC test identified at that time. I therefore decided to include the Samsung 

BRAHMS PCT assay in the PiC study.  
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Table 16: Anonymised data from paired PCT analysis  

Sample No. POCT ELECSYS Sample No. POCT ELECSYS 

1 0.54 0.365 21 >10 30.07 

2 >10 14.55 22 6.01 3.68 

3 >10 6.84 23 2.21 1.22 

4 0.13 0.098 24 1.07 0.632 

5 0.11 0.065 25 0.72 0.552 

6 0.55 0.318 26 0.51 0.489 

7 3.25 1.85 27 6.27 3.35 

8 0.91 0.553 28 3.06 2.11 

9 >10 16.27 29 0.21 0.12 

10 1.57 0.788 30 6.19 2.45 

11 7.67 6.93 31 0.08 0.161 

12 1.74 1.11 32 >10 16.51 

13 >10 7.72 33 9.21 5.41 

14 0.3 0.251 34 3.77 2.07 

15 0.55 0.515 35 0.41 0.333 

16 0.25 0.21 36 0.107 0.107 

17 0.13 0.129 37 0.09 0.129 

18 0.13 0.128 38 9.47 6.62 

19 0.48 0.473 39 3.24 1.27 

20 >10 29.03 40 3.19 2.28 
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Figure 23: Correlation between Samsung BRAHMS PCT and 

Benchtop ELECSYS BRAHMS PCT assays. Includes line of 
identity and line of best fit. 

Figure 24: Bland-Altman plot for Samsung BRAHMS PCT  

and Benchtop ELECSYS BRAHMS PCT assays. 
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Mid-regional proadrenomedullin 

The mid-regional proadrenomedullin test was not available at the beginning of the PiC study but 

became available part way through the study as a duplexed test with the Samsung BRAHMS PCT 

assay discussed above. The only change to the protocol for running the tests and performing the QC 

was the use of a different testing disc and a combination QC material. All other steps were the same. 

Unfortunately, the MR-proADM assay became available after WP2 had been completed and once 

Samsung BRAHMS PCT analyser was in operation in the ED. I was unable to perform a separate 

MR-proADM verification study for the assay as doing so would have resulted in suspension of the 

PiC study.  
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PCT and febrile infants  

In addition to introducing PCT testing for the PiC study I trialed the use of PCT POCT for assessment 

of febrile infant under three months of age and performed a short diagnostic test accuracy study. The 

diagnostic test accuracy study is summarised below. Although this study was not directly related to 

the PiC study I have included it because I conducted the study during my PhD, the study relates to 

biomarkers for bacterial infection and the learning from it allowed me to ensure smooth introduction 

of the test in time for the PiC study starting.  

 
Background 

Young febrile infants under three months of age are typically treated as a high-risk group for invasive 

bacterial infection with many receiving parenteral antibiotics [40]. Over the last twenty years a number 

of attempts have been made to identify those young infants in whom the risk of invasive bacterial 

infection is low so that antibiotics could be safely withheld. These include the Rochester, Philadelphia, 

Boston criteria and more recently the Step-By-Step approach [131–134]. 

 

In the UK the current standard of practice for the management of febrile children comes from the 

National Institute for Health and Care Excellence (NICE) and the clinical practice guideline 160 “Fever 

in under 5s: assessment and initial management” [40]. In that guidance young febrile infants less 

than three months of age are identified as high risk of serious bacterial infection; with the advice that 

all febrile infants under one month of age and any “unwell” appearing febrile young infants are 

administered immediate parenteral antibiotics [40]. The NICE guidance appropriately advocates a 

low threshold for parental antibiotics with the acceptance that some children will be treated 

unnecessarily. This approach reflects the challenge of recognising early serious bacterial infection in 

this group. This necessarily cautious approach needs balanced with the need for better anti-microbial 

stewardship to prevent the spread of multi-drug resistant bacteria [135, 136]. There is therefore a 

need for improved diagnostics to help better identify those infants requiring immediate parental 

antibiotics from those who do not. This has led to a growing interest in point-of-care testing for 

biomarkers of infection including procalcitonin [99, 134, 137–142]. In the UK procalcitonin is not 

routinely used in the assessment of young febrile infants as it is not currently recommended by NICE. 
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NICE have however, called for additional research into the diagnostic accuracy of PCT in the 

assessment of febrile children [40]. At the Royal Belfast Hospital for Sick Children we introduced 

POC testing for PCT to specifically help identify invasive bacterial infections in young infants.  

 

The primary objective of this additional project was to assess the diagnostic accuracy of POC testing 

for PCT at identifying young infants with invasive bacterial infections. The secondary objective was 

to determine the diagnostic accuracy of point-of-care testing for PCT at identifying young infants with 

any bacterial infection (invasive or non-invasive). 

 

Methods 

Study Design 

This prospective diagnostic accuracy study was conducted from the 1st of September 2017 until the 

31st January 2018. Case report forms were prospectively completed for all those undergoing PCT 

testing. The study was designed to adhere to the “STAndards for the Reporting of Diagnostic 

accuracy studies” STARD criteria [88]. 

 

Data Collection 

Anonymised data were collected on standardised case report forms. Data collected included age, 

gender, temperature on arrival, PCT result and final diagnosis including culture results and molecular 

testing.  

 

Inclusion Criteria  

Any child under 90 days of age presenting with signs or symptoms suggestive of possible bacterial 

infection. The NICE guidance CG160 “Fever in under 5s: assessment and initial management” was 

used as a guide for clinicians. Children were included at the discretion of the attending clinician.  
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Exclusion Criteria  

There were no exclusion criteria for this study. Any child under 90 days of age (uncorrected for 

gestational age) with signs of infection as outlined by NICE guidance “Fever in under 5s: assessment 

and initial management” was eligible for inclusion. The broad inclusion and exclusion criteria were 

chosen to (i)best reflect current clinical practice in the UK (ii)to minimise selection bias and (iii)provide 

clinically applicable results for clinicians.  

 

Index Test 

Procalcitonin was tested using the commercially available, CE marked, Samsung BRAHMS PCT 

procalcitonin assay on the Samsung LABGEO IB10® analyser in the paediatric emergency 

department. All testing was performed by emergency department staff using 0.5ml of whole blood 

and as per the manufacturer’s instructions. Testing was performed immediately after collecting the 

blood sample and results were available within 20 minutes. In all instances the procalcitonin result 

was available before the reference standard. 

 

Reference Standards 

Invasive bacterial infection (IBI) defined as isolation of a bacterial pathogen in blood or cerebrospinal 

fluid culture. Staphylococcus epidermidis and Streptococcus viridans were considered contaminants. 

 

Non-invasive bacterial infections (Non-IBI) defined as: 

 Urinary Tract Infection (UTI) – Growth of >10,0000 cfu/ml of a single organism from either a 

single invasive sample (catheter or suprapubic aspiration) or two non-invasive samples.  

 Bacterial gastroenteritis - Isolation of bacteria in stool.  

 Pneumonia - Focal consolidation on chest radiograph confirmed by an experienced paediatric 

radiologist.  

 

In all instances the technicians performing the reference standard testing were blinded to the results 

of the index tests.  
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Statistical Analysis  

Normally distributed data were expressed as mean (Standard Deviation, SD), non-normally 

distributed data as median and interquartile range, and categorical variables were reported as 

percentages. I calculated the sensitivity and specificity of procalcitonin at a range of pre-determined 

cut-offs. The area under the receiver operating characteristic (ROC) curves for procalcitonin were 

reported for both invasive and all bacterial infections. Analysis was performed using IBM SPSS 

Statistics Version 23. 

 

Ethical Approval 

Procalcitonin testing was being introduced as a service development to improve patient care at the 

RBHSC. This service development project was reviewed and approved by the Belfast Health and 

Social Care Trust Research and Development office and no Office for Research Ethics Committees 

approval was deemed necessary. 

 

Study Registration 

This study was retrospectively registered at https://www.clinicaltrials.gov (trial registration: 

NCT03509727) on the 26th April 2018.  

 

Results 

A total of 126 children were recruited to the study including four children with IBI (all E.Coli 

bacteraemia) and ten children with Non-IBI (all urinary tract infections). All children had complete 

demographic and clinical data sets. The median age at presentation was 42 days and the median 

temperature at presentation was 37.4oC. A summary of the demographic and clinical data is shown 

in Table 17. A patient flow of results is shown in Figure 25.  

 

Diagnostic accuracy of procalcitonin testing for bacterial infections 

The area under the curve (AUC) for the receiver operating characteristic (ROC) curve for identifying 

infants with IBI was 0.97(95% CI, 0.94 to 1.00) and the AUC for identifying infants with all bacterial 

infections was 0.91(95% CI, 0.78 to 1.00). The sensitivity, specificity, predictive values PCT testing 

https://www.clinicaltrials.gov/
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over a range of cut-offs is shown in Table 18. 

Figure 25: Flow diagram of patients  

 

 
Table 17: Epidemiological & Clinical Data of Patients 

 

  

Male (%) 51 

Female (%) 49 

Age (median and interquartile range), days 42 (14-70) 

Median Temperature at Presentation  
(Median and interquartile range), ºC  37.4 (35.9-38.9) 

Parenteral Antibiotics, % 27.8 

Invasive Bacterial Infection, % 
(All E.Coli Bacteraemia) 3.2 
Non-invasive Bacterial Infection, % 
(All Urinary Tract Infections) 7.9% 
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Table 18: Diagnostic accuracy of PCT point-of-care-testing in identifying infants with bacterial infection. 
 

Diagnostic Accuracy of PCT point-of-care in Identifying Infants with Bacterial Infections 
 with 95% Confidence Intervals 

 PCT Cut-off 0.25ng/ml PCT Cut-off 0.5ng/ml PCT Cut-off 1.0ng/ml 

 Invasive Bacterial 
Infection 

All Bacterial 
Infection 

Invasive Bacterial 
Infection 

All Bacterial 
Infection 

Invasive Bacterial 
Infection 

All Bacterial 
Infection 

Sensitivity  
 

1.00 (0.40 to 1.00) 0.86 (0.56 to 0.97) 1.00 (0.40 to 1.00) 0.86 (0.56 to 0.97) 1.00 (0.40 to 1.00) 0.86 (0.56 to 0.97) 

Specificity  
 

0.72 (0.63 to 0.80) 0.77 (0.68 to 0.84) 0.91 (0.84 to 0.95) 0.97 (0.92 to 0.99) 0.92 (0.85 to 0.96) 0.98 (0.93 to 0.99) 

Positive 
Predictive 
Value 

0.11 (0.03 to 0.26) 0.32 (0.18 to 0.49) 0.27 (0.09 to 0.55) 0.80 (0.51 to 0.95) 0.29 (0.10 to 0.58) 0.86 (0.56 to 0.97) 

Negative 
Predictive 
Value 

1.00 (0.95 to 1.00) 0.98 (0.93 to 1.00) 1.00 (0.96 to 1.00) 0.98 (0.93 to 1.00) 1.00 (0.96 to 1.00) 0.98 (0.93 to 1.00) 

 
 
Table 19: Diagnostic accuracy of Laboratory CRP in identifying infants with bacterial infection. 
 

Diagnostic Accuracy of Laboratory CRP in Identifying Infants with Bacterial Infections 
with 95% Confidence Intervals 

 CRP cut-off 20mg/l CRP cut-off 50mg/l CRP cut-off 100mg/l 

 Invasive Bacterial 
Infection 

All Bacterial 
Infection 

Invasive Bacterial 
Infection 

All Bacterial 
Infection 

Invasive Bacterial 
Infection 

All Bacterial Infection 

Sensitivity  
 

1.00 (0.40 to 1.00) 0.93 (0.64 to 1.00) 1.00 (0.40 to 1.00) 0.62 (0.32 to 0.85) 0.50 (0.01 to 0.91) 0.21 (0.07 to 0.19) 

Specificity  
 

0.86 (0.78 to 0.92) 0.94 (0.87 to 0.97) 0.96 (0.89 to 0.98) 0.99 (0.94 to 1.00) 0.99 (0.95 to 1.00) 1.00 (0.96 to 1.00) 

Positive 
Predictive 
Value 

0.20 (0.07 to 0.44) 0.65 (0.41 to 0.84) 0.44 (0.15 to 0.77) 0.89 (0.51 to 0.99) 0.67 (0.13 to 0.98) 1.00 (0.31 to 1.00) 

Negative 
Predictive 
Value 

1.00 (0.95 to 1.00) 0.99 (0.94 to 1.00) 1.00 (0.96 to 1.00) 0.96 (0.9 to 1.00) 0.98 (0.93 to 1.00) 0.91 (0.83 to 0.95) 
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Comparison with laboratory CRP testing 

Of the 126 patients that underwent PCT testing 121 also had C-Reactive Protein (CRP) testing 

performed in the hospital laboratory. This cohort included all of the children with bacterial infections 

(n=14). In this cohort CRP demonstrated an AUC for identifying infants with IBI of 0.98(95% CI, 0.96 

to 1.00) and an AUC for identifying infants with all bacterial infections of 0.98(95% CI, 0.96 to 1.00). 

The sensitivity, specificity, negative predictive value (NPV) and positive predictive value of PCT 

testing over a range of cut-offs is shown in Table 19. The AUCs for CRP and PCT for the detection 

of IBI and SBI were not statistically significantly different p=0.90 and p=0.32 respectively. 

 

Discussion 

Main findings 

This study demonstrates that POCT for PCT is highly accurate at identifying infants with invasive 

bacterial infections AUC 0.97. At a cut-off value of 1.0ng/ml is highly accurate at identifying infants at 

risk of invasive bacterial infection with a sensitivity and specificity of 1.00 and 0.92 respectively. In 

this cohort of children PCT testing was no better than CRP testing for the detection of IBI or SBI. 

 

What this adds 

This study, although small, demonstrates that POCT procalcitonin testing demonstrates a high 

diagnostic accuracy for identifying young infants at risk of bacterial infection in a UK population but 

that it offers no significant advantage over CRP testing.  

 

Study limitations and future research 

This study is limited in that it was performed over a short duration in a single centre with small 

numbers of infants. Furthermore, infants were included at the discretion of the attending clinician 

thereby introducing potential selection bias. This was unavoidable as PCT testing was introduced as 

service development and this study performed as an observation of routine care. Despite this the 

rate of bacterial infection diagnosed in this study (11.1%) is slightly lower than reports in other larger 

studies in Europe and The USA (11.9%-23.1%) suggesting that selection bias towards sicker children 

with greater risk of bacterial infection was unlikely [134, 142–146] 
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To fully elucidate the value of PCT testing and the most appropriate cut-off value further multicentre 

prospective studies are required.  

 
WP2 – Summary  

Learnt skills 

From WP2 I learnt how to perform the different point-of-care tests and create protocols for their use. 

I was also able to trouble-shoot issues with the LAMP-MD assay and verify the performance of both 

the LAMP-MD and Samsung BRAHMS PCT assays against established reference standards. I also 

learnt how to design, conduct and publish my first study of diagnostic test accuracy adherent to 

STARD (Standards for the Reporting of Diagnostic Accuracy Studies) criteria[147]. 

 

Verified test performance  

Through WP2 I was able to verify the performance of the POCT. Based on the findings of the 

verification work regarding the LAMP-MD test I was happy that the test was reliable and that I could 

perform the test and train others. I had also decided, based on WP2 findings, to compare the 

accuracy of the LAMP-MD test with and without the heat denaturation step. The verification of the 

POCT (Samsung BRAHMS PCT) was disappointing with the poor overall agreement and I was 

tempted to abandon the test. There were, however, no suitable alternatives available and the 

performance of the test was acceptable in the range of expected results.  

 

Early data regarding biomarkers 

This study of febrile infants (n=126) provided some very useful initial data regarding the performance 

of blood biomarkers (CRP and PCT). Specifically, the performance of CRP for detecting serious 

bacterial infections was better than anticipated (AUC=0.98) and similar to that of PCT (AUC=0.91). 

This was contrary to my expectations and provided an early indication that PCT testing may not prove 

to be significantly superior to that of PCT. 
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Publications relating to WP2 
 Waterfield, T., Maney, J., Hanna, M. et al. Point-of-care testing for procalcitonin in identifying bacterial infections in young infants: a diagnostic accuracy study. BMC Pediatr 18, 387 (2018) 

doi:10.1186/s12887-018-1349-7 
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Work Package 3: Protocol development  

For work package three I focused on developing a full study protocol. This process included 

identifying available clinical practice guidelines and developing a minimal dataset and case report 

forms. The PiC study protocol was published in BioMed Central pediatrics and a copy of that 

publication can be found at the end of this chapter. 

 

Objectives 

The Petechiae in Children study was a mixed methods study with the primary aims of: 

 Reporting the performance (including cost) of different clinical practice guidelines for the 

management of non-blanching rashes in children. 

 Reporting the diagnostic accuracy (sensitivity, specificity, positive predictive value, and 

negative predictive value) of:  

o LAMP-MD testing for detecting meningococcal disease in children with fever and a 

non-blanching rash. 

o Procalcitonin for detecting meningococcal disease in children with fever and a non-

blanching rash. 

 Explore views of (i) families and (ii) clinicians on research without prior consent (RWPC) 

using qualitative methodology 

 

Methods/Design 

The PiC study was primarily a combined diagnostic accuracy study and guideline validation exercise 

with some additional qualitative work around consent. As such the PiC study was designed to adhere 

to both the STARD criteria (Standards for Reporting Diagnostic accuracy studies) and the and 

TRIPOD statement (Transparent Reporting of a multivariable prediction model for Individual 

Prognosis Or Diagnosis) [148, 149].  
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Study population and setting 

Inclusion criteria 

 All children <18 years of age attending the Emergency Department with reported or 

recorded fever (≥38°C) and a non-blanching rash.  

 

The inclusion criteria above were chosen as a compromise to provide a balanced approach to 

recruitment. I had considered including all children with a non-blanching rash irrespective of the 

presence of fever but I was concerned that this approach would lead to sites being overwhelmed with 

numbers recruited and very little pathology. This issue would have been felt most at sites performing 

additional point-of-care testing where there would have been a very real risk of performing the point-

of-care tests on large numbers of children with no cases of meningococcal disease identified. 

Conversely, I had considered limiting the recruitment to just those children admitted with a fever and 

non-blanching rash. This approach would have likely over-estimated the risk of meningococcal 

disease in those children with fever and non-blanching rash presenting to ED. The inclusion criteria 

above allowed for a fair estimation of the risk whilst also focusing on the group where clinician have 

the most concern over possible meningococcal disease.  

 

Exclusion criteria 

1. Children with pre-existing haematological conditions such as haematological 

malignancy, idiopathic thrombocytopenic purpura (ITP) and coagulopathy were 

excluded.  

