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Abstract  

Background: Bloodstream infection (BSI) in babies admitted to neonatal units (NNUs) 

is associated with mortality and morbidity. There is no single data source to measure 

national BSI rates in NNUs in England. 

Methods: I created a system for monitoring BSI rates in NNUs in England by linking 

electronic health records (the National Neonatal Research Database; NNRD) for babies 

in 110 NNUs to national infection surveillance data between March 2010 and June 2017. 

I evaluated how risk-adjusted BSI rates varied by regional neonatal network and over 

time using multilevel Poisson regression. I used the system to support evaluations of two 

interventions to prevent BSI. First, I assessed change in BSI rates following the adoption 

of peripherally inserted central venous catheter (PICC) care bundles using interrupted 

time series regression. Second, I evaluated the generalisability and applicability of BSI 

rates in a large pragmatic trial of antimicrobial-impregnated PICCs (the PREVAIL trial) 

to BSI rates in all babies receiving PICCs in NNUs. Finally, I estimated the proportion of 

all BSI in NNUs that occurred while a PICC was present to determine the contribution of 

PICCs to overall BSI. 

Results: I linked 3.3% of babies in NNUs (11,247 / 340,146) to at least one BSI which 

improved ascertainment compared to using NNRD alone (2.2%), but underestimated 

rates due to incomplete identifiers. Risk-adjusted BSI rates were similar across networks, 

but varied between NNUs within networks. From 2010 to 2017, risk-adjusted BSI rates 

per 1000 days of intensive and high dependency care decreased by 2.59% (95% CI: -

4.23%, -0.93%) annually; the rate in 2017 was 1.52 (95% CI: 0.99, 2.04). Risk-adjusted 

rates of BSI per 100 admissions decreased by 3.39% (95% CI: -5.00%, -1.76%) annually; 

the rate in 2017 was 1.63 (95% CI: 1.11, 2.15). BSI per 1000 central line days remained 

stable at 2.25 (95% CI: 2.14, 2.34). I found no evidence of a change in BSI rates following 

adoption of PICC care bundles. BSI rates from the PREVAIL trial were generalisable and 

applicable to other babies receiving PICCs in NNUs. Of all BSI in NNUs, 46% occurred 

while a PICC was in situ. 

Conclusions: Accurate linkage of NNU electronic health records to infection 

surveillance data enables evaluation of risk-adjusted BSI rates for nearly all NNUs in 

England. These data can be used to evaluate interventions to reduce BSI among for all 

babies in NNUs, not only those with PICCs. 
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Impact statement 

The work presented in this thesis describes a novel way to evaluate rates of bloodstream 

infection (BSI) in neonatal units (NNUs) in England. The results of my analysis and 

potential future analyses of the data resource that I developed could be used to monitor 

BSI across England to drive the use of policies and practices that reduce rates of BSI in 

NNUs. 

I linked electronic health records of babies in 110 NNUs in England using the National 

Neonatal Research Database (NNRD) to BSI records from infection surveillance to 

create an enhanced data resource for evaluating risk-adjusted rates of BSI in NNUs. This 

has created the largest data resource available to evaluate risk-adjusted rates of BSI in 

NNUs in England.  

I used the data resource to evaluate whether care bundles for peripherally inserted 

central venous catheters (PICCs) reduced rates of BSI in NNUs. Previously small studies 

which did not adjust for risk factors or account for pre-existing trends found a reduction 

in rates of BSI following the adoption of care bundles for PICCs. However, I found no 

evidence of a difference, when accounting for pre-existing trends and including data from 

multiple NNUs. My findings should prompt researchers and clinicians to develop new 

interventions to reduce BSI and to use randomised controlled trials and routine 

monitoring using linkage between NNUs and infection surveillance data to evaluate 

implementation of improved infection control practices.   

I found that less than half of BSI in NNUs occur while a PICC is in situ. This information 

should be used to guide future interventions to reduce BSI in babies with and without 

PICCs. 

Through linkage of electronic health records to infection surveillance, I found that both 

datasets had inadequate ascertainment of BSI. I will feedback this information to the data 

providers to encourage them to improve the ascertainment of BSI in their data. I will 

provide linkage methods to Public Health England who own the infection surveillance 

data to continue linkage. 

Surveillance of BSI on a national scale is an important driver of adoption of effective 

interventions to reduce BSI in NNUs. Reduced BSI would result in fewer babies who die, 

suffer neurodevelopmental impairment, or require antibiotics. Thus, there would be 
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improved quality of life, reduced antimicrobial resistance and shorter lengths of stay in 

NNUs. This would not only benefit babies and their families, but also reduce costs to the 

NHS.  
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1 Background 

1.1 Chapter overview 

This research aimed to create a system for evaluating rates of bloodstream infection 

(BSI) in neonatal units (NNUs) in England by linking electronic health records from NNUs 

to national laboratory infection surveillance data. In this chapter, I describe the rationale 

for evaluating rates of BSI in NNUs in England using linked NNU and infection 

surveillance data. I first introduce BSI among babies in NNUs (section 1.2) and describe 

the consequences of BSI in babies in NNUs (section 1.3) to demonstrate why it is 

important to monitor rates of BSI in NNUs and to identify effective interventions to prevent 

BSI in this vulnerable group. Subsequently, I describe the risk factors associated with 

BSI in babies in NNUs (section 1.4) and the interventions that have been developed to 

prevent BSI in babies in NNUs (section 1.5). I discuss how BSI is measured in England 

and elsewhere including how rates are calculated (1.6) and why data linkage is a 

valuable method to evaluate risk-adjusted rates of BSI in NNUs in England (section 1.7). 

Finally, I outline my aims and objectives for this thesis (section 1.8).  

1.2 Bloodstream infections in NNU 

One in seven babies born in England, Scotland and Wales are admitted to a NNU.(1) 

These babies are often born preterm (before 37 weeks gestation, Box 1-1) or with 

complicated health needs. They may be admitted to NNU directly after birth or within a 

few hours or days on the postnatal ward. Babies on the NNU are rarely admitted from 

home. Over the last 20 years, there have been vast improvements in neonatal care and 

survival for extremely preterm babies has increased, resulting in increasingly vulnerable 

babies who are cared for in NNUs.(2-4) A study of 30 NNUs in the UK reported that BSI 

occurs in 5% of neonatal admissions in the UK and 73% of these cases are in babies 

born before 32 weeks gestation.(5) Evidence from observational studies show increased 

risks of mortality and neurodevelopmental impairment in babies who experience BSI.(6, 

7) Identifying effective interventions to prevent BSI is therefore vital to reduce adverse 

long term outcomes among babies in NNUs. Many factors affect babies’ risk of BSI in 

NNU including characteristics such as prematurity that affect susceptibility to BSI, 

invasive procedures performed during admission, and infection control practices. To 

make valid comparisons across regions or over time, a sufficient sample size is required 

and risk factors reflecting the characteristics of the babies and the NNUs in which they 
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receive care must be adjusted for. There is currently no dataset available to evaluate 

risk-adjusted national rates of BSI in England, but these data are available in two 

separate datasets. Linkage of these datasets would enable accurate monitoring of BSI 

and could support the evaluation of interventions to prevent BSI.   