2. Existing Henoch-Schonlein purpura (HSP) under follow up 

 

The exclusion criteria above were chosen so that a small number of children could not skew the 

data. All new diagnoses of ITP/HSP etc. were included at the first presentation but children with 

known ongoing non-blanching rashes were excluded.  
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Defining a minimum dataset & case report form development  

In order to validate the existing clinical practice guidelines and to report on the performance of 

different diagnostic tests I needed to define a dataset and produce a case-report form (CRF). The 

dataset needed to include all of the features listed in the available CPGs. The dataset also needed 

to provide data regarding the index tests, reference tests, outcomes and costs. In designing the CRFs 

I worked with PERUKI sites to collate all available CPGs, I worked with a health economist (FL) to 

identify the data required for a cost analysis and I considered definitions of reference standards that 

were consistent with the STARD and TRIPOD statements from the Equator network.[148, 149]   

 

Collating clinical practice guidelines  
 
To collate existing practice within the UK I asked PERUKI sites to share their CPGs with the research 

team. I received responses from 37 UK sites. Of the 37 sites the majority (29) used the NICE 

guidelines CG102 (Meningitis (bacterial) and meningococcal septicaemia in under 16s: recognition, 

diagnosis and management). The next most commonly used (n=3) was the Newcastle-Birmingham-

Liverpool (NBL) guideline. Five sites (Bristol Children’s, Countess of Chester, Glasgow Children’s, 

The Royal London and Nottingham Children’s) had their own locally developed guidelines. One site 

used the NICE guideline NG51 (Sepsis: recognition, diagnosis and early management). The NBL 

and the five locally developed clinical practice guidelines can be found in the appendix. The two NICE 

guidelines (CG102 and NG51) are available freely from www.nice.org.uk [39, 62]. A summary of 

clinical features, symptoms, signs and risk factors are summarised below in Table 20. 

 

Defining data for cost analysis  
 
I discussed the different clinical approaches outlined in the CPGs  with the health economist (Dr 

Fiona Lynn). Based on those discussion I decided to perform a simple cost comparison analysis from 

the perspective of the National Health Service (NHS). I chose this approach as the data could be 

reasonably collected by PiC sites and I would be able to perform the analysis myself. 

 

 

 

http://www.nice.org.uk/
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My first step was to construct a decision analytic model to compare the costs of the different CPGs 

(Figure 26, Tables 21 and 22). The cost comparison analysis was conducted from the perspective of 

the NHS and included costs associated with hospital resource use for the diagnosis and inpatient 

care of study children using a case-mix group approach. Data were identified and recorded seven 

days after discharge. Clinical pathways were detailed for three groups: those assessed in the ED and 

discharged, those assessed in ED and admitted, and those assessed in ED and admitted for 

treatment of MD. Resource use for each group was assessed and costed in UK Sterling (£) using 

unit costs from the National Schedule of Reference Costs 2017–2018 of NHS Trusts and Primary 

Care Trusts combined [150]. Average costs per patient to the NHS were estimated. I planned to 

determine the resource use and average cost per patient for each of the groups in UK Sterling (£) 

using unit costs from the National Schedule of Reference Costs 2017–2018 of NHS Trusts and 

Primary Care Trusts combined [150].  

 

 

Table 20: Summary of symptoms, signs and risk factors from CPGs 
 

Generalised  Gastrointestinal  Respiratory  Shock Meningism Other 

Lethargy Abdominal Pain Sore Throat Tachycardia Headache Limb pain 

Irritable Nausea  Tachypnoea Shock Altered mental status Leg pain 

Unsettled Vomiting Coryza Hypotension Neck Stiffness Rash 

Fever Diarrhoea  Myalgia Mottled skin Photophobia Petechiae 

Refusing food   Cold hands/feet Seizure  Purpura 

Refusing fluid   Prolonged capillary refill Neurological Deficit CRP 

Cold hands/feet   Poor perfusion  Kernig’s WCC 

Pallor   Reduced consciousness  Brudzinski’s  Neutrophils  

Mottled skin   Altered mental status Meningism  Lactate  

Ill Appearance    Altered mental status Coagulation studies 

Headache       

Seizure       
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Figure 26: 

 

 

Fever & 

NBR

ED Assessment & 

Discharge Without 

Treatment

ED Assessment & 

Admission 

Ward Treatment 

(Rash)

Treatment for MD

Decision tree for clinical pathway for children with 
fever and non-blanching rash
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Table 21: Unit costs of hospital care (£ Sterling 2017-2018) 
Description of hospital spell Currency 

Code 

Currency Description National Average 

Unit Cost 

ED assessment without 

treatment  

 

ED assessment with treatment 

VB11Z 

 

 

VB09Z 

 

Emergency Medicine, No Investigation with No Significant Treatment 

 

 

Emergency Medicine, Category 1 Investigation with Category 1-2 Treatment 

 

£89 

 

 

£113 

Admission for treatment/day PJ66C 

 

Paediatric, Rash or Other Non-Specific Skin Eruption, with CC Score 0 

 

£226 

Hospital per case of MD PW16A 

 

Paediatric Major Infections with CC Score 7+ 

 

£7,126 

 

 

 

Table 22: Costed clinical pathways for each patient group option. 
Patient group  Clinical pathway components Total cost 

Present to ED and discharged  1) Presentation to ED and discharged  

 

 

£89 

Presented to ED and treated 

with ward admission  

 

1) Presentation to ED and treated 

2) Admitted to ward with (median length of stay 2 days) 

 

 

£565 

Presented to ED and treated 

for MD  

1) Presentation to ED and treated  

2) Diagnosed and treated for MD 

 

 

£7,239 
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Case report form development  

Once I had defined the minimum dataset, I designed case-report forms using REDCap (Research 

Electronic Data Capture) software. Study data were collected and managed using REDCap electronic 

data capture tools [151]. REDCap is a secure, web-based application designed to support data 

capture for research studies. The initial REDCap case report form (CRF1) was used to 

contemporaneously record data regarding the initial appearance of the child at presentation. The 

CRF1 served as a screening tool and a rapid tool for collecting the data most susceptible to recall 

bias. This included the symptoms, examination findings, vital signs and emergency treatment. The 

CRF1 was designed to be quick and easy to complete with clinicians able to contemporaneously 

record anonymised, non-personal data using any computer or mobile device.  

 

The second CRF (CRF2) was completed 7 days after discharge and was used to record the 

laboratory results, length of stay and other aspects of care not susceptible to recall bias (Copies of 

the CRFs available below). The CRFs were initially tested by research nurses and PERUKI sites 

before being used in the PiC study.  

 

To make the two CRFs as user-friendly as possible I used branching logic and a number of validation 

steps within RedCap to minimise the numbers of question and to reduce the number of data queries. 
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Figure 27: CRF1 
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Figure 28: CRF2 
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Assessments and procedures 
 

Screening children  

Patients were screened for eligibility on arrival by clinical staff who had received study specific 

training. The CRF1 included a screening log to assist clinical staff in identifying eligible children.  

 

Case-report form completion 

All children had their clinical data recorded prospectively using the RedCap CRF1. The CRF1 was 

completed on arrival and prior to any reference standard testing being available. The data recorded 

on the CRFs were fully anonymised and non-personal data adherent to General Data Protection 

Regulation (GDPR) legislation.  

 

CRF2 related to the results of reference standard testing, treatments given and length of stay 

including any unplanned re-attendances. The CRF2 was completed at between 7 and 28 days after 

discharge by members of the research team.  

 

Index tests 

At sites performing additional POCT children underwent the POCT in parallel to their standard ED 

care without delay (Figure 29). Residual specimens beyond those needed for standard care were 

tested using the Hibergene LAMP-MD and the Samsung BRAHMS PCT. These tests were performed 

prior to consent discussions. The additional POCT was performed by ED clinical staff. Additional 

training was provided by the research team, and a training log was maintained. Members of the 

research team were contactable to provide support as required. Index tests were performed as soon 

as possible and performed prior to result of the reference standard test being available. At all sites 

performing the additional POCT(n=4) I performed face-to-face training for the local research team. 
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Figure 29: Study flow diagram 
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Reference Standards 

The primary reference standard for identification of MD or other invasive bacterial infection (IBI) 

against which the diagnostic accuracy of existing CPGs and POCT were assessed was defined as 

positive culture or PCR for N. meningitidis or other bacterial pathogen from a sterile body site (i.e. 

blood or CSF), performed by technicians blinded to clinical information at accredited National Health 

Service (NHS) hospital laboratories.  

 

All children who did not have blood culture/PCR testing were checked for reattendance. Children who 

were discharged without blood culture/PCR testing were assumed not to have MD provided the 

following criteria were met: 

 

 They were not subsequently diagnosed with MD within seven days of discharge 

 They did not have a MD notification to the public health agency 

 

 

Additional reference standards 
 
In addition to the primary reference standards outlined above we also investigated the accuracy of 

biomarkers to diagnose other serious infections (SI). The definitions of SI are outlined below. 

 Viral meningitis: pleocytosis detection of virus in cerebrospinal fluid. 

 Appendicitis: confirmed at histology. 

 Pneumonia: focal consolidation on chest X-ray confirmed by a consultant radiologist 

(Excluding children under 2 years of age). 

 Osteomyelitis: pathogens from bone aspirate, or MRI or bone scan suggestive of 

osteomyelitis. 

 Cellulitis: acute suppurative inflammation of subcutaneous tissues. 

 Bacterial gastroenteritis: pathogen isolated from stool culture. 

 Urinary tract infection: >105/mL pathogens of a single species isolated from urine culture and 

systemic effects such as fever. 
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Contaminants 

A contaminant was defined as a positive blood culture result where the discharging clinician felt the 

culture result was most likely due to contamination and the growth was of one of the following: 

 Coagulase negative staphylococcus  

 Propionibacterium acnes  

 Streptococcus viridans 

 Diphtheroides 

 

Identifying any cases of meningococcal disease not recruited to the study  

At the close of the study, participating sites identified all children who had positive N. meningitidis 

culture or PCR tests by checking notifications to the Public Health Agency. Meningococcal disease 

is a notifiable disease in the UK and this represents a reliable method for such an identification 

strategy. This list was cross-referenced with enrolled children, and where patients with positive N. 

meningitidis results were not enrolled, reasons for this were included. Research teams were also 

required to check for any unplanned re-attendances within seven days of discharge as a further 

mechanism to identify any children with meningococcal disease who may have been initially 

discharged without treatment.  

 

Qualitative interviews with parents and clinicians  

To assess the appropriateness of the approach to consent utilised in PiC (discussed below) I 

performed qualitative interviews with parents and clinicians following the opening of the Belfast site. 

The data from these interviews were used to refine the consent procedures prior to opening to the 

wider UK.  

 

The qualitative study included interviews with (n=~20) parents and (n=~5-10) clinicians involved with 

recruitment and consent processes to explore their views on RWPC in the PiC study. During the 

consent process, parents were asked to consent to a qualitative telephone interview, which took 

place within one month of their child’s discharge from hospital. All parents were invited to consent for 

a qualitative interview, including those who declined the use of their child’s information in the study. 
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Interviews were conducted until data saturation was reached[152]. 

 

I conducted all of the interviews with parents and clinicians. Any distress during the interviews was 

managed with care and compassion as per the distress protocol (Figure 30). Participants were free 

to decline to answer any questions that they do not wish to answer or to stop the interviews at any 

point. Consent for audio recording was sought. If that consent was not provided then the interview 

did not continue.  

 
Table 23: Key interventions during the study.  

  

In ED 

Follow-up 

4 hours 0-24 hours Within 1 

Month 

Consent discussion X X X  

Assessment of eligibility criteria X    

POCT (Not all sites) X    

Laboratory assessments – routine 

bloods and throat swabs 

X    

CRF1 completion  X  X  

CRF2 completion    X 

Qualitative interview (Not all sites)    X 
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Figure 30: Distress protocol 
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Research without prior consent (deferred consent) 
 

Informed consent is a process initiated prior to an individual agreeing to participate in a study and 

continues throughout the individual’s participation. When consent is deferred, an individual is 

agreeing to the use of data that had already been collected for study purposes and for continued 

participation in the study [153, 154]. Research without prior consent in children has been shown to 

be appropriate and well accepted by parents when conducted in emergency situations and when 

information and opportunities for consent are offered at an appropriate time [153, 154]. In the PiC 

study we intended to assess the performance of rapid bedside tests in the diagnosis of a life-

threatening emergency. In this situation, every minute counts and it would therefore not possible or 

appropriate to delay testing whilst obtaining consent (even for a few minutes). Following testing/data 

collection parents were approached at the earliest appropriate opportunity (ideally within 24 hours). 

 

Approaching parents 

A member of the research team was notified of the participation of the child in the study and 

approached the parent/guardian to seek consent as soon as possible after recruitment (ideally within 

24 hours). In the majority of cases this took place on a ward or in the ED. Consent was only sought 

once the child was stable and following consultation with the clinical team caring for the child in line 

with best practice  recommendations [153–155]. 

 
Approaching parents in the ED 

Not all children with a fever and non-blanching rash were admitted. If the child appeared well the 

clinician could choose to perform investigations and observe the child in the ED. Following a period 

of observation (typically 4-6 hours) the child could be discharged if they appeared well and testing 

was reassuring. In this group, we tried to seek consent prior to discharge. Before approaching the 

family in the ED, the researcher checked with clinical staff that the child was stable and that the timing 

was appropriate. An ED clinician explained the nature of the study to the parent and invited them to 

discuss the study with the researcher.  
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Some children were discharged before consent could be obtained. In these instance clinicians 

contacted the parent by telephone (maximum of three attempts) to explain the study and invite 

parents to discuss the study with a researcher, who then explained the reasons for RWPC, and how 

to opt in or out of the study. The parent/guardian was sent an information sheet, consent form and 

follow up letter (copies of study letters in the appendix). The letter explained the study, reasons for 

RWPC, how to opt in or out of the study, and provided contact details for the research team. If after 

four weeks there was no response, a follow up letter, information sheet, and consent form were sent 

to the family. The follow up letter also explained the study, reasons for RWPC, how to opt in or out, 

and provided contact details for the research team. The second letter also confirmed that if a consent 

form was not received within four weeks then the child’s data would be included in the study. 

 

Approaching parents on the wards 

The research team was notified of enrolment and approached the parent/guardian to seek consent 

as soon as possible after recruitment (ideally within 24 hours). Based on CONNECT best practice 

guidance for performing RWPC the researcher checked with the clinical team that the child was 

stable and that timing is appropriate before approaching the parent/guardian on the ward [154]. If the 

child’s condition had not stabilised additional time was allowed [154]. A member of the ward team 

explained the nature of the study and invited the parent to talk with the researcher. 

 

Death prior to consent being sought 

When a child died before consent could be obtained the researcher sought information from the 

clinical team to establish the most appropriate practitioner to notify parents of the research 

involvement. [153, 154]. Often following a death, the parents/guardian are invited to a meeting with 

the consultant responsible for their child’s care. At this meeting, the consultant was asked, by the 

research team, to explain the PiC study, reasons for RWPC, how to opt in or out, and provide contact 

details for the research team. Following the meeting, four weeks were allowed for the family to contact 

the research team. If no contact was made then a personalised letter including the information sheet 

and consent form were sent to the family. The information sheet explained the study, reasons for 

RWPC, how to opt in or out, and provided contact details for the research team. If after four weeks 
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there was no response, a follow up letter along with the information sheet and consent form were 

sent to the bereaved family. This second letter explained the study, reasons for research without prior 

consent (deferred consent), how to opt in or out of the study and provide contact details if parents 

wished to discuss the study with a member of the research team (either in person or by telephone). 

In addition, this letter also confirmed that if no consent form was received within four weeks of the 

letter being sent then the child’s data would be included in the study. 

 

Deferred consent declined/not obtained 

When RWPC was declined or not obtained the child’s data was not included. I maintained a record 

of all instances of declined consent. 

 

Withdrawal of consent 

Consent could be withdrawn at any time without providing a reason and without being subject to any 

resulting detriment. The rights and welfare of the patients were protected and the quality of medical 

care was not be adversely affected if they declined to participate in the study. I maintained a record 

of all those that withdraw consent to participate in the study. 

 

Governance  

Trial registration: 

The PiC study was registered at https://www.clinicaltrials.gov (trial registration: NCT03378258) on 

the 19th of December 2017.  

 

Public & Patient Involvement Advisory Group (PPI) 

A PPI advisory group was convened and included eight sets of parents with experience of paediatric 

sepsis and non-blanching rashes. The PPI group played a full part in all aspects of the study. In 

particular they helped with the application for ethical approval and with developing resources for 

parents and children. The chairperson of the PPI advisory group was named as a co-author on the 

published study protocol and all members of the PPI advisory group were encouraged to attend the 

free HSCNI “Building Research Partnerships” course. Some members of the PPI advisory group took 

https://www.clinicaltrials.gov/
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part in local and national television to promote the study and the study findings.  

 

Independent Study Monitoring Group 

An independent study monitoring group chaired oversaw the quality of the research and managed 

any potential conflicts of interest. The summaries of those meetings can be found in the appendix. 

 

Data management and analysis plan 
 

Sample size justification 

The original funding application for doctoral thesis focused on assessing the performance of the 

POCT. For that funding application I calculated (with advice from a QUB statistician) that I would 

need 203 test negative children (negative LAMP & low procalcitonin) to estimate a negative predictive 

value (NPV) of 95% or greater with confidence intervals of +/- 3%. Prior to commencing the study, 

the disease prevalence had been estimated at 10% or lower, with a refusal of consent and dropout 

rate of 10%. I had therefore planned to recruit a total of 300 patients to the study.  

 

Data Management 

Study data were collected and managed using REDCap (Research Electronic Data Capture) 

electronic data capture tools [151]. I reviewed the uploaded data daily to monitor the accuracy and 

quality of submitted data. When additional information was required, I sent data requests to the 

research team at each site. Prior to statistical analysis three authors (TW, LM, HM) checked the 

database for completeness of data using IBM statistical package for social sciences (SPSS) version 

23. Two authors (TW and MDS) then applied the eight CPGs to the data set. The only missing data 

required for the validation of the CPGs were missing blood testing data (FBC, CRP). These data 

were not missing at random with all of the 192 children with missing blood test data not receiving 

parenteral antibiotics and not having a diagnosis of MD. Several sites practiced allowing children 

home without blood testing if they were deemed at very low risk of MD. The population without blood 

testing results were therefore at a low risk of MD and we used single imputation model for these 

missing data with data assumed to within the normal range i.e. CRP <6mg/l, WCC between 5 x109 

and 15 x109, Neutrophils <10 x109. 



 

 

139 

139 

Data Analysis 

The PiC study population were described in terms of demographic characteristics, vaccination status, 

risk factors, parenteral antibiotic use, admission to hospital, admission to intensive care and survival 

using descriptive statistics. The performance of the eight CPGs were compared with sensitivity, 

specificity, negative predictive value (NPV) and positive predictive value (PPV) (with 95% confidence 

intervals) reported for all. The McNemar’s test was used to assess the significance of the difference 

in sensitivities and specificities between the eight CPGs. The different POCT were compared with 

sensitivity, specificity, negative predictive value (NPV) and positive predictive value (PPV) (with 95% 

confidence intervals) reported for all. Individual features and test results were assessed for their 

predictive value using univariate and binary multivariate regression modelling. Detailed data-analysis 

plans are summarised further in the individual work packages.  

 

Qualitative analysis 

Qualitative interview data were transcribed verbatim, checked and anonymised as the study 

progressed. QSR NVivo software was used to assist in the organisation and indexing of qualitative 

data. Data were analyzed thematically, informed by the constant comparison approach of grounded 

theory [156]. The focus was modified to fit with the criterion of catalytic validity, whereby findings 

should be relevant to future research and practice. Additional information relating to the qualitative 

analysis can be found in Work Package 4. 

 

Study forms  

The study forms outlined below can be found in the appendix.  

 Information sheets: Parent/guardian, Clinician and Child 

 Consent form & assent form 

 Discharged prior to consent letter 1 and 2 

 Bereaved prior to consent letter 1 and 2 
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Summary 

The protocol produced in Work Package 3 was published and a copy of that publication can be found 

below.  The PiC study was essentially a mixed methods approach to investigate the best approach 

to the assessment and management of children with a non-blanching rash. This included collating 

and validating existing CPGs, assessing the performance of POC biomarkers and exploring the 

predictive value of different clinical features and blood tests.  

 

The findings from these different components and the embedded qualitative research around   

consent are presenting in the following work packages.
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Publications relating to WP3 
 Waterfield, T., Lyttle, M.D., Fairley, D. et al. The “Petechiae in children” (PiC) study: evaluating potential clinical decision rules for the management of feverish children with non-blanching 

rashes, including the role of point of care testing for Procalcitonin & Neisseria meningitidis DNA – a study protocol. BMC Pediatr 18, 246 (2018) doi:10.1186/s12887-018-1220-x 
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Work Package 4: Embedded qualitative research 

 
Introduction 

Studies investigating the diagnostic test accuracy of rapid tests for serious bacterial infections require 

research without prior consent (RWPC, also known as deferred consent) as the diagnosis and 

treatment of potentially life-threatening infections is time critical [157, 158], and by definition such 

studies are focused on obtaining very rapid test results. Research without prior consent has 

successfully been used in paediatric emergency interventional studies, but there is a lack of 

knowledge about parent and clinician perspectives on the acceptability of research without prior 

consent in diagnostic test accuracy studies[153, 155, 159–163]. Table 24 compares different models 

of consent including research without prior consent, prospective informed consent and opt-out 

consent. 

 
Table 24: Overview of consent models (My own work) 

 
CONSENT 
MODEL 

DESCRIPTION RATIONALE/ENABLERS CONSIDERATIONS 

PROSPECTIVE 
INFORMED 
CONSENT  

Informed consent for 
participation in research is a 
key principle of good clinical 
practice. A potential participant 
(or parent/legal representative 
of a child) must be adequately 
informed about the research 
and their consent sought prior 
to their participation.  
 

Prospective informed 
consent helps protect an 
individual’s right to make 
an informed, un-coerced 
decision about their 
participation in research.  

Informed consent is not feasible 
or appropriate in certain 
situations, including emergencies. 
Without alternatives to informed 
consent emergency research 
could not be conducted and 
critically ill patients would not 
benefit from evidence- based 
healthcare. 
 

RESEARCH 
WITHOUT 
PRIOR 
CONSENT  

The research activity is 
performed and data are 
collected without prospective 
informed consent from the 
participant. Consent is sought 
to continue in the study at the 
earliest appropriate time (e.g. 
when the emergency situation 
has passed).  
 

Enables the conduct of 
vital research in 
emergency situations.  

Restricted to research, including 
drug trials in emergency situations 
where: the treatment is required 
urgently, it is not reasonably 
practicable to obtain consent 
prospectively and ethics 
committee approval has been 
given. 
 

OPT-OUT 
CONSENT  

Research activity is performed 
and data are collected. 
Informed consent is not sought 
but study information is 
provided including how 
participants can opt-out (e.g. 
decline to have their data 
included in the study). 
 

Used in certain types of 
low risk studies, such 
epidemiological studies 
that do not involve 
additional procedures or 
change to clinical care.  

Studies utilising opt-out only have 
to provide clear justification to an 
ethics committee. Opt-out is not 
suitable for studies such as drug 
trials or research involving 
additional interventions or 
changes to clinical care.  

 

The Petechiae in Children (PiC) made used of research without prior consent to allow for data 

collection and additional point-of-care testing to take place with consent sought at the earliest 
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appropriate opportunity. During the initial phase of the PiC study (performed at the Royal Belfast 

Hospital for Sick Children) I performed an embedded qualitative study to explore parents’ and 

clinicians’ views on the acceptability of the PiC study consent methods including use of research 

without prior consent for future diagnostic test accuracy studies in emergency situations. 

 

Methods  
 

Study Design 

The PiC study pilot phase took place at the Royal Belfast Hospital for Sick Children (RBHSC), a 

tertiary level children’s hospital in the United Kingdom. Children were enrolled into the PiC study by 

the treating emergency clinician as outlined already and informed consent sought after the clinical 

condition was stable. Written consent for the use of data was sought from participants either in the 

emergency department (ED), on the ward, or after discharge, depending on the timing of the 

presentation, clinical course, and timing of discharge [164]. Participants who were approached after 

discharge received an initial telephone call outlining the study and then a follow up postal consent.  

 

Recruitment and sampling procedure for embedded qualitative study 

Consent for participation in an embedded qualitative study was sought in writing as part of the PiC 

consent process and then verbally re-confirmed at interview.   To ensure sample variance in this 

embedded qualitative study, I invited parents to interview who had been approached for consent at 

the three possible time points. I used previous research [14–20] to develop interview topic guides 

(Figure 31), which contained open-ended questions and prompts to explore views and experiences 

of the PiC study, including use of a research without prior consent approach. I received qualitative 

research training from KW (Social scientist) and I conducted semi-structured telephone interviews 

with parents of recruited children, as well as face to face interviews with PiC clinicians at the RBHSC. 

All clinicians involved in PiC recruitment or consent conversations at the RBHSC were invited for 

interview. Interviews were digitally audio recorded and transcribed verbatim by a professional audio 

typist. Transcripts were anonymised and checked for accuracy by me. Interviews were conducted 

until data saturation (where no new major themes are identified in the analysis of data) [165, 166]. 

There were no repeat interviews or additional field notes recorded.  
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Figure 31: Example interview topics and questions (Full topic guides are available in the appendix) 
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Approach to qualitative analysis  
 
I performed the analysis following teaching from KW. The analysis was thematic and broadly 

interpretive, informed by the constant comparative approach [152, 167–171]. The phases of analysis 

included: 

 

Transcription and data cleaning 

The audio recorded interviews were transcribed by a professional audio typist and I checked all of 

the transcripts for accuracy. I removed all personal information (e.g. names) from the transcripts to 

ensure anonymity. 

 

Familiarising with data/generating themes and developing a coding 

framework 

I read and re-read a sample of transcripts noting down initial ideas around main themes and potential 

codes. I then used NVivo Version 12 software to assist with the organisation and coding of data. 

Using NVivo 12 Software, I created codes for initial main themes (e.g., thoughts on PiC; thoughts on 

RWPC; decision-making in the emergency setting; and misunderstandings and misconceptions) and 

began developing a coding framework using line by line coding, comparing between transcripts as 

part of a constant comparative approach. 

 

Initial coding meeting 

After the initial coding I met with KW to discuss early themes and refine the coding framework. To 

reach publishable standards for this type of research second coding was required. KW performed 

the second coding using a random sample of transcripts (three parent and two clinician interviews). 

KW then made notes on any new themes identified and how the framework could be refined. 

Following this I reflected on the notes and refined the coding framework accordingly.  

 
 
 
 
 



 

 

150 

150 

 
Results 

Between the 11th November 2017 and 31st July 2018, 147 of 150 eligible patients were enrolled in 

the PiC study at the RBHSC. One participant declined participation; two were not approached as an 

interpreter was not available. A total 131 participants (89%) agreed to telephone interview. The one 

participant that declined to participate in the PiC study also declined interview.  

 

Data saturation was reached at 15 interviews (where no new major themes are identified in the 

analysis of data). Parent and patient characteristics for the qualitative study are presented in Table 

25. No participants knew me prior to the interview.  

 

All invited clinicians (n=8) agreed to participate in a face-to-face interview, of whom six (75%) had 

previous experience with clinical research (Table 26). Data saturation was achieved at five interviews 

(one research nurse, one junior doctor, three senior doctors). Interviews lasted between 22 and 

44 minutes (Table 27 contains selected quotations by theme). 

 

Table 25: Summary Data (Parents) 
 

Recruited Parents Summary Data 

Fathers 2   (13%) 
Mothers 13 (87%) 

Median Time to Interview 55 Days (Range 13 to 95) 
Median Length of Stay 2 Nights (Range 0 to 5) 

Consent Route 
 

Emergency Department n= 5 
Ward n=6 
After Discharge n=4 

Final Diagnosis Viral Illness 7 
Group A Streptococcus 5 
Pneumonia 1 
Febrile Convulsion 1 
Reactive Arthritis 1 
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Table 26: Summary Data (Clinicians) 

  

Experience  Have Previous Research 
Experience 

75% 

Study Responsibilities Screening 
Consent 
POCT  
CRF Completion 

100% 
100% 
100% 
40% 

Role Research Nurse 
Senior Doctor 
Junior Doctor 

20% 
60% 
20% 

 
POCT = Point-of-Care Testing, CRF = Case Report Form 
 
 
Table 27: Selected quotations from parents by theme 
 

Theme Sub-theme Example quotes 

Support for 
research 
 
 
 
 
 
 
Support for 
RWPC 

 
 
 
 
 
 
 
 
 
Suitable for emergencies 
 
 
If no harm to child 

“I felt that it was a good idea maybe you know to help other 
children” (P3 Mother) 
“I'm all for research” (P15 Mother) 
“Yes I do absolutely. Given the opportunity I think it's 
important because if it helps some other kid then that has to 
be a positive thing” (P10 Mother). 
 
 
 
“Yeah, I think I'd be happy enough with it, I wouldn't have an 
issue afterwards you know” (P8 Mother) 
 
“In an emergency it's fine” (P13 Mother) 
“I think the doctor should do what they can do as quick as 
they can” (P2 Mother) 
 
“if the child isn't being tortured if you know what I mean” (P9 
Mother) 
 
 

   
 See additional diagnostic tests as 

a potential benefit 
 
“Yeah so I thought they might be able to find something out” 
(P3 Mother) 
 
“Well maybe if it had it turned out to be anything sort of 
worse she probably would have benefited from it.” (P6 
Mother) 
 
“I think if it was going to be like beneficial for [Name) to have 
a test that would bring back results quickly” (P7 Mother) 
 
“My children benefited in that we knew straight away” (P8 
Mother) 
 
“That said parents do really appreciate getting that result and 
that negative rather than waiting a few days in the lab.” (C2 
Senior Doctor) 
“It was instant really that the results came back…I just 
thought that was a great thing.” (P5 Mother) 
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“we would find out within a few hours if it was meningitis” (P8 
Mother) 
 

 
 
 
 

 
No perceived harm 

 
Interviewer” Did you envisage any possible risks for [Child 
Name] taking part in the study? 
Parent “No not at all” (P12 Father) 
“I think these tests can be done just as part of a blood sample 
anyway, I think I would say no, it’s fine the way it’s (RWPC) 
done” (P14 Mother) 
“I know you're not doing any extra harm physically” (C2 
Senior Doctor) 
 
 

Timing of 
consent 
discussions is 
important 

Do not approach immediately at 
presentation 

“For me I would say that maybe a wee bit of respect should 
be given because at the end of the day if you're in you're 
trying to find out about your child, I personally probably 
wouldn't have went for it because I will be thinking you know 
I'm trying to sort out my child here to see what's wrong with 
them and I have somebody coming in to try and talk about a 
study. I don't think there would be much consideration for the 
parents and the child at the time” (P3 Mother), 

 Don’t have capacity to think about 
research during the initial 
emergency  

 
“Well you're definitely not taking it in, you're just more 
concerned that your child is going to get better” (P2 Mother). 
 

  
Approach after the initial 
emergency is favourable  
 
Clinicians appropriately timed 
consent discussions 

 
“I got the letter and I could make a decision in a calm 
environment (P 10 Mother)” 
 
“It would be a little bit of time after I had taken the samples 
and made sure that the child was well and stable” (C4 Senior 
Doctor) 
“I will go up and speak to the nurse or a member of the 
nursing staff and ask how the patient was doing and whether 
they felt it was appropriate and usually I got the nurse to 
introduce me” (C3 Junior Doctor) 
“I would be very much led by the parent” (C2 Senior Doctor). 
 
 

Decision 
making 
 

The decision to participate was 
easy  

 
“I mean it was a complete no-brainer.” (P12 Father) 
“Being bluntly honest it wasn't, as soon as it was mentioned 
we were more than happy to go ahead that was really it.” (P1 
Father) 
“Parents are really positive and often ask me why we even 
need consent. They say its fine to use the data” (C2 Senior 
Doctor) 
“I think it was all pretty clear from what [Clinician Name] said 
and what was on the form” (P6 Mother) 
“it was just a there and then kind of decision” (P11 Mother) 
“it was positive and if anything, people are quite quick to 
agree to it (C4 Senior Doctor)”   
“all parents wanted to be on the study” (C1 Research Nurse) 
 

 Should discuss severe infection 
prior to the research team 
approaching  

 
“It's a bit worrying when you hear it like that” (P7 Mother) 
  

 
 
 
 

Parents do not show a preference 
for who should consent e.g. 
nurse/doctor/researcher 
 

 
“Anybody really it doesn’t have to be a doctor it wouldn’t 
matter if it was the doctor or the nurse but just someone with 
a professional manner” (P3 Mother) 
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Parental understanding of the 
study was good 

 
 
“From what I remember it was, I could be totally wrong, it was 
a test, a swab on the back of the throat and it's a way of 
getting results back sooner to look for infections or whatever 
because the blood tests that they do take 48 hours and so as 
far as I know this is a test to try and get results back sooner, 
within 30 minute” (P15 Mother) 
“They all seem to understand it well” (C5 Senior Doctor) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Using opt out 
alone not 
appropriate  
 
 

 
Decision hadn’t changed over 
time 
 
No pressure 
 
 
 
 
Parents recommend including 
children in the consent process 
where appropriate  
 
 
 
 
 
 
 
 
 
Would still take part though 
 
Harder to raise concerns 
 
A little “cold” 

 
“Yes I'm still happy with my decision I think it was the right 
decision.” (P10 Mother) 
 
“Yeah well when I got the phone call it was basically asking 
did I want to take part in it and you were given the option 
there whether you were wanted to or not. So for me if I didn't 
want to take part in it well you have an option” (P3 Mother) 
No not at all no, it didn't feel pressured in either way to be 
honest with you no.” (P14 Mother) 
 
“If they understand and they are old enough to 
comprehend, then I don't see a problem with them having an 
input as well because if they're old enough to make their own 
mind up then they should be given some say.” (P1 Father) 
 
 
 
 
“It wouldn't be appropriate for extra procedures done that 
weren't to the benefit of the child” (P12 Father) 
“No I think probably it would be better to discuss it with the 
family”(P15 Mother) 
 
“I would have just stayed in the study.” (P15 Mother) 
 
“I think if I had any concerns it would have been more difficult 
to ask them”(P10 Mother) 
 
” “I feel it's a wee bit cold perhaps”(P10 Mother) 
 

 

 

Opinions on research without prior consent in PiC and future DTA studies  

A definition of research without prior consent was read to participants (Figure 32) who were then 

asked, “What do you think about the use of research without prior consent in an emergency 

situation?” All parents supported research without prior consent in the PiC study and for future 

diagnostic test accuracy (DTA) studies, highlighting the need to avoid treatment delays “I think the 

doctor should do what they can do as quick as they can” (P2 Mother). Parents valued the speed of 

diagnostic tests which could be conducted alongside emergency clinical care: “It was instant really 

that the results came back…I just thought that was a great thing” (P5 Mother). However, three parents 

indicated that prior consent would be required for any research that involved additional interventions 
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that would cause pain or discomfort, such as an additional “pinprick” (P9 Mother) for blood samples: 

 

“I think these tests can be done just as part of a blood sample anyway, I think I would say 

no, it’s fine the way it’s (RWPC) done” (P14 Mother) 

 

Clinicians supported research without prior consent in PiC and future DTA studies, stating tests were 

quick, “relatively easy” (C3 Junior Doctor) to conduct, did not cause harm “I know you're not doing 

any extra harm physically” (C2 Senior Doctor), or involve “any more invasive tests that you already 

would be doing” (C5 Senior Doctor). Clinicians described parents’ positive responses to consent 

discussions and cited “all parents wanted to be on the study” (C1 Research Nurse) as an indicator of 

study and research without prior consent acceptability.  

 

 

 

 

 

 

 

Timing of consent discussions  

Analysis of parent and clinician accounts of recruitment processes suggested that clinicians followed 

the study protocol and appropriately timed study discussions. Clinicians described how they would 

assess the ability of parents to discuss the study on the ward or in ED based on: the condition of the 

child: “It would be a little bit of time after I had taken the samples and made sure that the child was 

well and stable” (C4 Senior Doctor); discussions with clinical staff: “I will go up and speak to the nurse 

or a member of the nursing staff and ask how the patient was doing and whether they felt it was 

appropriate and usually I got the nurse to introduce me” (C3 Junior Doctor); and perceived readiness 

of parents to discuss consent: “I would be very much led by the parent” (C2 Senior Doctor). 

 

Figure 32: Definition of RWPC read to participants  
 
Families involved in PiC provided consent after their child was tested for infection (within 24-48 hours). 
We call this deferred consent or research without prior consent. 
 
There is specific legislation is in place to allow for this type of research. This is because in emergency 
situations there's not time to have a discussion about the research and that actually having that 
discussion might delay important treatment. 
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The majority (14 of 15) of parents advised against seeking consent prior to testing. They described 

how during the initial emergency parents would not have the capacity to discuss research as the 

priority is their child: “you're just more concerned that your child is going to get better” (P2 Mother). 

Some also stated that broaching a study at this time point could be perceived as disrespectful:  

 

“For me I would say that maybe a wee bit of respect should be given… I will be thinking you 

know I'm trying to sort out my child here to see what's wrong with them and I have somebody 

coming in to try and talk about a study.” (P3 Mother). 

 

Parental decision making and understanding of PiC 

The decision to provide consent for PiC was often described as being quick “it was just a there and 

then kind of decision” (P11 Mother) and easy: “I mean it was a complete no-brainer” (P12 Father). 

This was often attributed to the nature of the study, which parents perceived would not “cause him 

any harm” (P1 Father). Other reasons for consenting included parental support for medical research 

and a desire to help other children in the future. Parents also described how participation could help 

their own child, by enabling quick access to test results:  

“I felt that it was a good idea maybe you know to help other children” (P3 Mother) 

“I'm all for research” (P15 Mother) 

“it was going to be like beneficial for [child name] to have a test that would bring back results 

quicker” (P7 Mother) 

“we would find out within a few hours if it was meningitis” (P8 Mother) 

 

All parents interviewed (up to 3 months after discharge) remained happy with their consent decision 

“I think it was the right decision” (P10 Mother). During interviews parents were able to describe the 

study in detail and displayed good understanding. “it was a test, a swab on the back of the throat and 

it's a way of getting results back sooner to look for infections” (P15 Mother).  

 

Child assent 

Parents recommended including children in the consent process where appropriate, assuming they 
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are old enough to understand the discussion. “If they understand and they are old enough to 

comprehend, then I don't see a problem with them having an input as well because if they're old 

enough to make their own mind up then they should be given some say” (P1 Father) 

 

However, parents and clinicians described how the majority of enrolled children were too young to 

participate in consent discussions. “No they have all been little age, we did have one who was 5, he 

was at school. I did speak with him about the study with his parents there. I did offer them the assent 

form to have a look at, but he was fine and didn’t want to” (C1 Nurse).  