 

BSI is caused by bacteria or fungi entering the bloodstream. Risk of BSI in neonates is 

greater than for adults and older children due to their immature immune system, thinner 

and more permeable skin, reliance on parenteral nutrition and exposure to frequent 

invasive procedures.(8-11) Neither adaptive nor innate immune responses in neonates 

are fully developed. The innate immune system responds to foreign bodies (known as 

antigens) regardless of previous exposure. Cells of the innate immune system are 

impaired in newborn babies compared to adults, resulting in greater susceptibility to 

infection.(5, 6) The adaptive system is insufficient as neonates have experienced limited 

exposure to antigens in utero and therefore have not yet developed the appropriate 

response.   

In this thesis, I focus on BSI that is thought to be acquired during a baby’s stay in NNU 

(known as hospital acquired or healthcare associated infection) and therefore amenable 

to changes in practice in NNUs. BSI in NNUs is categorised as early or late onset based 

on time since birth which is thought to be associated with mode of transmission.(5, 12) 

In many studies, early or late onset sepsis is measured rather than BSI.(6, 13, 14) The 

definition of sepsis varies but usually requires clinical signs of infection and/or treatment 

with antibiotics. Early onset is considered from birth to a threshold that ranges from 48 

hours to less than 7 days, after which the infection is said to be late onset.(5, 6) Early 

onset BSI is likely transmitted from mother to baby and late onset BSI is thought to be 

Box 1-1: Gestational age categories used throughout this thesis 

Preterm birth: <37 weeks 

 Extremely preterm birth: <28 weeks 

 Very preterm birth: 28-31 weeks 

 Late preterm: 32-36 weeks 

Term birth: 37-41 weeks 

Late term birth: ≥42 weeks 



33 
 

hospital-acquired. In addition to differences in mode of transmission, early and late onset 

BSI differ in causative organisms, risk factors and antimicrobial resistance patterns.(3-5) 

Rates of late and early onset BSI in NNUs in the UK are estimated at 1.8% and 0.6% of 

neonatal admissions, respectively.(5) Late onset BSI is important as it is acquired in 

hospital and therefore it can potentially be reduced by interventions within the NNU.  

1.3 Consequences of BSI 

1.3.1 Mortality 

BSI is a leading cause of neonatal mortality worldwide.(15) A prospective cohort study 

evaluated outcomes for 104,676 very low birthweight (VLBW) infants admitted to 313 

neonatal intensive care units (NICUs) in North America from 1997 to 2010.(16) VLBW 

infants are defined as babies with birthweight <1500g (Box 1-2). The risk of death in 

VLBW babies with late onset BSI was 30% higher (odds ratio [OR] 1.30, 95% confidence 

interval [CI] 1.21, 1.40) than similar babies without BSI.(16) A matched case control study 

of 44,316 VLBW infants in 229 neonatal intensive care units (NICUs) in Germany from 

2000 to 2011 reported an attributable mortality of 1.4% for babies with hospital-acquired 

BSI.(7) Reducing the number of babies who experience BSI through effective 

interventions in NNU could therefore reduce neonatal mortality, particularly in VLBW 

infants.  

 

1.3.2 Long term outcomes 

In babies who survive BSI, observational studies report an increased risk of 

neurodevelopmental impairment. A study of 6,314 VLBW infants in the US reported an 

increased risk of neurodevelopmental outcomes in babies who experienced BSI in NNU 

at 18 to 22 months of corrected gestational age.(6) Babies who had early or late onset 

sepsis (defined as a positive blood culture and five days of antibiotic treatment) were 

more likely to have cerebral palsy (OR 1.4, 95% CI: 1.1, 1.8), impaired vision (OR 1.7, 

95% CI: 1.3, 2.2) or impaired hearing (OR 1.8, 95% CI: 1.0, 3.1) in comparison to babies 

who did not experience a BSI during their admission to the NNU.(6) Babies with sepsis 

Box 1-2: Birthweight categories used throughout this thesis 

Extremely low birthweight: <1000 g 

Very low birthweight: <1500 g 

Low birthweight: <2500 g 
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were also more likely to have low scores on mental (OR 1.3, 95% CI: 1.1, 1.6) or 

psychomotor development indices (OR 1.5, 95% CI: 1.2, 1.9). A Swiss cohort study of 

531 extremely preterm infants (born before 28 weeks of gestation, Box 1-1) confirmed 

these findings.(17) A case-control study of preterm infants in the Netherlands reported 

that babies with late onset BSI in NICU had a lower IQ (9 points difference in mean), 

poorer fine motor skills, and impaired memory and attention at age six to nine years 

compared to babies who did not experience BSI during their admission to the NICU.(18) 

However, the study was small and included only 32 children with BSI. A larger cohort 

study of 2,665 infants born at 22 to 32 weeks gestation in France found a 70% increased 

risk (OR 1.71, 95% CI: 1.14, 2.56) of cerebral palsy at five years of age in babies with 

late onset BSI.(19) Effective interventions to prevent BSI in NNUs could reduce the 

prevalence of neurodevelopmental impairment and thereby confer lifelong benefits to 

babies who would otherwise develop a BSI in NNU. 

1.3.3 Length of stay and cost of BSI 

BSI is associated with a longer duration of stay and thereby, an increased cost of 

hospitalisation.(20-24) The longer duration of stay is due to additional care needs 

resulting from the infection, but even in the absence of symptoms, increased days of stay 

are needed to complete antibiotics and other treatments.(20) A retrospective analysis of 

2,809 VLBW infants in 18 US hospitals from 1998 to 1999 found that babies who 

developed BSI received care in a NNU for longer than babies with a similar birthweight 

without BSI. (24) After accounting for clinical differences, BSI was associated with an 

increased length of stay of four days for babies weighing 1001–1250g and seven days 

for babies weighing 751–1000g. The cost was higher (by an additional $5,875 to 

$12,480) for babies with BSI compared to similar babies without BSI. An economic 

evaluation of BSI in preterm babies in NICUs in England found that due to the increased 

risk of severe neurodevelopmental impairment, only small reductions in BSI risk are 

necessary for interventions to be cost-effective. They reported lifetime costs of £19,060 

(95% CI: £14,197, £24,697) and a reduction in 10.63 (95% CI: 7.74, 14.02) quality-

adjusted life years (QALY) associated with neurodevelopmental impairment.(25) This 

estimate may be an underestimation as the additional costs of treating BSI or its 

complications during the NICU admission were not estimated in this evaluation study. 