 

 
Opt-out consent  

Clinicians stated that some families suggested consent discussions for this type of research were not 

required “Parents are really positive and often ask me why we even need consent, they say it’s fine 

to use the data” (C2 Senior Doctor). To explore this further, we sought parents’ views on an 

alternative approach, which would involve provision of a study information sheet and the option to 

opt-out of the PiC study (i.e. no full consent discussion with a member of the research team and the 

child’s data included in the study unless parents opted-out and chose for the data to be removed).  

 

All parents stated that they would choose not to opt out: “I would have just stayed in the study” (P15 

Mother). However, they stated that full consent discussions with families is preferable as the research 

team “can explain more” (P15 Mother). An opt-out approach that didn’t involve a full research 

discussion was viewed as impersonal: “a wee bit cold perhaps” (P10 Mother), and limited 

opportunities to discuss the study: “I think if I had any concerns it would have been more difficult to 

ask them” (P10 Mother). Parents enrolled in the PiC study preferred a design which included consent 

discussions with the research team over the alternative of “opt-out” consent only without any 

discussion: “It wouldn't be appropriate for extra procedures done that weren't to the benefit of the 

child” (P12 Father).  
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Discussion 

This embedded qualitative study provided insight into parents’ and clinicians’ views on the 

acceptability of research without prior consent in the PiC study and future DTA studies. Previously, 

parents’ views on their child’s involvement in a trial without their prior consent were unknown and 

clinicians were apprehensive about conducting research without prior consent [18,19].  The study 

findings were consistent with other successfully conducted clinical and qualitative studies that have 

demonstrated parent and clinician acceptability of research without prior consent in paediatric 

emergency medicine [153, 157, 158, 160–162, 172, 173]. Parents supported research without prior 

consent provided emergency care is not delayed and their child does not come to any harm [153, 

160, 161]. This finding was also supported by the high consent rate for use of data in the PiC study. 

The data from this embedded qualitative work helped with the evolution of the PiC study from a single 

site pilot in Belfast to a larger UK wide multicentre study. 

 

During the PiC pilot clinicians assessed parents’ ability to discuss the study in collaboration with 

clinical staff and timed their consent approach appropriately. As in other studies, motivations for 

providing consent were often altruistic, such as to help others in the future and support research [153, 

160, 161]. The Rapidity of clinical test results and the nature of additional interventions may have 

influenced parents’ views on the acceptability of research without prior consent in the PiC study and 

for future DTA studies. The use of research without prior consent was acceptable to parents and 

clinicians in the PiC study as there were no additional invasive procedures. Similar concerns 

regarding additional phlebotomy events without prior consent were described by nurses and some 

parents involved in the CATheter infections in CHildren (CATCH) trial[161]. Future DTA studies 

involving invasive procedures or interventions in addition to usual clinical care would benefit from 

exploring parent and clinician views on trial acceptability and research without prior consent at the 

pre-trial stage. 

 

The findings in regard to opt-out consent for the PiC study were novel. Although some parents asked 

clinicians why consent was needed for the PiC study, when presented with a hypothetical alternative 

approach, parents favoured a full research without prior consent discussion with a member of the 
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research team over provision of written materials and the opportunity to opt-out from having their 

child’s data included in the study. As consistently shown in previous studies exploring trial recruitment 

processes, parents valued conversations with clinicians above written information materials [153, 

159–163]. Parents stated they would not have opted out of the PiC study. However, only providing 

researcher contact details on written information sheet was viewed as impersonal and a potential 

barrier to voicing questions and concerns.  

 

Strengths and limitations  

The findings from the embedded qualitative worked filled an important gap in the existing literature 

by providing parent and clinician perspectives on research without prior consent for paediatric DTA 

studies. The sample was limited as it involved parents and clinicians involved in the pilot phase. 

However, interviews were conducted until data saturation was reached and involved parents who 

experienced research without prior consent [152]. I conducted all of the interviews and I was not 

known to parents or involved in their children’s clinical care. I am however, previously known to 

clinicians and this non-independent role may have impacted upon their willingness to voice concerns 

about the study during interviews. Due to the high consent rate and no bereavements in the PiC 

study, our sample is limited to the views of parents who consented to the PiC study and whose 

children recovered. Finally, as children involved in the PiC study were typically under five years of 

age their views are not represented in the findings. 

 

Work Package 4 Summary 

Overwhelmingly parents supported research without prior consent for emergency research provided 

emergency care is not delayed and their child does not come to any harm through additional painful 

procedures or experimental medications. Some parents had initially expressed a desire for an opt-

out approach to save time but on deeper questioning appeared to value face-to-face interaction with 

a clinician.  The findings from WP4 resulted in a publication in Archives of Disease in Childhood. A 

copy of that publication is presented below.  
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Publications relating to WP4 
 Waterfield T, Lyttle MD, Shields M On behalf of Paediatric Emergency Research in the UK and Ireland (PERUKI), et al. Parents’ and clinicians’ views on conducting paediatric diagnostic test 

accuracy studies without prior informed consent: qualitative insight from the Petechiae in Children study (PiC). Archives of Disease in Childhood 2019;104:979-983. 
 



 

 

160 

160 

 



 

 

161 

161 

 



 

 

162 

162 

Work Package 5: Clinical practice guideline validation 

 
Introduction 
 

In this chapter I present the findings of the clinical practice guideline validation work. This chapter 

does not relate to the performance of the biochemical tests or point-of-care tests. These are 

discussed in Work Package 6. Having completed the successful PiC pilot phase in Belfast, and with 

the embedded qualitative work complete, I set about expanding the PiC study. I chose to do this for 

a number of reasons: 

 

 The early data from the PiC study pilot phase in Belfast had indicated that cases of 

meningococcal disease were very uncommon (around 1% of cases of fever and non-

blanching rash) and there was a very real risk that MD was so uncommon that the study would 

fail to report anything meaningful. 

 The rates of meningococcal disease were likely to fall further over time as the effects of the 

Meningococcal B vaccination programme filtered through. This would make future studies 

increasingly difficult to perform in terms of numbers of sites required and cost. 

 There was interest and support from the Paediatric Emergency Research in the UK and 

Ireland (PERUKI) network to complete a guideline validation exercise.  

 

Methods  
 

 
Additional sites 

As discussed already the protocol for the Petechiae in Children study has previously been published 

and was adherent to the TRIPOD statement for prediction model validation [164]. The prospective 

multicentre cohort study to validate clinical practice guidelines was conducted at 37 PERUKI sites 

between the 9th of November 2017 and the 30th of June 2019. The recruitment summary per site is 

shown below in Table 28. Participating centres were distributed across the UK with one centre in 

Northern Ireland, three centres in Scotland and thirty-three centres in England. 
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Table 28: Site recruitment summary data 

 

Recruiting additional sites  

To expand the study, I had to gain ethical approval and find a mechanism by which sites would be 

willing to join the PiC study. Thankfully with the support of PERUKI and data from the qualitative 

research I was able to gain ethical approval to expand the study through a substantial amendment. 

Having completed that I navigated the research governance structures in England and Scotland 

including working with the Health Research Authority (HRA). Copies of the approved ethics 

amendment and HRA approval can be found in the appendix.  
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Once the ethical approval had been granted to expand the study, I had to consider a strategy to 

ensure that research sites were willing to join the study. There were no additional funds available to 

expand the study beyond the £20K funding for the original 300 patients in Belfast and as such I would 

not be able to pay sites to recruit patients.  

 

Thankfully in England research sites are recognised through their research activity based on 

recruitment to studies on the National Institute for Health Research (NIHR) portfolio. Sites are 

therefore keen to adopt studies that are deemed relatively easy to recruit to. With the deferred 

consent methodology and electronic data capture already described the PiC study was a very easy 

study to recruit to. This combined with the support of PEURKI meant that I was able to attract many 

English sites to the study.  

 

With no additional funding available to support the management of the study I took on a fulltime trial 

management role in addition to running the Belfast site. I was responsible for training all of the 

research teams at 37 PiC sites, data management and governance. To improve the efficiency of the 

training I utilised videoconferencing, electronic site files and electronic data capture via RedCap. 

 

Findings 

Between the 9th of November 2017 and the 30th of June 2019, 1513 consecutive patients were 

screened for inclusion across 37 sites in the UK (Table 28). Of these, 179 were excluded; 149 did 

not fulfil eligibility criteria, 21 declined consent, eight could not provide consent due to a language 

barrier, and in one case it was unclear who had parenteral responsibility. The remaining 1334 children 

were enrolled, and 1329 were included in the analysis; five were excluded due to incomplete data 

(Figure 33). 
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Figure 33: Flow of patients through the study 
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Summary data 

The mean age of participants was 36.5 months (range 1 to 192 months), and 765 (57·5%) were male. 

There were 926 (69·7%) children who had received the meningococcal B vaccine and 973 (73·2%) 

had received the meningococcal C vaccine. A total of 1137 (85·6%) underwent blood testing and 596 

(44·8%) received parenteral antibiotics. The mean length of stay of hospitalised patients was two 

days (range 1 to 39). A total of 11 of the 1329 (0·8%) required admission to paediatric intensive care 

units (PICU) and two (0·2%) died. The summary data are detailed in Table 29.  

 

Table 29: Summary and outcome date of 1329 study participants 

Characteristic  
All patients 

(n=1329) 
Patients with 

MD (n=19) 
Patients without 

MD (n=1310) 

Age (months; mean (range)) 36.5 (1 - 192) 45.2(3 - 120) 36.4(1  - 192) 

Male sex 765 (57.6) 16 (84.2) 749 (57.2) 

Missing  0 (0.0) 0 (0.0) 0 (0.0) 

Vaccination status    

Meningococcal B vaccinated 926 (69.7) 12 (63.2) 914 (69.8) 

Meningococcal C vaccinated 973 (73.2) 14 (73.7) 959 (73.2) 

Missing 40 (3.0) 0 (0.0) 40 (3.1) 

Description of rash at presentation    

Petechiae above the nipple line 478 (36.0) 0 (0.0) 478 (36.5) 

Petechiae (other distribution) 802 (60.3) 7 (36.8) 795 (60.7) 

Purpura 49 (3.7) 12 (63.2) 37 (2.8) 

Spreading/evolving rash 320 (24.1) 12 (63.2) 308 (23.5) 

Missing 0 (0.0) 0 (0.0) 0 (0.0) 

Duration of illness prior to presentation    

Under 6 hours 123 (9.3) 4 (21.1) 119 (9.1) 

6 to 12 hours 104 (7.8) 2 (10.5) 102 (7.8) 

12 to 24 hours 216 (16.3) 4 (21.1) 212 (16.2) 

24 to 48 hours 321 (24.2) 5 (26.3) 316 (24.1) 

48 to 72 hours 200 (15.0) 2 (10.5) 198 (15.1) 

72 hours or more 356 (26.8) 2 (10.5) 354 (27.0) 

Missing 9 (0.7) 0 (0.0) 9 (0.7) 

Duration of rash prior to presentation    

First noticed on arrival 415 (31.2) 4 (21.1) 411 (31.4) 

Under 1 hour 52 (3.9) 1 (5.3) 51 (3.9) 

1 to 3 hours  298 (22.4) 7 (36.8) 291 (22.2) 

4 to 7 hours 223 (16.8) 5 (26.3) 218 (16.6) 

8 to 11 hours  59 (4.4) 0 (0.0) 59 (4.5) 

12 to 23 hours 76 (5.7) 2 (10.5) 74 (5.6) 

24 hours or more 117 (8.8) 0 (0.0) 117 (8.9) 

Missing 89 (6.7) 0 (0.0) 89 (6.8) 

Reported/observed signs and symptoms    
Appears unwell to healthcare professional  377 (28.4) 16 (84.2) 361 (27.6) 

Shocked appearance  34 (2.6) 10 (52.6) 24 (1.8) 

Abdominal pain 145 (10.9) 3 (15.8) 142 (10.8) 

Abdominal distension 59 (4.4) 1 (5.3) 58 (4.4) 

Refusing food/drink 411 (30.9) 8 (42.1) 403 (30.8) 

Nausea/vomiting  396 (29.8) 6 (31.6) 390 (29.8) 
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Data are number (%) of patients unless stated otherwise. MD=meningococcal disease WCC=white cell count. 
*Normal WCC taken as between 5-10x109 

 

 

 

 

Diarrhoea  120 (9.0) 2 (10.5) 118 (9.0) 

Shivers/chills 112 (8.4) 6 (31.6) 106 (8.1) 

Pallor 103 (7.8) 8 (42.1) 95 (7.3) 

Unusual skin colour 117 (8.8) 9 (47.4) 108 (8.2) 

Cold hands/feet 138 (10.4) 9 (47.4) 129 (9.8) 

Respiratory symptoms 408 (30.7) 8 (42.1) 400 (30.5) 

Sore throat/coryza 678 (51.0) 5 (26.3) 673 (51.4) 

Lethargy 320 (24.1) 13 (68.4) 307 (23.4) 

Toxic/moribund appearance  9 (0.7) 6 (31.6) 3 (0.2) 

Myalgia/muscle pains/joint aches 50 (3.8) 5 (26.3) 45 (3.4) 

Leg pain 33 (2.5) 2 (10.5) 31 (2.4) 

Meningism 20 (1.5) 3 (15.8) 17 (1.3) 

Seizures 49 (3.7) 1 (5.3) 48 (3.7) 

Reduced GCS/altered mental state 23 (1.7) 10 (52.6) 13 (1.0) 

Stiff neck/back rigidity  31 (2.3) 3 (15.8) 28 (2.1) 

Bulging fontanelle 10 (0.8) 0 (0.0) 10 (0.8) 

Photophobia  36 (2.7) 0 (0.0) 36 (2.7) 

Irritable/unsettled 146 (11.0) 3 (15.8) 143 (10.9) 

Headache 105 (7.9) 3 (15.8) 102 (7.8) 

Focal neurology 0 (0.0) 0 (0.0) 0 (0.0) 

Brudzinski sign 0 (0.0) 0 (0.0) 0 (0.0) 

Kernigs sign 0 (0.0) 0 (0.0) 0 (0.0) 

Paresis 1 (0.1) 0 (0.0) 1 (0.1) 

Missing 0 (0.0) 0 (0.0) 0 (0.0) 

Pulse Rate    

Tachycardia  607 (45.7) 15 (78.9) 592 (45.2) 

Missing 2 (0.2) 0 (0.0) 2 (0.2) 

Respiratory Rate    
Tachypnoea  443 (33.3) 12 (63.2) 431 (32.9) 

Missing 16 (1.2) 0 (0.0) 16 (1.2) 

Blood pressure    
Hypotension 25 (1.9) 4 (21.1) 21 (1.6) 

Missing 749 (56.4) 1 (5.2) 748 (57.1) 

Capillary refill time (CRT)    
Capillary refill time (CRT) >2 seconds 87 (6.5) 13 (68.4) 74 (5.6) 

Capillary refill time (CRT) >3 seconds 21 (1.6) 7 (36.8) 14 (1.1) 

Capillary refill time (CRT) >4 seconds 4 (0.3) 2 (10.5) 2(0.2) 

Capillary refill time (CRT) >5 seconds 2 (0.2) 1 (5.2) 1 (0.1) 

Missing 60 (4.5) 0 (0.0) 60 (4.6) 

Blood test results     

Abnormal white cell count (WCC)* 375 (28.2) 13 (68.4) 362 (27.6) 

C-reactive protein (CRP) >6mg/l 846 (63.6) 19 (100) 827 (63.1) 

Missing  192 (14.4) 0 (0.0) 192 914.4) 

Outcomes    

Number that received parenteral antibiotics 
at first presentation 596 (44.8) 17 (89.5) 579 (44.2) 

Length of stay (days; mean (range)) 1.0 (0 - 39) 4.1 (0 - 23) 1.0 (0 - 39) 

Number admitted to PICU 11 (0.8) 9 (47.4) 2 (0.2) 

Deaths 2 (0.2) 2 (10.5) 0 (0.0) 

Missing 0 (0.0) 0 (0.0) 0 (0.0) 
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Outcome data  

There were 19 (1·4%) confirmed cases of MD in the study population (17 group B, one group C and 

one group W) and a further two confirmed MD cases were not enrolled. One was missed, and the 

other was not enrolled as local staff felt inclusion would have been inappropriate. MD was the invasive 

pathogen identified in eight of the 11 (72·7%) PICU admissions, and all deaths 2 (0·2%). A further 

seven IBIs were identified, including five Pneumococcal, one E.Coli, and one Group A Streptococcal 

infection. The combined number of all IBIs (including MD) was 26 of 1329 (2·0%). There were 45 

suspected contaminated blood culture results (Table 29). None of these participants required PICU 

admission or inotropes, and all survived to discharge.  

 

Table 29: List of contaminated blood cultures 

 

 

A total of 346/1329 (26·0%) did not undergo reference standard testing (blood culture/PCR). Of 

these, two (0·6%) received parenteral antibiotics; one was subsequently diagnosed with a 

haematological malignancy, and the other was given a single dose of parenteral antibiotics in the ED 

before being discharged with a diagnosis of “Viral Illness”. In this cohort, 19 (5·5%) had a single 

unplanned ED re-attendance within seven days, though none were subsequently admitted, treated 

with parenteral antibiotics, or diagnosed with MD or IBI. 
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Clinical practice guidelines 

In total eight CPGs were identified from the 37 participating PiC sties. These were the: Barts and the 

London [London CPG], Countess of Chester Hospital [Chester CPG], NICE Meningitis (bacterial) and 

meningococcal septicaemia in under 16s: recognition, diagnosis and management [NICE CG102], 

NICE Sepsis: recognition, diagnosis and early management [NICE NG51], Newcastle-Birmingham-

Liverpool [NBL CPG], Nottingham Children’s Hospital [Nottingham CPG], Royal Hospital for Children 

Glasgow [Glasgow CPG] and the University Hospitals Bristol [Bristol CPG]. The CPGs are available 

in the appendix. 

 
 
Diagnostic performance of CPGs in relation to meningococcal disease 

The eight CPGs correctly identified all 19 cases of MD with identical sensitivities 1·00(95%CI 0·79 to 

1·00). The negative predictive values (NPV) of the eight CPGs were also identical 1·00(95%CI 0·99 

to 1·00). These data are summarised in Table 30. The specificities and positive predictive values 

(PPV) of the CPGs varied more widely (Table 30). The lowest specificities were observed with the 

NICE NG51, specificity of 0·00(95% CI 0·00 to 0·00) and NICE CG102, specificity of 0·01(95% CI 

0·01 to 0·02). The remaining six CPGs performed with a significantly higher specificity (p<0·0001). 

The London CPG had a specificity of 0·36(95% CI 0·34 to 0·39). The Nottingham CPG had a 

specificity of 0·34(95% CI 0·32 to 0·37) respectively. The difference in specificity between the 

Nottingham CPG and London CPG was not statistically significant (p=1·00). 

 

The next best performing CPG was the NBL CPG with a specificity of 0·32(95% CI 0·29 to 0·34). 

The difference in specificity between the NBL CPG and the London CPG was statistically significant 

(p<0·0001); however, the difference in specificity between the NBL CPG and Nottingham CPG was 

not statistically significant (p=0.52).  
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Cost comparison  

The two strategies with the higher average costs per patient to the NHS were the NICE NG51, at 

£872 per patient, and NICE CG102, at £865 per patient. The more cost-minimising strategies were 

the London CPG, Nottingham CPG and NBL CPG with average costs of £658 per patient, £668 per 

patient and £684 per patient, respectively. (Table 30) 

 

Performance of CPGs at identifying children with IBI 

All of the assessed CPGs correctly identified the 26 cases of IBI. The sensitivities of the eight CPGs 

for the recognition of IBI were identical 1·00(95% CI 0·84 to 1·00). The negative predictive values 

(NPV) for the exclusion of IBI were identical 1·00(95% CI 0·99 to 1·00). (Table 31) 

 

The specificities and PPVs of the CPGs varied depending on the approach and are summarised in 

Table 31. The London CPG, Nottingham CPG and NBL CPG performed favourably with specificities 

of 0·37(95% CI 0·34 to 0·39), 0.35(95% CI 0·35 to 0·37) and 0·32(95% CI 0·29 to 0·35), respectively. 

The NICE CG102 and NICE NG51 demonstrated the lowest specificities with 0·01(95% CI 0·01 to 

0·02) and 0·00(95% CI 0·00 to 0.00), respectively.  
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Table 30: Diagnostic performance of CPGs at identifying meningococcal disease 
 

Clinical 
Practice 

Guideline 

Number Requiring 
Blood Tests  n(%) 

Recommendation  

Meningococcal Disease 
(n=19) Sensitivity (95% CI) Specificity (95% CI) 

Positive Predictive 
Value (95%CI) 

Negative Predictive 
Value  (95%CI) 

Cost per patient 

Present Absent 

London 997(75%) 
Treat 19 835 

1.00(0.79 to 1.00) 0.36(0.34 to 0.39) 0.02(0.01 to 0.04) 1.00(0.99 to 1.00) £658 
Do Not Treat 0 475 

Nottingham 1030(77.5%) 
Treat 19 859 

1.00(0.79 to 1.00) 0.34(0.32 to 0.37) 0.02(0.01 to 0.03) 1.00(0.99 to 1.00) £668 
Do Not Treat 0 451 

NBL 1019(76.7%) 
Treat 19 893 

1.00(0.79 to 1.00) 0.32(0.29 to 0.34) 0.03(0.02 to 0.04) 1.00(0.99 to 1.00) £684 
Do Not Treat 0 417 

Glasgow 1030(77.5%) 
Treat 19 897 

1.00(0.79 to 1.00) 0.32(0.29 to 0.34) 0.02(0.01 to 0.03) 1.00(0.99 to 1.00) £685 
Do Not Treat 0 413 

Chester 1087(81.8) 
Treat 19 965 

1.00(0.79 to 1.00) 0.26(0.24 to 0.29) 0.02(0.01 to 0.03) 1.00(0.99 to 1.00) £716 
Do Not Treat 0 345 

Bristol 1169(88%) 
Treat 19 1092 

1.00(0.79 to 1.00) 0.17(0.15 to 0.19) 0.02(0.01 to 0.03) 1.00(0.99 to 1.00) £774 
Do Not Treat 0 218 

NICE CG102 1329(100%) 
Treat 19 1295 

1.00(0.79 to 1.00) 0.01(0.01 to 0.02) 0.01(0.01 to 0.02) 1.00(0.99 to 1.00) £865 
Do Not Treat 0 15 

NICE NG51 1329(100%) 
Treat 19 1310 

1.00(0.79 to 1.00) 0(0.00 to 0.00) N/A N/A £872 
Do Not Treat 0 0 
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Table 31: Diagnostic performance of CPGs at identifying all invasive bacterial infection (n=26) 

Clinical Practice 
Guideline 

Number Requiring 
Blood Tests  n(%) 

Recommendation  
Invasive Bacterial 

Infection (n=) Sensitivty (95% CI) Specificity (95% CI) 
Positive Predictive 

Value (95%CI) 
Negative Predictive Value  (95%CI) 

 
Present  Absent  

London 997(75%) 
Treat 26 828 

1.00(0.84 to 1.00) 0.37(0.34 to 0.39) 0.03(0.02 to 0.04) 1.00(0.99 to 1.00) 
Do Not Treat 0 475 

Nottingham 1030(77.5%) 
Treat 26 852 

1.00(0.84 to 1.00) 0.35(0.32 to 0.37) 0.03(0.02 to 0.04) 1.00(0.99 to 1.00) 
Do Not Treat 0 451 

NBL 1019(76.7%) 
Treat 26 886 

1.00(0.84 to 1.00) 0.32(0.29 to 0.35) 0.03(0.02 to 0.04) 1.00(0.99 to 1.00) 
Do Not Treat 0 417 

Glasgow 1030(77.5%) 
Treat 26 890 

1.00(0.84 to 1.00) 0.32(0.29 to 0.34) 0.03(0.02 to 0.04) 1.00(0.99 to 1.00) 
Do Not Treat 0 413 

Chester 1087(81.8) 
Treat 26 958 

1.00(0.84 to 1.00) 0.26(0.24 to 0.29) 0.03(0.02 to 0.04) 1.00(0.99 to 1.00) 
Do Not Treat 0 345 

Bristol 1169(88%) 
Treat 26 1085 

1.00(0.84 to 1.00) 0.17(0.15 to 0.19) 0.02(0.01 to 0.03) 1.00(0.99 to 1.00) 
Do Not Treat 0 218 

NICE CG102 1329(100%) 
Treat 26 1288 

1.00(0.84 to 1.00) 0.01(0.01 to 0.02) 0.02(0.01 to 0.03) 1.00(0.99 to 1.00) 
Do Not Treat 0 15 

NICE NG51 
1329(100%) 

Treat 26 1303 
1.00(0.84 to 1.00) 0(0.00 to 0.00) N/A N/A 

Do Not Treat 0 0 
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Clinician listed diagnoses 
 

Research study sites were asked to report the clinician’s final diagnosis at discharge for all study 

participants. These reported diagnoses are summarised below. 

 

 Viral illness/viral rash n= 773 (58.2%) 

 Upper respiratory tract infection URTI (including otitis media/tonsillitis/sinusitis) n= 227 

(17.1%) 

 Suspected sepsis n=64 (4.8%) 

 Bronchiolitis/lower respiratory tract infection n=51 (3.8%) 

 Other rash (including scarlet fever/eczema/cellulitis) n=38 (2.9%) 

 Seizures n=29 (2.2%) 

 Meningococcal disease n=19 (1.4%) 

 Urinary tract infection n=18 (1.4%) 

 Mechanical cause n=14 (1.1%) 

 Vasculitis/Henoch-Schönlein purpura (HSP) n=12 (<1%) 

 Confirmed invasive bacterial infection (not MD) n=7 (<1%) 

 Viral meningitis/encephalitis n=7 (<1%) 

 Immune thromocytopenic purpura (ITP) n=6 (<1%) 

 Haematological malignancy n=3 (<1%) 

 Appendicitis n=3 (<1%) 

 Other/unknown n=53 (4.0%) 

 Total n=1329 
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Interpretation  
 

How risky is a fever and non-blanching rash? 

Previous estimates have suggested that between 10% and 20% of children with fever and NBR have 

underlying MD [6, 8, 10]. However, the data informing these findings were mostly collected prior to 

the introduction of the Meningococcal C vaccine (1999) and the Meningococcal B vaccine (2015) 

onto the UK vaccination schedule [6, 8, 10]. Successful vaccination programmes have led to a 

reduction in the number of cases of MD in the UK and this is reflected in the PiC study where the rate 

of MD was 1·4% amongst children presenting with a fever and NBR. Although the risk of MD is 

significantly lower than previously estimated the risk of MD is still relatively high in those children with 

a fever and NBR when compared to unwell children as a whole. This is exemplified by a recent study 

of 4608 unwell children from Belgium, in that cohort only one child had MD and there were no deaths 

[82]. So, whilst MD is far less likely than previously reported the presence of a NBR in the context of 

a febrile illness should raise the possibility of MD.  

 

In the PiC study there were 11 PICU admission and two deaths. Nine of the 11 PICU admissions 

were due to meningococcal disease and all of the deaths were due to meningococcal disease. Even 

with current medical standards 47% of children with MD require PICU care with a 11% mortality rate.  

 

What are the causes of fever and non-blanching rash? 

The most commonly reported reasons for a fever and non-blanching rash in the PiC study were a 

presumed viral illness or upper respiratory tract infection accounting for 75% of final diagnoses. Other 

more serious diagnoses such as invasive bacterial infections accounted for just 2% of presentations. 

Other diagnoses such as Henoch-Schönlein purpura, Immune thromocytopenic purpura and 

haematological malignancy (<2% for all combined) accounted for a minority of diagnoses. No child 

was diagnosed with a coagulopathy during the study.  

 

 



 

 

 

 

175 

How do the CPGs differ in approach?  

The CPGs can be broadly divided into three distinct strategies. The first, and most cautious, strategy 

is that all children with fever and NBR undergo investigation and treatment for MD including 

immediate administration of parenteral antibiotics i.e. NICE NG51. The second strategy is to perform 

blood tests on all children with fever and NBR and to tailor treatment based on a combination of 

clinical features and blood test results i.e. NICE CG120. The third, and least cautious, strategy is for 

tailored investigation and treatment with some children identified as suitable for discharge home 

without blood testing or parenteral antibiotics i.e. London CPG, Nottingham CPG, NBL CPG, Chester 

CPG, Glasgow CPG and Bristol CPG. The most significant difference between the two NICE CPGs 

and the other six CPGs is that the other six allow for well children with petechiae in the distribution of 

the superior vena cava (SVC) to be discharged home without investigation. The evidence for this 

approach is discussed in more detail in WP7. 

 

Is it time to change practice?  

The two UK national guidelines published by NICE (NICE CG102 and NICE NG51) provide 

contradictory advice as to the approach to the management of children with fever and NBR. NICE 

CG102 advocates a tailored approach based on risk and NG51 advises treatment for all with 

parenteral antibiotics. There is without doubt a need for clarification from NICE as to their preferred 

approach. The poor performance of NICE guidance may explain why the use of parenteral antibiotics 

in the PiC study was much lower than expected. Only 596 children received parenteral antibiotics in 

the PiC study despite NICE guidance advising that between 1310 and 1329 children receive parental 

antibiotics.  

 

In the PiC study all of the CPGs demonstrated a sensitivity of 1·00(95%CI 0·79 to 1·00). This would, 

on the face of it, suggest that all of the CPGs are equally reliable with regards to ruling out MD. There 

were, however, very few cases of MD (n=19) and the lower limit of the 95% confidence interval was 

only 0·79. There may be a difference in the sensitivities between the CPGs that this study was 

underpowered to detect. Two of the CPGs (NBL CPG and NICE CG102) have however, been 
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validated previously using retrospective data collection on cohorts of patients (n=625) from three 

sites recruited between 1998 and 2002 [10]. In that validation exercise the rate of MD was 23% and 

the NBL CPG demonstrated a sensitivity of 1·00 while the NICE CG102 demonstrated a sensitivity 

of 0·97 [10]. In that high prevalence setting the NBL CPG performed with greater sensitivity than the 

NICE CG102. 

 

Of all of the CPGs assessed in PiC the London CPG demonstrated the highest specificity of 0·36, it 

also advocated for the fewest number of children to be treated with parenteral antibiotics (n=854) and 

was the cheapest per patient (£658). It may therefore seem logical to switch from the current NICE 

CG102 to the London CPG. This however, carries a risk because the London CPG has not been 

validated in a higher prevalence setting and the sensitivity of the London CPG lies in the range of 

0·79 to 1·00. For a life-threatening disease such as MD many clinicians would be reluctant to accept 

a sensitivity of 0·79.  

 

Of all of the CPGs it is only the NBL CPG that has been validated in high and low prevalence settings 

and has been shown to be more sensitive and more specific than NICE CG102. Adopting the NBL 

CPG would have resulted in 310 fewer children requiring painful blood tests, 402 fewer admissions 

to hospital and cost reduction of £181 per patient compared to NICE CG102. Adopting the London 

CPG would have resulted in an additional 22 children not requiring blood tests a further 58 fewer 

admissions and a further saving of £26 per patient.  

 

Based on the PiC study and the existing literature the NBL CPG has been shown to be more sensitive 

and more specific than the current NICE CG102 with fewer painful blood tests, fewer admissions to 

hospital and reduction in healthcare costs. In the PiC study the London CPG was more specific than 

the NBL CPG. The difference was clinically small but statistically significant (p<0·0001). Clinicians 

and policy makers need to decide if the improvement in specificity between the NBL CPG and the 

London CPG is worth the risk of a lower sensitivity and the potential harm from missing a case of 

early MD. Further research is required to determine how the existing CPGs could be further refined. 
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The challenge facing UK based researchers is that MD is now so rare that further studies would 

require recruitment form a large number of sites over many years.  

 

Strengths/Limitations 

The PiC study was the largest ever study of children with fever and NBR. It was performed 

prospectively across 37 UK sites and recruited 1334 children across two winters. It represents the 

best available evidence for estimating the risk of MD amongst children presenting to hospital with a 

fever and NBR. The PiC study also accurately reports the current performance of a range of CPGs 

in. The main limitation to the PiC study was that there were very few cases of MD. This represents 

the current prevalence of MD in the UK. The findings from PiC should be interpreted with caution in 

areas where the prevalence of MD is significantly higher than it is in the UK.   

 

Work Package 5 Summary 

Work package 5 is likely to have the greatest clinical impact and provides high quality, current 

evidence for the performance of our current clinical practice guidelines in the UK. Arguably the most 

striking finding was that the risk of MD amongst febrile children with a non-blanching rash was not in 

the region of 10 to 15% as previously reported but rather in the region of 1% to 1.5%[7, 8, 10, 12]. 

These data alone are likely to influence clinical decision making.  

 

Furthermore, the current UK national NICE guidance NG102 performed poorly when compare with 

other local guidelines. 

 

The findings from WP5 have been written up and submitted to the Lancet (Infectious Diseases). 
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Work Package 6: Point-of-care Biomarkers  
 
Loop-mediated isothermal AMPlification (LAMP) 
 

Brief background summary  

Recent advancements in molecular diagnostics have resulted in the development of  Loop-mediated 

isothermal amplification (LAMP) technology  [12, 111, 115, 116, 174, 175]. LAMP is a form of rapid 

nucleic acid amplification that utilises specific looped primers and strand displacing DNA polymerase 

[63]. LAMP has several advantages over traditional molecular diagnostic techniques including; 

 

 Quicker testing, typically performed in under an hour 

 LAMP requires less equipment compared to PCR 

 LAMP is highly tolerant of biological fluids facilitating direct testing of clinical material 

 

A LAMP test has been developed for the rapid detection of the ctrA gene present within all serogroups 

of N. meningitidis and can be performed on a range of specimen types including blood, cerebrospinal 

fluid (CSF) and naso/oropharyngeal swabs [12, 111, 115, 116, 174, 175]. Initial data collected during 

the development of the LAMP-MD test have suggested that LAMP-MD has the potential to outperform 

traditional testing such as FBC and CRP for the early detection of MD in children [12, 111, 174]. 

Furthermore a systematic review of LAMP-MD test accuracy found that LAMP-MD testing of 

naso/oropharyngeal swabs performed equally as well as testing of blood when predicting MD [111]. 

The testing of naso/oropharyngeal swabs offers some advantages and challenges. The 

naso/oropharyngeal swabs are easier to collect and require minimal DNA extraction (heating for five 

minutes) when compared to blood testing which requires phlebotomy and a more complicated DNA 

extraction process [12, 63]. The potential issue with testing naso/oropharyngeal swabs instead of 

blood  is that benign carriage can occur potentially resulting in a positive test result and unnecessary 

treatment [12, 25, 111, 176].  The rates of carriage vary across populations and with age. For example 

carriage is relatively uncommon in infancy and early-childhood (less than 5%) but increases steadily 

to a peak in adolescence (approximately 25%)  [25–27, 29, 176].  
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The primary objective of this component of the PiC study was to report on the diagnostic accuracy of 

LAMP-MD testing of oropharyngeal swabs at detecting MD in children. 

 

Methods  

Participants 

Consecutive children under 18 years of age attending the ED with a recorded fever (≥38°C) and 

features of meningococcal sepsis/meningitis were eligible for inclusion to this arm of the study. 

Children with pre-existing haematological conditions such as haematological malignancy, idiopathic 

thrombocytopenic purpura (ITP) and coagulopathy were excluded. Children with pre-existing 

Henoch-Schonlein purpura (HSP) under follow up at the time of presentation were also excluded.  

Data were collected between the 9th of November 2017 and the 30th of June 2019 at three NHS 

emergency departments (ED) in the UK (Royal Belfast Hospital for Sick Children, Lancaster Royal 

Infirmary and Furness General Hospital). 

 

Test methods 

The index test employed in the study was the commercially available HG Direct Swab 

meningococcus LAMP test (HiberGene Diagnostics Ltd, Ireland). This assay consists of reaction 

strips containing lyophilised reaction mix comprised of specific primers targeting a conserved region 

of N. meningitidis ctrA gene, an exogenous bacteriophage sequence used as assay extraction control 

together with strand displacing polymerase enzyme, an intercalating dye and all other necessary 

reagents and buffer. Testing was performed on dry  Nylon FLOQSwabs® product code 519C (Copan 

diagnostics, Italy) of the child’s oropharynx. Swabs were collected by clinical staff in the ED during 

the initial assessment of the child.  The swab was placed in the supplied HG elution buffer (HiberGene 

Diagnostics Ltd, Ireland) denatured at 950C for 5 minutes with a 50μl aliquot analysed immediately 

as per the manufacturer’s instructions for use (http://www.hibergene.com/products/hg-

meningococcus/). All reactions were performed in ED using supplied HG Swift LAMP instrument 

(HiberGene Diagnostics Ltd, Ireland), which interprets generated fluorescent signals in real time. The 

total run time for each sample was 40 minutes at the end of each run HG swift reports one of three 
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results, positive, negative or invalid.  

 

The reference standard for MD was defined as positive culture or qPCR result for N. meningitidis 

from a sterile body site (blood or CSF). Reference standard testing was performed at accredited NHS 

hospital laboratories by individuals blinded to the results of the index test. In all instances LAMP-MD 

testing was performed prior to the results of the reference standard testing.  

 

LAMP-MD testing without the heat denaturation step 

As discussed in work package one it appeared possible to successfully and reliably detect clinically 

relevant levels of N. meningitidis from the oropharynx without the need for a heat denaturation step. 

To assess this further the oropharyngeal specimens were opportunistically tested with and without 

heat denaturation. I performed this additional testing in parallel to testing as per the manufacturer’s 

instructions and without any additional delay to routine patient testing. I decided to perform this 

additional testing opportunistically based on when I was present as the parallel testing involved 

additional testing steps that were not part of the original site training. I was concerned that if I had 

asked for all specimens to be tested in parallel by the clinical team, rather than doing it myself, that 

it would have overcomplicated the POCT for the ED staff which could have led to invalid results and 

reduced recruitment.  

 

Follow up 

All children were followed up at seven days to monitor for any unplanned re-attendances.  All 

participating institutions cross referenced their recruited children with notifications of MD to public 

health from their hospital laboratory. These steps were taken to ensure that all cases of MD were 

recorded including any situation where a child may have been discharged home without treatment.   