However, an economic evaluation of the CATCH trial of impregnated central venous 

catheters (which included 1,485 children, 493 of whom were aged less than three 

months) determined the additional healthcare costs over six months for children with a 

BSI in paediatric intensive care units (PICU) compared to those without as £10,975 (95% 

CI, −£2,801 to £24,751).(26, 27) This study did not consider life time costs of 
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neurodevelopmental or other sequelae of BSI in early infancy. I did not identify any 

studies that estimated the increased cost of BSI in NNUs in England, but based on 

evidence from NICUs in the US and PICUs in England, it is reasonable to assume that, 

unless an intervention was extremely expensive, preventing BSI would reduce costs to 

the NHS. 

1.3.4 Antimicrobial use 

Antimicrobials are used to treat babies in NNUs with BSI. The antibiotics ampicillin and 

gentamicin are two of the most commonly used drugs in NNUs.(28) Babies in NNUs who 

have an increased risk of BSI or are displaying clinical symptoms of BSI are usually 

treated with antibiotics before laboratory confirmation of BSI.(29, 30) Known as empirical 

treatment, this is done because the initial clinical symptoms of BSI are subtle, thus false 

negative blood culture is common, and the consequences of BSI can be damaging or 

fatal if antibiotic treatment is delayed for the 48 hours required for laboratory culture.(6, 

31) However, treatment of babies with antibiotics is not without risk.  

Antimicrobial resistance is a major health threat which is currently responsible for 

700,000 deaths globally each year and this is predicted to rise to 10 million deaths by 

2050 if changes are not made.(32) Antimicrobial stewardship is key to controlling 

antimicrobial resistance. The National Institute for Health and Care Excellence (NICE) 

define antimicrobial stewardship as 'an organisational or healthcare-system-wide 

approach to promoting and monitoring judicious use of antimicrobials to preserve their 

future effectiveness’.(33) NICE have published clinical guidelines on antibiotics use for 

the treatment and prevention of early onset BSI.(34) Recommendations include 

treatment with antibiotics based on identification of risk factors (e.g. maternal group B 

streptococcal colonisation and pre-labour rupture of membranes) but stopping the 

antibiotics after 36 hours if the blood culture is negative or the baby has no clinical 

indicators of infection. NICE have not published guidelines on antibiotic use specifically 

for late onset BSI in NNUs, but many recommendations from their guideline on antibiotic 

stewardship in adults and children are applicable to neonates.(33, 35)  For example, 

prescribing antimicrobials for the shortest effective course, the use of narrow spectrum 

antimicrobials, and ongoing local and national surveillance of antibiotic resistance.  

Inappropriate use of broad-spectrum antibiotics is associated with an increased risk of 

mortality, morbidity and promotes the development of antibiotic resistance.(36, 37) A 

retrospective cohort study of VLBW infants in 29 NICUs in Canada from 2010 to 2016 

found that antibiotic exposure in babies without culture proven BSI for 4-7 days increased 

the risk of a composite of mortality and major morbidity by 24% (OR: 1.24, 95% CI: 1.09, 
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1.41). For each additional day there was a further 5% increase in risk (OR 1.05., 95% 

CI: 1.03, 1.07).(37) The morbidities significantly associated with antibiotic use for 4-7 

days were chronic lung disease, patent ductus arteriosus, periventricular leukomalacia 

and neurological injury.  One explanation for this finding is the occurrence of true BSI: 

the baby has an infection but blood culture is not sufficient sensitive to isolate the 

organism (known as culture-negative sepsis).(38) Another explanation could be the 

effect of antibiotics on the intestinal microbiota.(39)  A reduction in BSI rates could reduce 

the need for empirical treatment, thereby easing selection pressure for the development 

of antimicrobial resistance and leading to better outcomes for individual babies.  

1.4 Risk factors for neonatal BSI 

To accurately compare rates of BSI between NNUs and over time, risk factors must be 

taken into account. Many risk factors have been identified for BSI in neonates, from birth 

characteristics to care practices. These have been summarised in Figure 1-1. If risk 

factors are not considered when comparing rates of BSI over time, between NNUs, or in 

different treatment groups, it is difficult to understand what may be driving change. For 

example, if BSI rates are declining it could be due to fewer high risk babies admitted to 

NNU or improved infection control practices. I evaluate the relationship between risk 

factors and BSI in chapter 5. 

 

Figure 1-1: Directed acyclical graph of BSI risk  
The figure is simplified to provide an overview of BSI risk therefore does not include all risk factors  
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1.4.1 Baby characteristics 

After birth, the risk of BSI varies depending on important factors such as gestational age 

at birth and birthweight. Gestation at birth has consistently been identified as a key risk 

factor for BSI, with increased risk in babies born at earlier gestations.(10, 11, 40-42) The 

reported incidence rate of BSI for babies in two NICUs in England was 10.7 per 1000 

days for extremely preterm babies compared with 5.6 for term babies.(41) Babies born 

at earlier gestations also have lower birthweight, but some studies have reported an 

association between birthweight and infection independent of gestation.(10) Higher rates 

of BSI have been reported in baby boys compared to girls.(43) This may be related to 

the higher proportion of male babies in preterm births.(44, 45) 

1.4.2 Central venous catheters 

Central venous catheters (CVCs) are associated with an increased risk of BSI.(40, 46) 

CVCs, also referred to as central lines, are a vital part of neonatal care that provide 

vascular access to administer drugs and nutrition to babies. A prospective cohort study 

of 2,935 infants from two NICUs found a nine-fold increased risk of BSI in babies with 

CVCs compared to babies without a CVC (relative risk (RR) 9.31, 95% CI 5.87,14.77), 

when adjusting for birthweight.(46) BSI in patients with CVCs is sometimes referred to 

as central line associated BSI (CLABSI). Definitions of CLABSI vary, as will be discussed 

further in section 1.6.1, but the rate of CLABSI in NNUs can range from 0.93 to 18.1 BSI 

per 1000 CVC days depending on clinical risk factors.(42, 47, 48) BSI may be acquired 

through a CVC by pathogens that colonise the skin entering the bloodstream during CVC 

insertion or migrating along the catheter surface after insertion.(49-51) Alternatively, 

pathogens may be introduced into the blood stream when the CVC connection is 

breached to administer medication or fluids.(51, 52) However, it can be hard to determine 

whether presence of a CVC causes a BSI or that babies requiring a CVC are at greater 

risk of BSI due to other factors. For example, gestational age at birth is a confounder as 

very preterm babies are more likely to require a CVC and have higher risk of BSI in 

comparison to term babies.  