 

In situations where the child was discharged home without reference standard testing the child was 

assumed to not have MD as long as they met the following criteria: 
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 They were not subsequently diagnosed with MD within seven days of discharge 

 They did not have a MD notification to public health  

 

Analysis  

The study population was described in terms of demographic characteristics, vaccination status, 

parenteral antibiotic use, admission to hospital, admission to intensive care and survival. The 

diagnostic accuracy of LAMP-MD was reported with sensitivity, specificity, negative predictive value 

(NPV), positive predictive value (PPV) and negative/positive likelihood ratios (LHR) with 95% 

confidence intervals (CI). In situations where the LAMP-MD provided an invalid result the test result 

was excluded from analysis. The significance of the differences in sensitivity and specificity of LAMP-

MD testing compared with conventional testing were assessed using the McNemar’s test. 

 

Findings 

Flow of patients  
Between the 9th of November 2017 and the 30th of June 2019, a total of 304 consecutive children 

were screened for inclusion in the study across the three sites.   A total of 24 patients were excluded 

from recruitment for the following reasons: 

 

 18 were screened too late for index testing to be performed 

 four did not meet the study inclusion criteria 

 two required a translator  

 one declined consent  

 

Of the 280 recruited patients 17 did not have LAMP-MD testing performed due to a lack of time and/or 

trained staff to perform the testing. Three of the LAMP-MD tests provided invalid results and 260 

patients had valid LAMP-MD results included in the final analysis. All of patients without LAMP-MD 

testing (n=17) and all of the patients with invalid results (n=3) did not have a diagnosis of MD. Of the 

260 children included in the final analysis 245 were recruited from the Royal Belfast Hospital for Sick 

Children, 12 from the Lancaster Royal Infirmary and three from Furness General Hospital). 
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Reference standard testing was performed in 253 of the 260 included children. None of the seven 

children without reference standard testing received parenteral antibiotics and all were diagnosed 

with a “viral illness” by the discharging clinician. None of the eight children without reference standard 

testing re-presented within seven days of discharge. A summary of the flow of patients through the 

study can be visualised in Figure 34. 

 
Figure 34: Flow of patients through the study 
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Demographic & outcome data 

Of the 260 children included in the final analysis 142 (54.6%) were male. The median age was two 

years and 11 months (range 1 month to 13 years 11 months) and 169 (65%) children were aged five 

years or younger. A total of 253 (97.3%) were fully vaccinated for age and 150 (57.7%) had received 

the meningococcal B vaccination and 179 (68.8%) had received the meningococcal C vaccination. 

Parenteral antibiotics were given to 120 (46.2%) and 142 (54.6%) were admitted overnight with four 

children admitted to the paediatric intensive care unit (PIC) and one child died. There were five 

confirmed cases on invasive MD (summarised in Table 32). 

 

 
 
 
 

 
Table 32: Summary of confirmed meningococcal disease  
 

 

Diagnostic accuracy of LAMP-MD 

The LAMP-MD test was negative in 246 of 260 children and positive in 14 children. Of the 14 children 

with positive LAMP-MD tests there were five cases of invasive MD. Of the 246 children with negative 

LAMP-MD tests there were no cases of invasive MD. The sensitivity of LAMP-MD was 1.00(95% CI 

0.46 to 1.00) and the specificity was 0.97(95% CI 0.93 to 0.98). The NPV and PPV were 1.00(95% 

CI 0.98 to 1.00) and 0.36(95%CI 0.14 to 0.64) respectively. The positive likelihood ratio was 28.3(95% 

CI 14.9 to 53.8) and the negative likelihood ratio was incalculable due to there being no false 

negatives.  These data are summarised in Table 33. In all instances the LAMP-MD test result was 

available within 40 minutes.  

 

 

 

Diagnosis Blood Culture Blood qPCR Survival 

N. meningitidis B N. meningitidis B N. meningitidis B No

N. meningitidis B Negative N. meningitidis B Yes

N. meningitidis B Negatve N. meningitidis B Yes

N. meningitidis B Negative N. meningitidis B Yes

N. meningitidis B Negative N. meningitidis B Yes
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LAMP-MD testing without heat denaturation 

A total of 139 specimens were tested without prior heat denaturation this included three children with 

confirmed meningococcal disease. There were 134 negative test results including one false negative 

and there were five positive results including two correctly identified cases and three false positive 

results. The sensitivity of the LAMP-MD testing without heat denaturation was 0.67(95% CI 0.13 to 

0.98). The specificity of the LAMP-MD testing without heat denaturation was 0.98(95% CI 0.93 to 

0.99). The NPV and PPV were 0.99(95% CI 0.95 to 1.00) and 0.40(95%CI 0.07 to 0.83) respectively. 

The positive likelihood ratio was 30.2(95% CI 7.6 to 199.6) and the negative likelihood ratio was 

0.34(95%CI 0.07 to 1.69).  These data are summarised in Table 34. In all instances the LAMP-MD 

test result was available within 40 minutes.  

 

N. meningitidis carriage rates  

The oropharyngeal swabs used to perform LAMP-MD testing underwent additional laboratory testing 

for meningococcal ctrA gene using qPCR.  Of the 260 analysed specimens seven tested positive for 

N. meningitidis and 253 tested negative. The seven positive test results included all of the cases of 

invasive MD. Overall 7/260 (2.7%) of tested children were found to have N. meningitidis present in 

their oropharynx.  

 

Comparison to conventional testing 

All of the 260 children included in the final analysis had data relating to their measured C-reactive 

protein levels (CRP), total white cell counts (WCC) and neutrophil counts recorded. The diagnostic 

accuracies of these tests over a range of cut-offs are shown in Table 35. The LAMP test outperformed 

all conventional testing with LAMP demonstrating a sensitivity of 1.00 whilst being more specific than 

all conventional tests reported irrespective of cut-off (p<0.001) for all using McNemar’s test. 
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Table 33: Diagnostic accuracy of LAMP-MD testing on oropharyngeal swabs for predicting MD (with heat denaturation step) 
 

Index Test 

Meningococcal 
Disease Sensitivity    

(95% CI) 
Specificity  
(95% CI) 

Positive 
Predictive 

Value (95%CI) 

Negative 
Predictive 

Value  (95%CI) 

Positive  
Likelihood 

Ration (95%CI) 

Negative  
Likelihood 

Ration (95%CI) 
Present  Absent  

LAMP Positive  5 9 

1.00(0.46 to 1.00) 0.97(0.93 to 0.98) 0.36(0.14 to 0.64) 1.00(0.98 to 1.00) 28.3(14.9 to 53.8) N/A 

LAMP Negative 0 246 

 

Table 34: Diagnostic accuracy of LAMP-MD testing on oropharyngeal swabs for predicting MD (without heat denaturation step) 
 

Index Test 

Meningococcal 
Disease Sensitivity    

(95% CI) 
Specificity  
(95% CI) 

Positive 
Predictive 

Value (95%CI) 

Negative 
Predictive 

Value  (95%CI) 

Positive  
Likelihood 

Ration (95%CI) 

Negative  
Likelihood 

Ration (95%CI) 
Present  Absent  

LAMP Positive  2 3 

0.67(0.13 to 0.98) 0.98(0.93 to 0.99) 0.40(0.07 to 0.83) 0.99(0.95 to 1.00) 30.2(7.6 to 199.6) 0.34(0.07 to 1.69) 

LAMP Negative 133 1 

 

Table 35: Diagnostic accuracy of CRP and WCC testing in the cohort of children with LAMP-MD testing 
 

Test Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) Positive LHR (95% CI) Negative LHR (95% CI) 

C-reactive protein > 6mg/l 1.00(0.46 to 1.0) 0.29(0.23 to 0.35) 0.03(0.01 to 0.06) 1.00(0.94 to 1.00) 1.4(1.3 to 1.5) NA 

C-reactive protein ≥ 10mg/l 1.00(0.46 to 1.0) 0.39(0.33 to 0.45) 0.03(0.01 to 0.07) 1.00 (0.95 to 1.00) 1.6(1.5 to 1.8) NA 

C-reactive protein ≥ 20mg/l 1.00(0.46 to 1.0) 0.54(0.47 to 0.60) 0.04(0.01 to 0.10) 1.00(0.96 to 1.00) 2.2(1.9 to 2.5) NA 

C-reactive protein ≥ 50mg/l 0.60(0.17 to 0.93) 0.78(0.73 to 0.83) 0.05(0.01 to 0.15) 0.99(0.96 to 0.99) 2.8(1.3 to 6.0) 0.5(0.2 to 1.5) 

Abnormal white cell count  0.60(0.17 to 0.93) 0.67(0.61 to 0.73) 0.03(0.01 to 0.11) 0.99(0.95 to 1.00) 1.8(0.9 to 3.9) 0.6(0.2 to 1.7) 

Elevated neutrophil count  0.40(0.07 to 0.83) 0.73(0.67 to 0.78) 0.03(0.00 to 0.11) 0.98(0.95 to 1.00) 1.5(0.5 to 4.4) 0.8(0.4 to 1.7) 
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Interpretation  

Meningococcal disease is uncommon in the UK and often mimics a common viral illness during the 

prodrome. This combination of a rare disease mimicking a common illness makes diagnosing early 

MD extremely challenging. Conventional laboratory tests such as CRP, WCC and neutrophil counts 

lack the necessary accuracy to be used as either rule in or rule out tests for early detection [12, 177–

179].  

 

Advancements in molecular testing mean it is now possible to perform a rapid diagnostic test in the 

emergency department with results available within 40 minutes. The data from this work package 

demonstrates that the commercially available LAMP-MD test can be used in the ED by clinical staff. 

The LAMP-MD test was highly accurate for predicting invasive MD with a sensitivity of 100% and 

specificity of 97%. This was superior to conventional tests such as CRP, WCC and neutrophil counts 

(p<0.001). Removing the heat denaturation step significantly and adversely affected the performance 

of the LAMP-MD test. Even with only a few case (n=3) of MD the removal of the heat denaturation 

step resulted in the LAMP-MD assay failing to detect the presence of N. meningitidis in one patient. 

Given the severity of MD it would not be reasonable to use the test without prior heat denaturation.  

 

In this cohort of patients, the carriage of N. meningitidis was low with 14/260 children testing positive 

by LAMP-MD (5.4%) and 7/260 children testing positive by qPCR of oropharyngeal swabs (2.7%). 

All of those children who tested positive by qPCR of oropharyngeal swabs also tested positive by 

LAMP-MD. The seven children who tested positive by LAMP-MD but negative by qPCR of 

oropharyngeal swabs either represent a false positive LAMP-MD result or represent carriage not 

detected by qPCR. It is possible that the LAMP-MD test has a greater sensitivity than traditional 

qPCR for detecting N. meningitidis. The low carriage rate in this study (2.7% to 5.4%) will have 

influenced the accuracy of LAMP-MD in predicting invasive MD. The low carriage rate will have 

resulted in fewer positive LAMP-MD tests due to harmless carriage. If the carriage rates had been 

higher the specificity of LAMP-MD testing of oropharyngeal swabs would have been lower.  
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Limitations 

There several limitations to this aspect of the PiC study. Firstly, the majority of children included in 

this cohort were under the age of five years. This age-group have low benign carriage rates of N. 

meningitis in the naso/oropharynx and this will have affected the accuracy of the LAMP-MD test with 

fewer false positive results than if the carriage rates had been higher. The data from this study could 

not be applied to populations where benign carriage rates are higher e.g. adolescents and young 

adults. Secondly there were very few cases of MD in this cohort despite children only being included 

if they had symptoms and signs of MD. Further studies are required to understand the performance 

of LAMP-MD in a high prevalence setting. Finally, the majority of the LAMP-MD testing occurred in a 

large tertiary children’s hospital. The dominance of one centre increases the inherent risk of bias 

within the study. A multicentre study involving a range of sites and a greater number of older children 

and adolescents is required to fully understand the clinical utility of the LAMP-MD test. 

 

Conclusion 

The data from this arm of the study suggest that non-invasive LAMP-MD oropharyngeal swab testing 

could replace blood testing of CRP/WCC and neutrophils. Currently the National Institute for Health 

and Care Excellence (NICE) recommend that all children with signs and symptoms of MD undergo 

blood testing with only those well-appearing children with normal test results being allowed home 

without treatment [3]. The LAMP-MD testing of oropharyngeal swabs demonstrated a greater 

diagnostic  accuracy than CRP/WCC and neutrophil counts and LAMP-MD could potentially be used 

in well-appearing children to identify a low risk group suitable for discharge (LAMP test negative) and 

a group at higher risk who would require additional laboratory testing and treatment (LAMP test 

positive). 
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Point-of-care blood biomarkers 
 

Brief background summary  

Procalcitonin (PCT) has been shown to have potential value for the early recognition of serious 

infections in children. PCT has been reported to rise within two hours of the onset of a bacterial 

infection and to be highly specific for the recognition of bacterial infection. Unfortunately, there are 

still conflicting reports as to the diagnostic accuracy of PCT compared with CRP in different paediatric 

populations[81, 130, 142, 147]. The point-of-care PCT test was available from the onset of the PiC 

study as a point-of-care blood test produced by Thermofisher. The verification of the that PCT test 

was presented in Work Package 2. Part-way through the PiC study Thermofisher duplexed the PCT 

test with another biomarker called Mid-regional proadrenomedulin (MR-proADM). MR-proADM is a 

48 amino acid fragment of ADM produced during ADM synthesis at a ratio of 1:1. Although biologically 

inactive it’s longer half-life and relative stability makes measurement from body fluids easy and 

reliable [98].  

 

The primary objectives of this component of the PiC study was to report on the diagnostic accuracy 

of PCT and MR-proADM testing for identifying MD in children and for identifying all invasive bacterial 

infections and all serious infections.  

  

Methods  

Participants 

Consecutive children under 18 years of age attending the ED with a recorded fever (≥38°C) and 

features of meningococcal sepsis/meningitis were eligible for inclusion to this arm of the study. 

Children with pre-existing haematological conditions such as haematological malignancy, idiopathic 

thrombocytopenic purpura (ITP) and coagulopathy were excluded. Children with pre-existing 

Henoch-Schonlein purpura (HSP) under follow up at the time of presentation were also excluded.  

Data were collected between the 9th of November 2017 and the 30th of June 2019 at four NHS 

emergency departments (ED) in the UK (Royal Belfast Hospital for Sick Children, Lancaster Royal 

Infirmary, Furness General Hospital and Salisbury District Hospital). 
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Test methods 

The index tests were the BRAHMS IB10 PCT test and BRAHMS IB10 PCT/MR-proADM test. These 

tests were performed using 0.5ml of whole blood collected using Lithium Heparin paediatric blood 

bottles. The blood samples were tested as soon as possible in after collection using the Samsung 

LABEGO IB10 analyser placed in the ED. The stepwise procedure as discussed in Work Package 2 

involved pipetting 500μl of the patient sample into the test disc before loading the disc onto the 

analyser and pressing run. 

 

Reference standards 

The primary reference standard for identification of MD or other invasive bacterial infection (IBI) were 

defined as positive culture or PCR for N. meningitidis or other bacterial pathogen from a sterile body 

site (i.e. blood or CSF), performed by technicians blinded to clinical information at accredited National 

Health Service (NHS) hospital laboratories.  

 

Additional reference standards 
 
In addition to the primary reference standards outlined above we also investigated the accuracy of 

biomarkers to diagnose other serious infections (SI). The definitions of SI are outlined below. 

 

 Viral meningitis: pleocytosis detection of virus in cerebrospinal fluid. 

 Appendicitis: confirmed at histology. 

 Pneumonia: focal consolidation on chest X-ray confirmed by a consultant radiologist 

(Excluding children under 2 years of age). 

 Osteomyelitis: pathogens from bone aspirate, or MRI or bone scan suggestive of 

osteomyelitis. 

 Cellulitis: acute suppurative inflammation of subcutaneous tissues. 

 Bacterial gastroenteritis: pathogen isolated from stool culture. 

 Urinary tract infection: >105/mL pathogens of a single species isolated from urine culture and 

systemic effects such as fever. 
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Contaminants 

A contaminant was defined as a positive blood culture result where the discharging clinician felt the 

culture result was most likely due to contamination and the growth was of one of the following: 

 

 Coagulase negative staphylococcus  

 Propionibacterium acnes  

 Streptococcus viridans 

 Diphtheroides 

 

Follow up 

All children were followed up at seven days to monitor for any unplanned re-attendances.  All 

participating institutions cross referenced their recruited children with notifications of MD to public 

health from their hospital laboratory. These steps were taken to ensure that all cases of MD were 

recorded including any situation where a child may have been discharged home without treatment.   

 

In situations where the child was discharged home without reference standard testing the child was 

assumed to not have MD as long as they met the following criteria: 

 

 They were not subsequently diagnosed with MD within seven days of discharge 

 They did not have a MD notification to public health  

 

Analysis  

The study population was described in terms of demographic characteristics and compared to the 

broader PiC population discussed already. The diagnostic accuracy of point-of-care PCT and MR-

proADM were reported with receiver operating characteristic (ROC) curves and the area under the 

curve (AUC) with sensitivities and specificities for a range of cut-offs. The Hanley method for 

comparing the AUC was used to compare the significance of any observed difference in AUC 

between biomarkers[180]. 
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Results 

Recruitment 

Between the 9th of November 2017 and the 30th of June 2019, a total of 348 eligible children were 

screened for recruitment from four sites (Royal Belfast Hospital for Sick Children, Salisbury District 

Hospital, Lancaster Royal Infirmary and Furness General Hospital). Of the 348 eligible children 18 

were excluded because they were screened after index tests had been performed (“missed”), two 

were excluded due to a language barrier and one declined consent. Of the remaining 327 children 

215 had sufficient blood for additional blood biomarker testing (Royal Belfast Hospital for Sick 

Children n=177, Salisbury District Hospital n= 23, Lancaster Royal Infirmary n=12, Furness General 

Hospital n=3). Of these all 215 underwent PCT testing and 78 underwent combined PCT/MR-proADM 

testing. There were fewer combined PCT/MR-proADM tests because this was only available at the 

Royal Belfast Hospital for Sick children between the 31st of August 2018 and the 30th of June 2019.  

 

All of the children undergoing additional biomarker testing had complete data sets with CRP, White 

Cell counts and reference standards. A flow of patients through this arm of the study can be visualised 

in Figure 35. The demographic data and rates of infection were similar between the blood biomarker 

testing group and the PiC study overall (n=1329). The median age in the blood biomarker testing 

group was 2 years 9 months with a range of 1 month to 13 years 11 months. There were 118 males 

(55%) and 97 females (45%). Within the study population there were on eight serious infections (SI) 

(3.7% of the studied population). The serious infections included three invasive bacterial infections 

(all invasive meningococcal disease), three urinary tract infections and one confirmed Group A 

streptococcal infection. 

 

The subgroup that received combined PCT/MR-proADM testing (n=78) included 52 males (63%) and 

30 females (37%). The median age was 2 years 8 months with a range of 2 months to 13 years and 

11 months. Within this smaller cohort there were four serious infections including two invasive 

bacterial infections (all invasive meningococcal disease), one confirmed Group A Streptococcal 

infection and one urinary tract infection. 
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Figure 35: Flow of patients through blood biomarker point-of-care testing arm 
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Test Accuracy (Procalcitonin)  

In the study population (n=215) procalcitonin demonstrated an AUC of 0.70(95%CI 0.46 to 0.93) for 

the detection of SI (n=8) and an AUC of 0.99(95% CI 0.98 to 1.00) for the detection of IBI(n=3). These 

data can be visualised in Table 36 and Figure 36. 