For babies who receive a CVC, there are further factors that affect BSI risk. This includes 

type of CVC used and duration of CVC use. Two types of CVC commonly used in NNUs 

are umbilical venous catheters (UVC) and peripherally inserted central venous catheters 

(PICCs). As UVCs are commonly inserted soon after birth, these are used first in 

newborn infants but removed or replaced by PICCs if longer term venous access is 

required. It is reported that replacement of UVCs with PICCs may reduce risk of BSI in 

babies who require a CVC. A retrospective cohort study of 10 NICUs in Australia found 
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that in 3,985 neonates, CLABSI risk was similar for babies with UVCs and CVCs for three 

or four days and then CLABSI risk was significantly higher for babies with UVC. Babies 

with a UVC replaced before four days of age had lower rates of CLABSI than those with 

UVC replaced with PICC on day four or later.(53) A smaller matched cohort study found 

no difference between neonates with PICCs, UVCs or UVC followed by PICC.(54)  

Longer duration of CVC use is associated with higher risk of BSI.(55-57) However, there 

is no clear consensus on optimal dwell time to prevent BSI, or whether there is a point 

at which the risk plateaus. A retrospective cohort study of 683 neonates with PICCs from 

2006 to 2008 reported a 14% increased risk of CLABSI per day for 18 days.(55) The 

trend reversed from day 19 to 25 and then changed to a 33% increased risk per day from 

day 35. A study of 412 PICCs in 275 VLBW found a 72% increased risk of CLABSI in 

babies with a PICC duration 11-20 days and 466% increased risk for PICCs in place 

more than 21 days, compared to PICCs in place for less than 11 days.(56) A large 

multicentre study of 4,797 PICCs in 3,967 babies from 2005 to 2010 reported an 

increased risk for PICC dwell times of eight days or more, compared to babies with 

PICCs for less than eight days.(57) The greatest risk was for PICC dwell time of 14-22 

days, when risk was 2.7 times greater than PICCs with a dwell time <7 days (incidence 

rate ratio (IRR): 2.71, 95% CI 1.71, 4.27). In contrast, in a cohort of 13,327 babies from 

141 NICUs in the US from 2011 to 2013 found no association between PICC dwell time 

and CLABSI rates.(47) 

Evaluating a time-varying risk factor, such as CVCs, is complex and has several 

limitations. First, BSI is a competing risk with discharge and death because if a baby dies 

or is discharged they cannot experience a BSI in a NNU.  Factors related to whether a 

baby dies or is discharged may also be related to a baby’s likelihood of developing BSI. 

Second, many studies evaluating the relationship between CVCs and BSI often only look 

at the presence of a CVC or the number of days with CVC, but do not adequately 

consider the timing of CVCs in relation to BSI. For example, if a baby is in NNU for two 

weeks and has a CVC on days 3-5 and a BSI on day 12, it may not be correct to think 

the CVC contributed to the BSI. Timing of CVCs is also important because the reason 

for prolonged CVC use is likely related to clinical deterioration and therefore related to 

other clinical risk factors.  

1.4.3 Other interventions associated with BSI 

Parenteral nutrition is another intervention that babies receive in the NNU, which is 

associated with BSI. Parenteral nutrition provides vital nutrition intravenously to infants 

born preterm or with low birthweight who are unable to absorb sufficient nutrition through 
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the gut. However, parenteral nutrition is associated with an increased risk of BSI.(11, 41, 

58, 59) A systematic review of eleven observational studies found six studies reporting 

an increased risk of BSI with parenteral nutrition, one reporting a decreased risk of BSI 

with parenteral nutrition and four reporting a null effect.(60) Per patient analysis 

determined that parenteral nutrition is associated with increased risk of BSI. However, 

due to inadequate adjustment for confounding factors it is not possible to determine 

whether the increased risk is due to parenteral nutrition or other factors, for example, 

prematurity, that make a baby more likely to receive parenteral nutrition and develop a 

BSI.     

Mechanical ventilation and surgery are associated with an increased risk of BSI. If babies 

in NNU are unable to breathe on their own they will receive either invasive or non-

invasive respiratory support. Invasive respiratory support uses an endotracheal tube, 

whereas non-invasive ventilation does not. The endotracheal tube used in mechanical 

ventilation can be colonised by pathogens and thereby increase the risk of organisms 

entering the bloodstream leading to BSI. Surgery also provides an opportunity for 

bacteria to enter the bloodstream and cause BSI. A retrospective cohort study of babies 

admitted to a NICU from 1992 to 2011 found twice the risk of BSI in babies who received 

mechanical ventilation and a four-fold increased risk in babies who underwent 

surgery.(10) These interventions face the same issues with confounding as for parenteral 

nutrition and CVCs.  

1.4.4 NNU provider 

Rates of BSI vary by NNU, particularly between different types of NNU.(5) There are 

three types of NNUs in the UK: neonatal intensive care units (NICUs) that care for very 

preterm babies, local neonatal units (LNUs), and special care baby units (SCBUs). 

NICUs provide intensive care, high dependency care and special care and LNUs provide 

short-term intensive care, high dependency care and special care. SCBUs provide only 

special care (see Table 1-1 for definitions of levels of care). Typically NICUs have higher 

BSI rates than LNUs as they look after the most vulnerable babies.(5) NICUs that provide 

surgery (surgical NICUs) have higher BSI rates than NICUs that do not provide 

surgery.(61) Risk of BSI in SCBUs is lower than NICUs or LNUs as these babies are not 

receiving CVCs, mechanical ventilation, or parenteral nutrition and, although some of 

them were born preterm, they are older and therefore more mature when they enter 

SCBUs. The size of the unit may also be important; in Germany larger NICUs are 

associated with lower risk of BSI.(43) This could be due to better staff training or more 

funding available in these NNUs. Other observational studies have found increased BSI 



40 
 

risk associated with lower availability of clinical staff.(62, 63) When comparing rates of 

BSI and the effects of interventions it is important to account for the differences in risk in 

NNU that is due to differences in the types of babies in NNU, either by adjusting for baby 

characteristics or NNU characteristics (size of NNU, type of NNU).  

In addition to varying by NNU, BSI rates may vary by neonatal networks. NNUs in the 

UK are organised into operational delivery networks. Babies are generally transferred 

between NNUs within networks when their care needs change (e.g. when babies get 

older and no longer require invasive ventilation they may have a step down transfer to a 

lower level NNU), rather than to NNUs in different networks. Networks often share 

protocols, guidelines and training. Other factors may also be important including number 

of staff, quality of staff training, resources available, and region. To date, no evaluation 

has been made of how risk-adjusted BSI rates vary between neonatal networks in 

England. I evaluate the variation in rates of BSI between neonatal networks in chapter 

5. 
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Table 1-1: Definitions of level of neonatal care 

Levels of care Care received 

Level 3:  

Intensive care 

Any day where a baby dies or receives at least one of:  

i) invasive respiratory support via a tracheal tube  

ii) both non-invasive ventilation AND parenteral 
nutrition 

iii) surgery 

  

Level 2:  

High dependency 
care 

Any day where a baby who does not meet criteria for 
intensive care receives at least one of:  

i) non-invasive respiratory support 

ii) parenteral nutrition  

  

Level 1:  

Special care 

Any day where a baby who does not meet criteria for 
intensive or high dependency care has at least one of:  

i) oxygen via low flow nasal cannula  

ii) feeding by nasogastric tube, jejunal tube, or 
gastrostomy 

iii) continuous physiological monitoring 

iv) care of stoma 

v) presence of an intra-venous cannula 

vi) phototherapy 

vii) special observation of physiological variables at 
least 4 hourly 

 

1.4.5 Infection control practices 

Infection control practices have been developed to reduce BSI. Simple differences in 

protocols, such as adherence to hand hygiene, use of checklists for infection control or 

choice of antiseptic agent may contribute to differences in BSI rates between NNUs, or 

over time. I will discuss infection control practices further in section 1.6. 