 
 
Table 36: Area Under the Curve - Serious Infection (SI), Invasive Bacterial 
Infection (IBI), Meningococcal Disease (MD) 

 

 

Patients 

N= 

 

 

Infections 

N= AUC Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

215 (SI N= 8) 0.70 0.12 0.46 0.93 

215 (IBI N=3) 0.99 0.01 0.98 1.00 

215 (MD N=3) 0.99 0.01 0.98 1.00 

 
 
 
 
Figure 36: ROC Curves for PCT and Serious Infection (SI), Invasive Bacterial Infection (IBI) 
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Procalcitonin compared with CRP (Serious Infections) 

For the same population of 215 children I compared the diagnostic accuracy of CRP with PCT for the 

detection of SI. The CRP test had an AUC of 0.80(95%CI 0.60 to 0.99) for the detection of SI. The 

difference in AUC between CRP and PCT was not statistically significant (p=0.48). These data are 

summarised in Table 37 and Figure 37. 

 

Procalcitonin compared with CRP (Invasive Bacterial Infections/meningococcal disease) 

I compared the AUC for CRP and PCT for the detection of IBI/MD. The AUC for PCT was 0.99(95% 

CI 0.98 to 1.00) and the AUC for CRP was 0.88(95% CI 0.69 to 1.00). The differences in AUC were 

not statistically significant (p=0.42). These data can be visualised in Table 38 and Figure 38 

 

 

Table 37: Area Under the Curve (PCT and CRP) for the recognition of SI (n=8) 

Test Result 

Variable(s) AUC 

Std. 

Error 

Statistical 

Significance 

Between AUC 

95% Confidence Interval 

Lower Bound Upper Bound 

PCT 0.70 0.12 
P=0.48 

0.46 0.93 

CRP 0.80 0.10 0.60 0.99 

 

 

 

 
Table 38: Area Under the Curve (PCT and CRP) for the recognition of IBI/MD (n=3) 

Test Result 
Variable(s) AUC Std. Error 

Statistical 
Significance 

Between AUC 

Asymptotic 95% Confidence 
Interval 

Lower Bound Upper Bound 

PCT 0.99 0.01 
P=0.42 

0.98 1.00 

CRP 0.88 0.09 0.69 1.00 
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Figure 37: ROC curve comparison for PCT and CRP (Serious Infection) 
 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 38: ROC curve comparison for PCT and CRP - Invasive bacterial infection (all 
meningococcal disease) 
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Optimal PCT cut-off values 
 
The diagnostic test accuracy of PCT for detection of SI and IBI over a range of cut-off values are 

shown in Table 39. Based on these data a cut-off value of 1.5ng/ml would provide the optimal balance 

between sensitivity and specificity for the identification of both IBI and SI. At a cut-off of 1.5ng/ml PCT 

was highly sensitive at detecting IBI (1.00) with a moderate sensitivity for detecting SI (0.63). At a 

cut-off of 1.5ng/ml PCT was highly specific for both IBI and SI (0.84 and 0.83) respectively.  

 

Table39: Diagnostic accuracy of PCT across a range of values 

PCT Value 

ng/ml 

Serious Infection Invasive Bacterial Infection 

Sensitivity Specificity Sensitivity Specificity 

0.25 0.75 0.39 1.00 0.39 

0.50 0.63 0.61 1.00 0.61 

0.75 0.63 0.75 1.00 0.75 

1.00 0.63 0.79 1.00 0.79 

1.50 0.63 0.84 1.00 0.83 

2.00 0.50 0.87 1.00 0.87 

3.00 0.37 0.93 1.00 0.96 
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Test accuracy MR-proADM 
 
Of the 78 children that underwent MR-proADM testing there were four serious infections (SI) including 

two invasive bacterial infections. The AUC for MR-proADM for detecting all SI was 0.74(95% CI 0.46 

to 1.00). This was lower than for both CRP and PCT for the same population of n=78 although the 

differences were not statistically significant. These data can be visualised in Table 40 and Figure 39. 

There were too few invasive infections in this cohort (n=2) to perform a sperate ROC analysis for the 

identification of IBI and it was not possible to determine an optimum cut-off value.  

 

Table 40: Area Under the Curve (PCT/CRP and MR-proADM) for the detection of SI (n=4) 

Test Result 
Variable(s) AUC Std. Error 

Asymptotic 95% Confidence 
Interval 

Lower Bound Upper Bound 

PCT 0.84 0.13 0.59 1.00 
MR-proADM 0.74 0.15 0.46 1.00 
CRP 0.90 0.07 0.77 1.00 

 
 
Figure 39: ROC curve comparison for PCT, CRP and MR-proADM- Detection of Serious Infection 
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Prognostic value of MR-proADM compared with PCT and CRP 
 
The severity of illnesses of the 78 patients included in the MR-proADM cohort were assessed in 

terms of length of stay and admission to the paediatric intensive care unit (PICU). There were three 

intensive care admissions in this cohort and 12 patients admitted for greater than 72 hours, there 

were no deaths amongst the 78 patients. The AUC relating to MR-proADM, PCT and CRP for 

predicting those children who would require a prolonged admission beyond 72 hours are shown 

below (Table 41 and Figure 40). The AUC for MR-proADM was 0.61(95% CI 0.40 to 0.82), the AUC 

for PCT was 0.77(95% CI 0.64 to 0.91) and the AUC for CRP was 0.66(95% CI 0.50 to 0.82). The 

differences were not statistically significant (p>0.05). 

 

The AUCs relating to MR-proADM, PCT and CRP for predicting those children who would require 

intensive care are shown below (Table 42 and Figure 41). The AUC for MR-proADM was 1.00(95% 

CI 1.00 to 1.00), the AUC for PCT was 1.00(95% CI 1.00 to 1.00), the AUC for CRP was 0.73(95% 

CI 0.50 to 0.96) and the AUC for lactate was 0.97(95% CI 0.93 to 1.00). The differences in AUC were 

not statistically significant (p>0.05). 

 

Table 41: AUC for biomarkers at predicting prolonged admission beyond 72 hours  
 

Test Result 
Variable(s) AUC Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

CRP 0.66 0.08 0.50 0.82 
PCT 0.77 0.07 0.64 0.91 
MR-proADM 0.61 0.11 0.40 0.82 
Lactate* 0.68 0.10 0.48 0.88 
*N=57 

 
 
 
Table 42: AUC for biomarkers at predicting admission to PICU  
 

Test Results AUC Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

CRP 0.73 .12 .50 .96 
PCT 1.00 .00 1.00 1.00 
MR-proADM 1.00 .00 1.00 1.00 
Lactate*  0.97 .03 .93 1.00 
N=57 
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Figure 40: ROC Curve (MR-proADM, PCT, CRP and Lactate) for predicting need for prolonged 
admission 

 

 
Figure 41: ROC curves for biomarkers at predicting admission to PICU  
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Discussion of POCT resulting 

Due to financial limitations the additional POCT could only be performed at a limited number of sites 

(n=4 for PCT) and (n=1 for MR-proADM). The populations studied for both PCT (n=215) and MR-

proADM (n=78) were similar to the larger PiC study cohort (n=1329) in terms of age and gender mix. 

The rates of SI were also similar with 3.9% of the PCT tested cohort having SI, 5.1% of MR-proADM 

cohort having SI and 5.5% of the overall PiC study cohort having SI. Similarly, the rates of IBI were 

similar with 1.4% of the PCT tested cohort having an IBI, 2.6% of MR-proADM cohort having an IBI 

and 2.0% of the overall PiC study cohort having an IBI. 

 

The small numbers of patients with SI and IBI make the degree of confidence around the results low 

but from the PCT cohort of 215 patients there was no measurable difference in test accuracy between 

PCT and CRP in predicting IBI or SI. The study was underpowered to detect small differences in 

performance and the relatively low accuracy of the BRAHMS® point-of-care PCT test compared with 

the ELECSYS Bench Top PCT assay could have confounded this further. 

 

From the data presented above PCT performed with a moderate test accuracy for predicting serious 

infections with an AUC 0.70 in this population. This was surprising as a number of authors have 

shown that PCT is highly accurate at predicting serious bacterial infection and invasive bacterial 

infections [13, 81, 181]. This finding was also in direct contradiction to my own work published as 

part of WP2 were PCT was highly accurate at predicting SBI in young infants [147]. On reflection 

those studies included a higher proportion of invasive bacterial infections than this cohort and were 

conducted in younger children (mostly exclusively infants under three months of age). Other authors 

have reported that indiscriminate use of PCT testing in febrile older children to have a low diagnostic 

accuracy for detecting serious infections [130, 182]. For example a study from Ireland involving febrile 

children presenting to the ED had very similar findings to mine [130]. In that study the population was 

similar to that of PiC study population with a median age of 19 months and they too found that PCT 

performed poorly at detecting serious bacterial infection. They reported that at a cut-off of 1.0ng/ml 

that PCT had a sensitivity of 0.16 and a specificity of 0.63[130].  
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In keeping with discussed literature above PCT was accurate for the detection of invasive bacterial 

infections in this study with an AUC of 0.99. Based on the data presented the optimal cut-off PCT 

value in this study was 1.50ng/ml. This value is similar to the cut-off of 1.83ng/ml recommended by 

an existing meta-analysis regarding the test accuracy of PCT for detecting MD[13]. At a cut-off of 

1.5ng/ml was strongly predictive of IBI/MD with a sensitivity of 1.00 and a specificity of 0.84. Whilst 

PCT was highly accurate at detecting IBI/MD in this study I was unable to demonstrate a statistically 

significant difference in test accuracy between CRP and PCT for the detection of SI or IBI. This too 

is similar to my findings in WP2. 

 

The data regarding MR-proADM is difficult to interpret due to the small numbers of patients and the 

low numbers of children with SI and IBI. Based on the findings in this study it appears that MR-

proADM did predict SI although the AUC (0.74) was similar to that of PCT and CRP. Based on the 

data above and the existing literature I suspect that MRpro-ADM would not have outperformed CRP 

or PCT as a diagnostic marker of SI or IBI even if the study had been larger. This argument is 

supported by data from a published diagnostic test accuracy study of 1035 children with 16 IBIs 

assessing performance of MR-proADM[127]. That paper reported a similar AUC of 0.69 for the 

detection of serious bacterial infections.  

 

Mid-regional pro-adrenomedullin has been shown to be a regulator of vascular tone in health and 

during sepsis [85, 93]. It is therefore possible that MR-proADM strength is in prognosticating rather 

than in diagnosis. The limited data presented above show a potential prognostic role for MR-proADM 

in the assessment of children with sepsis. Whilst MR-proADM was not a good predictor of prolonged 

hospital stay, in this cohort, it was an excellent predictor of the need for intensive care (AUC 1.00). 

What isn’t clear from this cohort is if MR-proADM levels rise prior to the child appearing unwell. 

Further studies are required to determine if MR-proADM levels are significantly elevated prior to 

clinically detectable sepsis and if MR-proADM levels could be used as an early prognostic indicator 

of severity.  
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Limitations 

The assessment of blood biomarkers was limited by a number of factors. Firstly, the overall number 

of patients with sufficient blood volumes for additional testing was less than hoped with only 70% of 

recruited children having sufficient blood volumes for additional testing. Secondly, the total number 

of serious and invasive bacterial infections was low (<5%). These factors resulted in an arm of the 

study that was underpowered to detect small differences in test accuracy between biomarkers. 

 

Work Package 6 Summary 

Even with the limitations outlined above the data still provide some useful insights into the use of 

point-of-care blood biomarkers. Firstly, any future POC biomarkers need to be simple to use and 

easy to test on small volumes of blood (less than 0.5ml) or significant numbers of children will not 

benefit from the test. 

 

Secondly, better POC biomarkers are required than the ones studied (PCT and MR-proADM). Whilst 

they demonstrated some accuracy for the detection of serious infections and invasive bacterial 

infections, they did not significantly outperform CRP and their accuracy was too poor to be used as 

rule out tests.  

 

Finally, the prognostic value of MR-proADM requires further assessment. In particular studies are 

required to determine if the MR-proADM levels are elevated prior to the child appearing unwell to 

healthcare professionals or if the levels only rise once the child is clearly unwell.  Based on the 

findings from this work package none of the blood based POC were included in the development of 

a new CPG in work package 7.  

 

The LAMP-MD tests did, however, show some real promise and although further studies are required 

it appears that LAMP-MD testing might have a role in lower risk children to help rule out early MD 

and mitigate the need for painful blood tests. A role for LAMP-MD was considered further in work 

package 7 below. The findings from the LAMP-MD aspect of PiC have been written up and submitted 
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for publication to Archives of Disease in Childhood. 
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Work Package 7: Describing a new clinical practice guideline   
 
The data collected during the full PiC study not only allowed for the validation of the existing 

clinical practice guidelines but also for the development of a new clinical practice guideline 

(CPG). In this chapter I discuss the process by which a new CPG was developed from the PiC 

data set. The structure below is based on the transparent reporting of a multivariable prediction 

model for individual prognosis or diagnosis (TRIPOD) statement[149].  

 
Background 
 
As presented in Work Package 5 eight CPGs were validated using the PiC study data. All eight 

CPGs were highly sensitive (1.00) but poorly specific for the detection of meningococcal disease. 

The best performing CPG (London CPG) performed with a specificity of just 0.36 and required 

75% of children to undergo painful blood tests and 64% of children to receive parenteral 

antibiotics at a cost of £658/patient.  

 

All of the CPGs were poorly adhered to by clinicians with just 45% of children receiving parenteral 

antibiotics despite the CPGs advocating that between 64% and 100% should have received 

parenteral antibiotics. More worryingly 10% of children with MD were discharged home against 

guidance and re-attended following deterioration at home (data from Table 29). A new CPG 

would likely need to have a greater specificity than the existing CPGs for clinicians to adhere to 

it whilst retaining a near 100% sensitivity. 

 

To describe a new CPG, I needed to answer the following questions: 

 Which clinical features are independent predictors of disease?  

 Which conventional tests displayed the highest test accuracy? 

 What is the optimum cut-off value for tests such as CRP/lactate? 
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Methods 
 

Source Data 

The source data for the CPG development comes from all 1329 children recruited from the 37 

UK sites between the 9th of November 2017 and the 30th of June 2019.  

 

Participants 

Consecutive children under 18 years of age attending the ED with a recorded fever (≥38°C) and 

features a non-blanching rash were eligible for inclusion to this arm of the study. Children with 

pre-existing haematological conditions such as haematological malignancy, idiopathic 

thrombocytopenic purpura (ITP) and coagulopathy were excluded. Children with pre-existing 

Henoch-Schonlein purpura (HSP) under follow up at the time of presentation were also excluded.    

 
Outcome 

The primary outcome against which the new CPG was developed was the identification of MD 

defined as positive culture or PCR for N. meningitidis or other bacterial pathogen from a sterile 

body site (i.e. blood or CSF).  

 

Predictors  

Predictors of meningococcal disease were identified during Work Package 3 as part of the 

development of a minimum dataset. All of the clinical features and laboratory tests used in the 

eight CPGs were included in the PiC CRF1. The PiC CRF1 was created using RedCap, as 

discussed already, and data regarding the clinical features at presentation were entered 

contemporaneously by clinical staff using the electronic CRF. The purpose of this approach was 

to minimise the risk of recall bias by recording the clinical assessment prior to laboratory testing 

results being available. In all instances the clinical data were recorded prior to the results of any 

reference standard testing being available.  
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Missing Data 

The design of the eCRF limited the ability of clinicians to upload incomplete data sets through 

the use of validation and logic built within the eCRF. Where data were missing, they were not 

included in the regression analysis (i.e. I did not use single or multiple imputation for this Work 

Package). For predictors where there were less than 5 patients in each group (no disease versus 

disease) the predictor was either combined with other similar predictors or excluded from the 

analysis. Any combining of predictors was performed after achieving a consensus within the 

research group.  

 

Statistical Analysis  

The individual predictors were all assessed in a stepwise approach. Initially all possible 

predictors were assessed using univariate analysis with Chi-squared testing of categorical data, 

and the Mann-Whitney U test for continuous data (continuous data were skewed). Age-

dependent predictors such as heart rate, respiratory rate and blood pressure were converted to 

categorical data and classified as normal or abnormal based on published normal ranges [183]. 

All those predictors with a statistically significant association with MD (p<0.20) were included in 

a binary multivariate logistic regression model. A liberal level of significance (p<0.20) was chosen 

at this stage to avoid falsely excluding a significant variable based on univariate analysis alone. 

The predictors identified from the univariate analysis were then included in the logistic regression 

modelling. Empirical binary multivariate forward and backward logistic regression modeling was 

used to identify a best-fit model to identify children at highest risk of MD. Conventional laboratory 

tests with continuous data (lactate and CRP) were compared using ROC curves with comparison 

of the AUC using the Hanley method [180]. Optimal cut-off values were determined based on 

the ROC curve analysis. For total white cell count (WCC) and neutrophil count the AUC was not 

used as both low and high total WCC and total neutrophil counts have been associated with MD. 

Instead these continuous variables were converted into categorical variables with normal and 

abnormal WCC and neutrophil count groups. The proportions of children with and without MD 

and abnormal test results were then compared using the Chi-squared test. A normal WCC was 
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take as 5x109/l to 15x109/l based on existing NICE guidance and a normal neutrophil count taken 

as 1.5x109/l to 8.0x109/l [40, 184]. The clinical tests were then included into the final CPG using 

the identified optimum cut-off values. Blood lactate levels were also assessed for their ability to 

predict admission to the paediatric intensive care unit (PICU). 

 

Results 

The summary data for the PiC population of 1329 were discussed in detail in Work Package 5. 

The summary data are detailed in Tables 28 and 29. A flow of patients through the study can be 

seen in Figure 33.  

 
Clinical Predictors 

The list of final clinical predictors, frequency with which that predictor was observed in those with 

and without MD and statistical significance can be seen in Table 44. A number of predictors were 

too infrequent to be included individually and had to be combined. 

 

Combined Groupings 

Paresis was removed from the analysis entirely as there was only one patient with that symptom. 

The duration of illness and duration of rash categories were merged to form two groups due to 

the low numbers (n<5) in each group. The signs/symptoms of meningism predictor represents a 

combination of predictors (meningism, Brudzinski’s sign, Kernig’s sign, bulging fontanelle, 

irritability, photophobia, neck stiffness and headache). The signs of shock predictor represent a 

combination of (shock, prolonged capillary refill time beyond 3 seconds and hypotension). The 

unwell appearance predictor represents a combination of unwell appearance, toxic appearance 

and moribund appearance.  

 

 
Univariate analysis  
Following the univariate analysis, the clinical predictors that were deemed significant (p<0.20) 

were included in the multivariate analysis. The univariate analysis is summarised in Table 44. 

Following the forward and backwards empirical binary multivariate logistic regression modelling 
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the following features (purpuric rash, shock, reduced GCS and leg pain) were deemed highly 

significant (p<0.05) as summarised in Table 45. These four features produced a pseudo R2 of 

0.58 (Nagelkerke R Square). 

 
Table 44: Univariate analysis of predictors (Chi-squared for categorical variables, Mann-Whitney 
U for continuous variables). Number and (%) with feature shown for categorical variables and 
median for continuous variables*. 