Differences in risk of BSI between NNUs are not always attributable to case mix or level 

of unit as there are also differences in practice between NNUs depending on local 

protocols and staff preferences.(64, 65) In England, there are guidelines for the 

prevention of BSI in adults and children, but not specifically for newborn babies.(66) 

Therefore, it is difficult to know which practices are followed in NNUs. Surveys of clinical 

practice in UK NICUs have found variation in antiseptics between NNUs and that their 
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use has changed over time. For example, a survey of practice in 2007 found that 14% 

(7/50) of NICUs used alcohol-based antiseptics for skin preparation prior to CVC 

insertion.(67) By 2013, 53% (30/57) of NICUs were using alcohol-based antiseptics.(68) 

The change was likely driven by the “Matching Michigan” initiative to reduce BSI in 

babies with central lines which included the recommendation to use 2% chlorhexidine in 

alcohol for skin preparation (but was based on evidence in adults).(69) I present results 

from my survey of PICC related infection control practices in NNUs in section 2.4. When 

evaluating rates of BSI in NNUs, differences in clinical practice are of most interest. This 

is because clinical practice in NNU can be changed, unlike the characteristics of babies 

who are admitted to NNU.  

1.5 Interventions to prevent BSI in NNUs 

Studies have reported declines in rates of BSI following the implementation of care 

bundles.(70-72) Care bundles are several practices “bundled” together to improve care. 

Care bundles developed to prevent BSI often include hand hygiene, staff education, and 

protocol checklists.(70-72) In 2007, NHS England introduced care bundles for CVC care 

to prevent BSI as part of the Saving Lives initiative.(73) However these were based on 

evidence in adults and not all the practices included in the bundles were suitable for 

neonates. For example 2% chlorhexidine in alcohol for cleaning skin prior to CVC 

insertion is recommended in adults but may not be safe in neonates due to skin burns 

and potential neurotoxicity.(68) One NICU in England reported declining rates of BSI 

following the introduction of interventions similar to a CVC care bundle.(74) The study 

compared rates of late onset BSI (including/ excluding CoNS) and CLABSI, in babies 

born before 32 weeks gestation, before and after the adoption of 12 interventions. Two 

interventions reduced CLABSI rates, four reduced rates BSI and one increased BSI rates 

(all organisms). The intervention with the biggest effect on CLABSI rates was a package 

of interventions (i.e. bundle) including change of recommended antiseptic for 

skin/catheter hub decontamination and continuous vancomycin for babies with PICCs 

who had suspected sepsis. Interestingly, rates of BSI (all organisms) had the largest 

decrease following a move to a new building. The study was limited by multiple testing 

(12 interventions each tested for four outcomes), small number of events and a lack of 

risk-adjustment. A recent meta-analysis of before and after studies found a 60% 

reduction (rate ratio 0.40, 95% CI: 0.31, 0.51) in BSI rates associated with CVC care 

bundles in NICUs.(72) However, the components of bundles assessed in these studies 

varied. Furthermore, the studies did not account for pre-existing trends, they 

inadequately adjusted for risk factors, or they lacked a well-defined comparison (so it is 
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not clear what was done “before”). I evaluate the change in rates of BSI following the 

adoption of PICC care bundles in NNUs in England in chapter 6. 

Removal or replacement of CVCs after a given number of days has been considered as 

an intervention to prevent BSI. The theory is that CVCs should be removed after a set 

duration because longer CVC duration is associated with an increased risk of BSI.(40, 

56) However, CVCs are an essential part of care for babies in NNU and are needed to 

deliver important medicine and feeding. Therefore a baby’s health may be impacted in 

other ways if CVCs are removed while still needed. A systematic review of routine 

removal of CVCs in adults found that CVCs should not be routinely removed after a set 

number of days to prevent BSI.(75) This has not been studied specifically in neonates, 

despite the longer duration of CVC use in neonates compared to adults and older 

children. Daily review of the need for a CVC may be used instead of removal after a 

specific time as it relates to each individual baby’s needs. This is a component of CVC 

care bundles, but I found no studies evaluating daily review of the CVC independently 

from care bundles.(72)  

Small trials have found supplementation of lactoferrin, a natural component of human 

milk, to be protective against late onset BSI in neonates.(76) Lactoferrin supplementation 

to enteral feeds reduced risk of late onset sepsis by 41% (RR: 0.59, 95% CI: 0.40, 0.87). 

These trials were classified as low quality due to moderate heterogeneity, selection bias 

and performance bias. The ELFIN study aimed to determine the effect of prophylactic 

enteral lactoferrin supplementation on late onset BSI in very preterm babies in 

NICUs.(77) The ELFIN study recruited 2,203 babies from 37 NICUs and found no 

evidence that lactoferrin reduced BSI.  

One intervention used to reduce BSI in adult and paediatric intensive care units is 

antimicrobial-impregnated CVCs. The CATCH trial, a large RCT in children in PICUs 

demonstrated a 57% (hazard ratio 0.43, 95% CI: 0.20, 0.96) reduction in risk of BSI in 

children with rifampicin-minocycline impregnated CVCs in comparison to standard 

CVCs.(27) Since the CATCH trial, antibiotic CVCs have been adopted by paediatric 

intensive care units. The PREVAIL trial evaluated the effectiveness of rifampicin-

miconazole impregnated PICCs at preventing BSI in neonates in comparison to standard 

PICCs. The trial recruited 858 babies over two years from 18 NICUs.(78) No effect on 

BSI of antimicrobial-impregnated CVCs compared to standard CVCs was found. I 

explore whether the results from the PREVAIL trial are generalisable and applicable to 

other babies receiving PICCs in NNUs in chapter 6 (section 6.4.2).  
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Two recent large RCTs in neonates evaluating interventions to prevent BSI (ELFIN and 

PREVAIL) have shown negative results, despite evidence of the effectiveness of 

lactoferrin in smaller studies or impregnated CVCs in different populations. There are 

several potential reasons for these null effects. First, in the case of lactoferrin, there was 

considerable bias in previous studies that may have led to identification of an effect. 