Predictor Complete Data 

N(%) 

Without MD 

N(%) 

With MD 

N(%)  

P Value 

Age (median)* 1329 (100) 2 years 3 years 1 month 0.090 

Male Gender 1329 (100) 749(57)  16(84) 0.180 

Vaccines up to date for age 1289(97) 1220(96) 19(100) 0.378 

Received meningococcal B vaccine 1289(97) 914(72) 12(63) 0.397 

Received meningococcal C vaccine 1289(97) 959(76) 14(74%) 0.854 

Duration of illness (Under 24 hours) 1320 10(33) 10(53) 0.076 

Duration of rash (Under 4 hours) 1240 753(62) 12(63) 0.895 

Highest temperature oC (median)* 1329 39.0 39.0 0.870 

Petechiae or purpura 1329 (100) Petechiae 1245(95) 
Purpura 65(5) 

Petechiae 6(32) 
Purpura 13(68) 

<0.000 

Distribution of rash (SVC/Other) 1329 (100) SVC 482(37) 
Other 828(63) 

SVC 6(32) 
Other 13(68) 

0.640 

Spreading rash 1329 (100) 308(24) 12(63) <0.000 

Unwell appearance 1329 (100) 362(28) 16(84) <0.000 

Signs of shock 1329 (100) 67(5) 13(68) <0.000 

Tachycardia 1327 (99.8) 592(45) 15(79) 0.003 

Tachypnoea 1313 (98.8) 431(33) 12(63) 0.006 

Gastro-intestinal symptoms  1329 (100) 557(43) 8(42) 0.971 

Shivers/Chills 1329 (100) 106(8) 6(32) <0.000 

Pallor 1329 (100) 95(7) 8(42) <0.000 

Unusual skin colour 1329 (100) 108(8) 9(47) <0.000 

Cold hands/feet 1329 (100) 129(10) 9(47) <0.000 

Respiratory symptoms 1329 (100) 400(31) 8(42) 0.278 

Sore throat/coryza 1329 (100) 673(51) 5(26) 0.030 

Lethargy 1329 (100) 307(23) 13(68) <0.000 

Refusing food and drink 1329 (100) 403(31) 8(42) 0.288 

Myalgia/muscle/joint aches and leg pain 1329 (100) 66(5) 6(32) <0.000 

Signs/symptoms of meningism  1329 (100) 273(21) 7(36) 0.089 

Reduced GCS 1329 (100) 13(1) 10(53) <0.000 

Pre-hospital antibiotics 1329 (100) 69(5) 6(32) <0.000 
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Table 45: Best performing clinical features from binary multivariate regression modelling (both 
forwards and backwards) 

 

 
Conventional Laboratory Testing 
 
C-reactive protein 

A total of 1136 children underwent CRP testing including the 19 children with meningococcal 

disease. The ROC curve for the detection of MD can be seen in Figure 42 below. The AUC was 

0.82(95% CI 0.74 to 0.90). The sensitivity and specificity of the CRP test over a range of values 

can be seen in Table 46. 

 

Figure 42: ROC curve for CRP and detection of MD  Table 46: CRP accuracy  

  

 
 

 
 
 
 

CRP mg/l Sensitivity 1 - Specificity 

5 1.000 1.000 

10 .947 .634 

15 .947 .546 

20 .947 .465 

25 .895 .393 

30 .895 .337 

35 .789 .308 

40 .737 .264 

45 .684 .235 

50 .579 .201 

55 .526 .184 

60 .474 .164 

65 .474 .149 

70 .421 .132 

75 .421 .121 

80 .421 .108 

85 .421 .103 

90 .421 .095 

95 .421 .088 

100 .421 .079 
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Cell counts 

A total of 1137 children had a white cell count (WCC) recorded. Of these 1119 had a differential 

white cell count recorded including a neutrophil count. An abnormal WCC and an abnormal 

neutrophil count were both significantly associated with MD p=<0.0001 and p=0.002 respectively 

using univariate analysis (Chi-squared test). Abnormal WCC and abnormal neutrophil count 

were then included into the binary regression model outlined above (in addition to purpuric rash, 

shock, reduced GCS and leg pain). The WCC remained a significant predictor of disease 

(p=0.013) with an odds ratio of 7.4(95% CI 1.5 to 36.1). The addition of WCC improved the 

pseudo R2 of regression model from 0.58 to 0.62 (Nagelkerke R Square). An abnormal neutrophil 

count was not an independent predictor of disease p=0.51 and did not improve the model. 

 
 

Lactate  

A total of 386 children underwent lactate testing including the 13 children with meningococcal 

disease. The ROC curve for the detection of MD can be seen in Figure 43 below. The AUC was 

0.85(95% CI 0.70 to 0.99). The sensitivity and specificity of the lactate test for detecting MD over 

a range of values can be seen in Table 47. The difference in the AUC between Lactate and CRP 

for predicting MD was not statistically significant (p=0.74).  Of the 386 children with lactate levels 

tested nine were admitted to the PICU. The ROC curve for the prediction of need for PICU can 

be seen below in Figure 43. The AUC for predicting PICU admission was 0.99(95% CI 0.98 to 

1.00). The sensitivity and specificity of the Lactate test over a range of values for predicting 

admission to PICU can be seen in Table 47. 
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Figur43: ROC curves for Lactate and predicting MD (Left) and predicting PICU admission (Right) 

 

Table 47: Lactate levels and diagnostic accuracy for predicting MD and admission to PICU. 

Lactate mmol/l 

Detecting MD Predicting PICU 

Sensitivity 1 - Specificity Sensitivity 1 - Specificity 

1.0 .923 .826 1.000 .825 

1.1 .923 .740 1.000 .740 

1.2 .923 .665 1.000 .666 

1.3 .923 .662 1.000 .663 

1.4 .923 .595 1.000 .597 

1.5 .923 .525 1.000 .528 

1.6 .846 .442 1.000 .443 

1.7 .846 .397 1.000 .398 

1.8 .769 .359 1.000 .358 

1.9 .769 .316 1.000 .316 

2.0 .769 .265 1.000 .265 

2.1 .769 .231 1.000 .231 

2.2 .769 .198 1.000 .199 

2.3 .769 .158 1.000 .159 

2.4 .769 .134 1.000 .135 

2.5 .769 .118 1.000 .119 

2.6 .769 .105 1.000 .106 

2.7 .769 .091 1.000 .093 

2.8 .769 .078 1.000 .080 

2.9 .692 .064 1.000 .064 

3.0 .692 .062 1.000 .061 

3.1 .692 .051 1.000 .050 

3.2 .692 .048 1.000 .048 

3.3 .538 .043 .889 .040 

3.4 .462 .035 .889 .029 

3.5 .462 .032 .889 .027 
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Discussion 
 
Clinical predictors 
The binary multivariate logistic regression modelling identified four clinical features that were 

independent predictors of disease. These were the presence of a purpuric rash, signs of shock, 

a reduced conscious level and limb pain. All of these clinical features have been shown 

previously to relate to a higher risk of invasive meningococcal disease in children with a history 

of fever and non-blanching rash [2, 7–9, 62]. All of the CPGs validated in WP5 (copies of CPGs 

in the appendix) included the presence of purpura and signs of shock as high risk predictors of 

disease. Only the NICE guideline CG120 included limb pain and reduced conscious level 

suggesting these predictors may have been overlooked by other CPGs. Surprisingly a number 

of reported high risk predictors such as spread of the rash, tachycardia and tachypnoea were 

not reliable predictors of disease in this cohort.  

 

In contrast to high risk predictors many of the CPGs (6/8) advised the withholding of treatment 

and investigations for those children with petechiae in an SVC distribution only. This 

recommendation was based on observational data from a small single centre study conducted 

in Nottingham over 20 years ago[8]. In the PiC study however, this presence of petechiae in the 

SVC distribution was not an independent protective factor with six cases of IBI, including three 

MD, having SVC petechiae only. Even when combined with wellness three children who 

appeared well with SVC petechiae only had proven IBI, including one case of MD. 

 
Blood predictors 
The CRP and Lactate biomarkers demonstrated similar test accuracies for the detection of MD 

in children with AUCs of 0.82 and 0.85 respectively. Total WCC and neutrophil count were also 

significant predictors of MD when using univariate analysis p=<0.0001 and p=0.002 respectively 

but once all of the biomarkers were included in the binary multivariate logistic regression 

modelling only an abnormal total WCC, CRP and lactate remained independent predictors of 

meningococcal disease. 
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The optimum CRP cut-off value is debatable and needs to balance the risk of missing a case of 

MD with the harm of unnecessary parenteral antibiotics. In the PiC cohort I believe the optimum 

CRP cut-off was 30mg/l. From the data shown in Table 46 at these levels the CRP test was 0.90 

sensitive and 0.66 specific for the diagnosis of MD. This was similar to the cut-off of 28mg/l 

recommended from a previous meta-analysis [13].  

 

Similarly, the optimum cut-off for lactate is debatable. There was no difference in the diagnostic 

test accuracy of lactate compared with CRP for detecting MD but lactate performed well as a 

predictor of the need for PICU. Based on the data presented I recommend that lactate levels be 

used as a prognostic marker rather than a diagnostic marker with any lactate levels greater than 

3.2mmol/l used as a predictor of the need for PICU. At this cut-off lactate was highly sensitive 

1.00 and specific for 0.96 for predicting the need for PICU. 

 

The ideal clinical practice guideline 

There is no one ideal CPG but to try an minimise bias I based the CPG in Figure 44 on the 

independent variables calculated above. The CPG is presented using a style similar to that of 

the StepByStep algorithm which informs on the risk to the child at each stage [134]. The high-

risk clinical features alone identified 16 of the 19 cases of meningococcal disease (MD). The 

absence of high-risk features resulted in a risk of MD of just 0.3%. At a risk of 0.3% some 

clinicians may be willing to discharge the child at this point without investigation.  

 

Additional blood testing for CRP and WCC levels could, however, be used to further predict the 

likelihood of MD. A CRP less than 30mg/l and a normal WCC reduced the risk to less than 0.1% 

(i.e. less than 1/1000 risk of MD). Whereas an abnormal WCC or elevated CRP beyond 30mg/l 

was associated with a higher 0.9% (i.e. approximately 1/100 risk of MD). 

 

 

The performance of the suggested CPG in Figure 44 is difficult to calculate due to clinician 
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discretion allowed within.   Assuming the most dovish approach with blood testing of all children 

and treatment of all with an elevated CRP beyond 30mg/l or an abnormal WCC the suggested 

CPG still outperforms the existing CPGs with a sensitivity of 1.00(95% CI 0.79 to 1.00) and 

specificity of 0.42(95% CI 0.40 to 0.45). Furthermore, the suggested CPG correctly identified all 

cases of IBI. 

 

Including POCT 

Based on the data from WP6 there would be no benefit in substituting PCT or MR-proADM for 

CRP and lactate. The LAMP-MD test, however performed significantly better than the blood 

biomarkers and could potentially be used to minimise blood testing. The logical point for LAMP-

MD testing would be for those children without high risk clinical features and instead of blood 

testing. Including the LAMP-MD test here would have resulted in 39 false positive tests, 2 correct 

positive tests and 1092 children with low risk features and negative LAMP-MD tests (Based on 

a 3.4% false positive rate and 0.0% false negative rate calculated in WP5). The LAMP-MD test 

would have not however, identified the 9 non-meningococcal invasive bacterial infections within 

this cohort and further targeted blood testing would have been necessary.  

 

Observation period 

One of the original questions raised at the beginning of the study was how the duration of illness 

does, duration of rash and observation period affect the prediction of meningococcal disease? 

In the PiC study the duration of illness and duration of rash were not predictors of meningococcal 

disease although the study was underpowered to fully explore this. One interesting finding, 

however, was that two children were discharged home only to re-attend the next day with 

invasive meningococcal disease. Both children were observed for over six hours and did not re-

attend until after 12 hours in both cases. This would suggest that observation for 4-6 hours 

should not be taken as a reassuring sign in itself as around 10% of MD cases are not apparent 

in this time frame and deteriorate beyond this time frame. 
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Figure 44: Suggested CPG for the management of febrile children with a non-blanching rash.
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Summary 

To summarise the Petechiae in Children study I will link back to the original unanswered 

questions and consider how far my research goes towards answering those questions and where 

additional research is still required. 

 

Original risk/aetiology questions 
 

o In the UK, currently, what proportion of children with fever and non-blanching rash 

have meningococcal disease (MD) as a cause? 

o In the UK, currently, what proportion of children with fever and non-blanching rash 

have an invasive bacterial infection (IBI) as a cause? 

 

Answer: 

The PiC study has demonstrated that the risk of MD and IBI is much lower than previously 

reported with just 1.4% and 2.0% of children with a fever and non-blanching rash having 

an underlying meningococcal infection or invasive bacterial infection respectively.  

 
Original biomarker questions 
 

 Loop-mediated isothermal amplification (LAMP) for n. meningitidis DNA 

o What is the diagnostic accuracy of LAMP for predicting MD in children with fever 

and non-blanching rash? 

o Can LAMP be performed in the emergency department? 

o How does carriage influence the performance of LAMP? 

 

 Procalcitonin 

o What is the diagnostic accuracy of PCT for predicting meningococcal 

disease/invasive bacterial infection in children with fever and non-blanching rash? 

o Is there an optimal PCT cut-off value for excluding meningococcal 
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disease/invasive bacterial infection in children? 

o Should PCT replace CRP as the biomarker of choice? 

 

 Mid-regional proadrenomedullin (MR-proADM) 

o What is the diagnostic accuracy of MR-proADM for predicting meningococcal 

disease/invasive bacterial infection in children with fever and NBR? 

o Is there an optimal MR-proADM cut-off value for excluding meningococcal 

disease/invasive bacterial infection in children? 

o Is MR-proADM useful for predicting outcomes i.e. death, the need for intensive 

care or prolonged admission? 

 

Answer: 

The PiC study has demonstrated that LAMP-MD testing can be performed in the 

emergency department and that it outperformed conventional testing for the detection of 

meningococcal disease. I was unable to determine the effects of carriage on the 

performance of the LAMP-MD test as benign carriage rates were low in the PiC study 

(2.7%). Further research is required to determine how LAMP-MD testing of 

naso/oropharyngeal swabs performs in a high carriage setting.  

 

The procalcitonin biomarker performed well as a diagnostic test for MD with an AUC of 

0.99 this was however, no better than CRP. The optimum PCT cut-off in this study was 

1.5ng/ml. Based on the findings from PiC PCT should not replace CRP.  

 

The MR-proADM biomarker was only tested on a small cohort of children (n=78) with only 

four serious infections and two invasive infections. Although underpowered there was a 

non-significant trend towards MR-proADM demonstrating a poorer accuracy than CRP 

and PCT for detecting serious infections in children. MR-proADM was however, very 

accurate at predicting admission to PICU (AUC =1.00) and may have a role in 
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prognosticating although further research is required. 

 

Questions relating to clinical practice guidelines (CPGs) 
 

o What CPGs are available in the UK and how do they compare? 

o Which clinical features if present confer the greatest risk of MD? 

o How can conventional laboratory tests improve existing CPGs? 

 

Answer: 

The PiC study has identified eight different CPGs and compared their performance in 

terms of number of tests performed, numbers receiving parenteral antibiotics, diagnostic 

test accuracy and cost. The PiC study also identified four independent clinical features 

predictive of meningococcal disease (Purpura, Shock, Limb pain and Reduced GCS) and 

considered how and where to utilise laboratory tests in combination with the clinical 

features. Further research is now required to validate the suggested CPG produced in 

work package 7. 
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Clinical Practice Guidelines 
Images (Left = Bristol Children’s CPG – reproduced with permission)  (Right= Countess of Chester CPG – reproduced with permission) 
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Trial oversight meetings 
 

PiC Study – Trial Oversight Meeting 
08/05/2018 
 
Attendees: 

Professor Michael Shields 

Dr Derek Fairley 

Dr Thomas Waterfield 

Dr James McKenna 

Dr Aoife Weir  - independent 

Dr Paul Moriarty - independent 

 

Study Overview: 

 

Introduced the study and rationale. Covered the timeline of approvals thus 

far including NIHR portfolio adoption and HRA approval. 

 

Amendments: 

 

Discussed the substantial amendment. Amendment was to essentially make PiC an 

opt out study for those who are not consented prior to discharge.   

 

Recruitment  

 

Target recruitment for 250-300 patients over two years. Have recruited 124 

over 6 months with plans to open additional sites in England. May therefore 

need to seek further ethical approval to extend the study beyond 300 

patients. Exclusions discussed – 4 patients excluded, 2 refused, 1 died and 1 

did not have a translator available. 

 

Issues 

Discussed LAMP invalid rates and solutions also discussed the PCT 

verification study and disagreement between PCT (laboratory versus Point of 

care) and CRP. Disagreement whilst statistically significant was not 

clinically significant. 

 

Discussed completeness of data sets. Main issue is the 39 patients without 

PCR gold-standard. Dr McKenna has identified the specimens and will test. 

 

Safety Breeches  

One potential safety breech. Patient A was recorded in the patient record as 

having an elevated PCT BUT was allowed home. This was investigated -  

however, there was no PCT performed (checked on analyser). Family were 

contacted, and child was well. Consultant BB made aware and plan agreed. In 

the end in this was not deemed a protocol breach – but did confirm that our 

surveillance for breaches is working. 

 

 

New Development 

Opportunities to explore additional testing with ADM and Transcriptome work. 

Nothing that could stop the PiC study. 

Signed: 

 

Professor Michael Shields: CI 
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……………………………………………………………………………………………………………………………………………… 

Dr Thomas Waterfield: PhD Student 

 
……………………………………………………………………………………………………………………………………………… 

Dr Derek Fairley: 2nd Supervisor 

 
……………………………………………………………………………………………………………………………………………… 

Dr James Mckenna 

 
……………………………………………………………………………………………………………………………………………… 

Dr Aoife Weir 

 
……………………………………………………………………………………………………………………………………………… 

Dr Paul Moriarty 

 
……………………………………………………………………………………………………………………………………………… 
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PiC Study – Trial Oversight Meeting 
13/02/2019 
 
Attendees: 

Professor Michael Shields 

Dr Thomas Waterfield 

Dr Aoife McMorrow  - independent 

Dr Paul Moriarty - independent 

 

Review of previous minutes: 

 

Previous minutes were circulated prior to the meeting. No issues or 

discussion points were raised from the previous minutes. 

 

Amendments: 

 

Discussed the amendments so far. This included the two substantial amendments 

 To allow for opt out 

 To open up the study beyond 300 patients and to include UK sites 
 

The remaining minor amendments (5) were to register new sites (4) and to 

change PI (1) 

 

Recruitment  

 

640 patients recruited so far across 37 sites (well above original target) 

3 patients have declined consent 

Qualitative research with PiC parents shows support for the consent model 

used  

 

Issues 

Need to consider extending study date beyond June as this may become the 

definitive study in this area. 

Need to identify a replacement statistician for Prof Patterson who has 

retired 

RLI may need to close, both research nurses are on long-term sick leave 

 

Safety Breeches  

None 

 

 

New Development 

ADM assay added successfully  

 

 

 

 

 

Professor Michael Shields: CI 

 
……………………………………………………………………………………………………………………………………………… 

Dr Thomas Waterfield: PhD Student 
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……………………………………………………………………………………………………………………………………………… 

 

 
……………………………………………………………………………………………………………………………………………… 

Dr Aoife McMorrow 

 

……………………………………………………………………………………………………………………………………………… 

Dr Paul Moriarty 

 
…………………………………………………………………………………………………… 
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Research Ethics Committee/Sponsor and Health Research Authority approval  
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Topic Guides 
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