When the effect was assessed in a rigorous sufficiently powered study, the true null effect 

was revealed. Second, for the antimicrobial-impregnated CVCs, there are differences 

between neonates and older children in risk of BSI. The CVCs evaluated in the CATCH 

trial were larger than those used in PREVAIL and babies in PREVAIL were likely smaller 

(and therefore higher risk) than babies in CATCH. Furthermore, the nature of 

impregnation differed between the CATCH trial and  the PREVAIL trial, where CATCH 

used rifampicin-minocycline impregnation (two antibiotics) and PREVAIL used 

rifampicin-miconazole impregnation (antibiotic plus antifungal). In studies in adults and 

children, the rifampicin-minocycline impregnation appears to be more effective than 

rifampicin-miconazole. However the only impregnated CVC available for neonates is 

rifampicin-miconazole.  

For both studies, the BSI rate may have been already declining over time due to changes 

in clinical practice, for example the adoption of care bundles or improved asepsis.(5, 72) 

This may mean that BSI amenable to improved asepsis was minimised, leaving a larger 

proportion of BSI caused by endogenous risk factors in the most vulnerable babies. For 

example, factors such as, transmission of organisms across permeable epithelium 

including gut mucosa may be harder to prevent through changes in practice.(79) In 

PREVAIL, in which two-thirds of babies were born extremely preterm, the source of BSI 

may have been unrelated to the PICC in many of the babies, and therefore interventions 

targeting the PICC may not be suitable for further reducing rates of BSI in NNU. PREVAIL 

only collected data on BSI that occurred while a PICC was in situ. I determine the 

proportion of all BSI in NNU that occurs while a PICC is in situ in chapter 6 (section 

6.4.3). 

1.6 How to measure neonatal BSI 

1.6.1 BSI definitions 

There is no clear consensus on the best way to define BSI, but it is important to 

understand how definitions differ if making comparisons over time, between hospitals or 

between countries. Usually, a positive blood culture for bacteria and/or fungi is required 

but some definitions also include clinical signs. Including clinical signs is useful as it 
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reduces the likelihood that a positive blood culture is solely caused by contamination with 

organisms present on the skin. However, detection of clinical signs requires clinical 

judgement based on repeated observations and is more subjective than a positive blood 

culture, potentially introducing bias related to different clinical decisions. Blood samples 

are taken frequently on the first and second day of life, but after this time, typically a 

blood sample will be taken only if clinicians suspect an infection.(80) Therefore most 

positive late onset BSI for blood samples taken in NNUs will be in babies with clinical 

signs.  

Due to a high risk of contamination of blood culture samples by skin organisms, it is 

unclear whether or not BSI caused by skin commensals, particularly Coagulase Negative 

Staphylococcus (CoNS) should be included in the definition of BSI. For organisms 

naturally found on the skin, it can be hard to determine whether a positive culture is a 

sign of a true BSI or whether the culture is a result of contamination during sampling. 

The Centre for Disease Control (CDC) definition is often used in studies reporting BSI 

rates (Table 1-2).(81) For BSI, the CDC require a positive blood culture for a pathogen 

or two positive blood cultures for common commensals (i.e. skin organisms) with at least 

one clinical sign of infection. The BSI should not have originated from a site-specific 

infection elsewhere. The European Centre for Disease Prevention and Control (ECDC) 

have a similar definition, but do not specify that the BSI cannot have originated 

elsewhere.(82) The ECDC specify specific definitions for neonates, which include 

cerebro-spinal fluid (CSF) cultures to identify meningitis (Table 1-2). The ECDC definition 

of neonatal BSI differs from BSI in other populations in the way skin organisms are 

treated. The ECDC splits neonatal BSI into neonatal laboratory-confirmed BSI (which 

excludes CoNS) and neonatal laboratory confirmed BSI with CoNS. Definitions of BSI 

not in neonates require a recognised pathogen, whereas the neonatal BSI definition 

includes any organism other than CoNS. The requirement for clinical signs in CDC and 

ECDC definitions of BSI improves specificity but may exclude true BSI depending on 

clinical judgement or recording practice.  Furthermore, it may be difficult to determine 

whether there is another site of infection as required for the CDC definitions. 
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Table 1-2: Surveillance definitions of BSI and CLABSI 

Source Type of BSI Definition 

Centre for 
Disease 
Control  
 
2016 
 
(81) 

BSI 
 

One or more positive cultures from blood 
for an eligible organism that is not 
thought to be seeded from a site-specific 
infection elsewhere.  
OR 
Two positive cultures from blood for a 
common commensal (i.e. skin organism) 
with at least one clinical sign and neither 
are thought to be seeded from a site-
specific infection elsewhere 
 

CLABSI BSI as above when central line (includes 
CVC, PICC, UVC, umbilical arterial 
catheter [UAC]) was present for at least 
two days before BSI event and line was 
in place on day of event or day before.  
 
  

European 
Centre for 
Disease 
Prevention 
and Control 
 
2016  
 
(82) 

BSI One positive blood culture for a 
recognised pathogen, or two positive 
blood cultures for a common skin 
contaminant with clinical symptoms  
 

Microbiologically 
confirmed CVC-
related BSI 
 

Positive culture 48 hours before or after 
CVC removal of same pathogen from 
peripheral blood and central line 

Neonatal clinical 
sepsis 
 

Antimicrobial therapy for at least five 
days and no detection of pathogens in 
blood and no obvious infection 
elsewhere and at least two clinical signs 
 

Neonatal 
laboratory 
confirmed BSI 
 

A recognised pathogen (not CoNS) 
cultured from blood or CSF, and at least 
two clinical signs 

Neonatal 
laboratory 
confirmed BSI 
with CoNS  

At least two clinical signs and CoNS 
cultured from blood or catheter tip and at 
least one of: C-reactive protein > 2.0 
mg/dL, immature/total neutrophil ratio 
(I/T ratio) > 0.2, 
leukocytes < 5/nL, platelets <100/nL. 

 

In addition to BSI, many surveillance systems and research studies measure central line 

associated BSI (CLABSI). The definitions of CLABSI vary but typically CLABSI refers to 

a BSI that occurs while a central line is present (Table 1-2). The timing of CVC is 

important because if the BSI occurs the same day as CVC was placed it is likely that the 

CVC is not the cause, since insufficient time will have elapsed for multiplication of 
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organisms to cause symptoms of BSI. Monitoring of CLABSI rates rather than BSI rates 

may be useful for evaluating an intervention related to CVCs as babies would be 

measured only while they have CVCs in situ. However, not every BSI occurs in a baby 

with a CVC, so it is not useful to always make this restriction. Furthermore, as there are 

many different definitions of CLABSI, it can be difficult to make comparisons with BSI 

rates reported elsewhere.  

1.6.2 Denominators 

When reporting rates of BSI, it is important to consider not only the correct BSI definition 

i.e. how many BSI are counted (the numerator) but also how will the number of babies 

at risk be accounted for i.e. the size of population (the denominator). There are several 

common ways to calculate BSI rates in NNUs. First, using the number of babies admitted 

to NNUs as the denominator. This is calculated as either total number of BSI per total 

number of babies admitted, or number of babies with at least one BSI per total number 

of babies. This is very easy to calculate and easy to interpret for clinicians. However not 

all babies have the same risk of BSI and not all babies are in NNUs for the same length 

of time, therefore comparisons between NNUs may be biased. For example, NNUs that 

admit more high risk babies may have higher rates due to case-mix rather than poor 

infection control practices.  The rates can be stratified by gestational age at birth to avoid 

comparing babies with vastly different risks but as there are many factors associated 

with BSI and relatively few events it is not possible to stratify by all BSI risk factors. 

Alternatively, one can calculate BSI rates using the number of days of stay in NNU as 

the denominator. This accounts for time at risk, not just the number of babies at risk. It 

can be difficult to know which is preferable, and it may depend on the aims of each study, 

but the denominator used can have a great impact on rates of BSI. If you take the 

example in Figure 1-2, there are two similar NNUs but one has babies who stay in the 

NNU for longer. In both, the BSI rate per baby admitted would be 33% (1 BSI in 3 babies), 

however in the first NNU the BSI rate per 1000 days of stay in NNU is 12.5 (1 BSI in 8 

days) compared to 25 (1 BSI in 4 days) in the second NNU. As NNU1 had more time at 

risk without an increase in number of BSI, this may be a NNU that is better at preventing 

BSI. Although if the babies admitted to both NNUs are the same, a shorter length of stay 

is preferable even if it inflates the BSI rate by decreasing the denominator. This is one 

reason why it is important to understand the type of babies and practice in NNU in 

addition to just the number of babies and number of BSI. 
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Figure 1-2: Example of two NNUs with the same number of babies and infections 
but different time at risk 
BSI rates in both NNUs are 33 BSI per 100 babies, but BSI rate per 1000 days of stay is 12.5 in 
NNU1 and 25 in NNU2.  

When looking at CLABSI, the denominator used is often central line days. This is similar 

to using days of stay in NNU as the denominator as it accounts for time at risk. However, 

recommended practice is to remove central lines as soon as they are no longer 

necessary and therefore a NNU that removes central lines promptly would have a higher 

BSI rate than a comparable NNU that leaves lines in longer than necessary for 

convenience or if they are unsure of the correct time to remove them, even if they had 

the same number of BSI in the same number of babies.  

A review by Folgori et al., evaluated the reporting of hospital-acquired BSI (HABSI) and 

CLABSI in NICUs from 18 studies.(83) The review identified a relationship between 

HABSI rates and CLABSI rates, and a relationship between HABSI per baby and HABSI 

per baby days. NICUs with the highest CLABSI rates had the highest HABSI per baby 

and per baby days rates. There was little consistency in measurement or reporting of 

BSI rates and the risk factors adjusted for varied.(83) Comparisons of BSI rates using 

different denominators have been made in other populations. A retrospective cohort 

study of adults in 120 medical centres in the US compared the use of central line days 

or days of stay as the denominator to calculate BSI rates.(84) The choice of denominator 

did not affect the order of ranking of institutions by BSI rates. However, as use of central 

lines is different in NNUs, this finding may not be applicable to NNUs. It cannot be 

assumed that the choice of denominator would not affect the ranking of BSI rates in 

different NNUs. It is important to select the most appropriate denominator to compare 

rates of BSI by NNU to ensure differences are related to NNU practice and not to other 
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factors (e.g. baseline risk of BSI in babies admitted). If the amount of variation in rates 

of BSI is similar when using different denominators, it would be acceptable to use the 

most practical or easily available measure e.g. if data on CVC days was not available, 

rates per baby could be used instead. In chapter 5, I compare measures of BSI rates 

using three different denominators: admissions, days of intensive and high dependency 

care, and days with a central line. 

1.6.3 Point prevalence surveys 

Point prevalence surveys (PPS) are often used to estimate the prevalence of healthcare 

associated infections.(14, 85-92) In addition to estimating prevalence of infection, PPS 

can be used to identify risk factors, to estimate level of antibiotic prescribing and to 

determine which organisms are found most frequently.(85) To measure healthcare 

associated infections in PPS, participating hospitals are selected through random 

sampling and asked to collect data on patients in hospitals on a given day.(14) 

Standardised forms are used to collect data on hospital and ward type, and patient level 

data including infections, antimicrobial use and invasive devices (e.g. CVCs).  This 

information is then collated and analysed to estimate the prevalence of healthcare 

associated infections including BSI. 

PPS have been used to estimate the prevalence of BSI in babies in NNUs. Data on 

children (including neonates) were collected in the 2011-12 ECDC PPS and have been 

analysed separately from adults.(14, 85) The analysis, based on data from 35 hospitals 

in Iceland, Norway and Croatia, found that 10.7% (95% CI: 9.0, 12.7) of babies in NICU 

had a healthcare associated infection and that the most common infection in all children 

was BSI (77%; 592 of 770).(85) A limitation of the ECDC study is that in each hospital 

data were collected on the same day but across hospitals within countries data were 

collected over three weeks, and data collection across all countries spanned two years. 

Therefore, the PPS does not represent the prevalence of infection at one set time point, 

however measures were taken to avoid periods with unexpectedly high or low occupancy 

(i.e. winter or summer). Furthermore, as the data was collected as part of the ECDC 

PPS, which was not tailored to neonates, data on important risk factors in NNUs (e.g. 

birthweight and gestational age at birth) were not collected. A Canadian PPS was 

conducted in 2009 designed to collect data on healthcare associated infections in 

children from 30 hospitals.(88) There were 515 babies in NICUs, 6.6% of whom had a 

healthcare associated infection and BSI was the most prevalent type of healthcare 

associated infection. Although this study was specifically collecting data on paediatric 

patients, no data was collected on gestation and birthweight. The lack of data on BSI risk 
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factors for neonates reflects the fact that data must be entered on forms in one day for 

all patients in a ward/hospital, therefore the amount of data that it is feasible to collect is 

limited.  

PPS are an efficient and cost-effective method of estimating burden of hospital acquired 

infection and are relatively easy to implement, compared to implementing an infection 

surveillance system.(93, 94) However, PPS may overestimate prevalence of BSI as 

patients who have longer stays in hospital are at an increased risk of BSI and are more 

likely to be sampled in a PPS.(95) Regular PPS can be used to monitor trends in 

healthcare associated infections if methodology is robust and consistent. However, PPS 

often neglect to collect information on key risk factors for BSI that are important for babies 

in NNUs such as gestational age at birth, birth weight and length of stay. Without these 

factors it is impossible to appropriately risk-adjust estimates and therefore comparisons 

between different time points cannot be interpreted i.e. cannot determine whether 

differences are due to changes in baseline risk of babies admitted or changes in practice. 

Surveillance systems that routinely monitor the incidence of all BSI are an alternative to 

PPS for measuring rates of BSI in NNU.  

1.6.4 Surveillance systems and national reporting of neonatal BSI 

Monitoring rates of BSI in NNUs is important to understand whether interventions have 

been effective and to know where to focus future interventions or resources. BSI rates 

are also an important measure of the quality of infection control. The following four 

systems currently capture data on BSI in NNUs in England.  

1) NeonIN is a network of NNUs established in 2004 to monitor infection rates.(5, 96) 

The network includes 60 NNUs from the UK, Estonia, Greece and Australia, including 30 

UK NNUs. The network publishes studies on BSI in the UK and internationally.(5, 97) 

NeonIN reported a rate of late onset BSI of 5% per NNU admission between 2005 and 

2014 (Table 1-3).(5)  

2) The National Neonatal Audit Programme (NNAP) reports rates of BSI and CLABSI 

by NNU and across all NNUs in England, Scotland and Wales. The NNAP uses data 

from the National Neonatal Research Database (NNRD) which collects information 

entered into the BadgerNet patient management system.(1) I describe the NNRD in 

detail in chapter 2 (section 2.2). BSI is under-recorded in the NNRD but the NNAP have 

encouraged NNUs to enter infection data and reporting has increased over time, from 

14% (25/181) of NNUs reporting to NNAP that they recorded all positive blood cultures 

in BadgerNet in 2016 to 42% (76/179) of NNUs in 2017 (number of NNUs involved in 
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NNAP differs by year). I further explore recording of BSI in the NNRD in section 2.3.2.5.  

In 2017, the NNAP reported that 0.9% of babies in NNU had a BSI caused by a pathogen 

and there were 4.61 babies with CLABSI per 1000 central line days (Table 1-3).(1)  

3) A new surveillance system of healthcare-acquired infections in intensive care units, 

including NICUs, called ICCQIP has been developed by Public Health England. There 

are currently 5 of 43 NICUs (21%) reporting to the system.(98) The first year of the 

ICCQIP surveillance reported a NICU BSI rate of 0.7 per 1000 bed days and a CLABSI 

rate of 1.5 per 1000 CVC days (Table 1-3).(98) The surveillance system requires data 

on any infections that meet the criteria to be entered and therefore is additional work for 

neonatal staff who already enter data in BadgerNet (which is sent to the NNRD). This 

additional burden on staff may contribute to the low uptake of the system in NICUs.  

4) The Second Generation Surveillance System (SGSS) is a national laboratory 

surveillance system operated by Public Health England.(99) SGSS collects data on 

positive cultures (including but not limited to blood cultures) from NHS laboratories 

across England and Wales. I describe SGSS in detail in chapter 3 (section 3.2). SGSS 

does not provide information on the location of patients, risk factors, or other important 

clinical information e.g. admission and discharge dates. Without this information, it is 

impossible to determine whether a BSI occurred in a NNU (rather than PICU or postnatal 

ward). Without risk factors we cannot account for case-mix when making comparisons 

over time or between NNUs and there is no indication of the possible source of a BSI 

(e.g. from a CVC).  

I present BSI rates from each system in Table 1-3. The types of BSI reported from each 

system varies. The variation is due to differences in the denominator used to calculate 

rates, the definition of BSI, and the population included. NeonIN report BSI per 100 

admissions and the NNAP report BSI per 100 babies.(1, 5) These measures are similar 

but approximately 10% of babies have more than one NNU admission. Therefore if both 

rates were used in the same population the measure per 100 admissions would have a 

bigger denominator and therefore a lower BSI rate. Not only does the denominator vary, 

but also which BSI are included. The NNAP report that 0.9% babies have BSI caused by 

pathogens, which is half that of the 1.8% of admissions with BSI excluding CoNS 

reported by NeonIN.(1, 5) The NNAP define pathogens as organisms for which a blood 

culture would be considered unequivocal evidence of an infection. This is a very stringent 

definition that was in part chosen to reduce the need for checking clinical signs which 

are often not complete in the NNRD. As I mentioned above, SGSS does not collect 

information on whether a baby is in a NNU, therefore it is only possible to report by age. 
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In the healthcare associated infection reports produced by Public Health England (PHE), 

BSI is reported for specific organisms by age group per 100,000 in the population. PHE 

report E. coli and S. aureus for babies aged less than one year, although it would be 

possible to use the data to focus on smaller groups (e.g. babies born before 28 

days).(100, 101) In contrast, ICCQUIP report BSI rates for babies in NICUs per 1000 

ICU days or 1000 CVC days. Comparisons of BSI rates reported by the surveillance 

systems demonstrates the inconsistent reporting of BSI in England, which prevents fair 

comparisons.
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Table 1-3: Rates BSI in NNUs in England and the UK from infection surveillance systems 

Study Setting Rates of late onset BSI Change over time 

NeonIN (5) 
 
 

30 UK NNUs 
(NICUs and LNUs) 
2005 to 2014 

1.8% of neonatal admissions (excluding CoNS) 
 
4.9% of neonatal admissions (including CoNS) 
 

Significant decrease (p<0.001) 

NNAP (1) 179 UK NNUs 
(NICUs, LNUs and SCBUs) 
2017 

Pure growths of pathogens 
All: 0.9%  
≤27 GA: 20.3%  
28-31 GA: 4.2% 
32-26 GA: 0.4% 
≥37 GA: 0.2% 
 

N/A 
 
Number of NNUs that reported all 
BSI improved from 25 to 74 from 
2016 to 2017 – not suitable to 
make comparisons over time 
 

SGSS A 

(100, 101) 
All laboratories in England 
Wales and Northern Ireland 
E.coli – 2017 
S. aureus – 2018  
Infants aged <1 year 
 

MRSA per 100,000 population 
Boys – 2.2 Girls – 1.6 
MSSA per 100,000 population 
Boys – 45, girls – 30 
E. coli: 89 per 100,000 

Trends 2009 to 2017/18 (all ages). 
MRSA decreased and gradually 
reached a plateau. 
MSSA was stable until 2014, then 
increased. 
E.coli increased. 
 

ICCQIP (98, 102) 5 NICUs in England 
May 2016 to April 2017 

0.7 (11 / 14,955) ICU associated BSI per 1000 
ICU patient days 
1.5 (5 / 3,304) ICU associated CVC-BSI per 
1000 ICU-CVC days 

N/A 
System launched in 2016 

A PHE typically reports BSI rates from SGSS by organism, therefore I have selected two organisms frequently cultured from babies in NNU for which there were 
recent reports: E. coli and S. aureus
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Often surveillance of neonatal BSI focuses only on high risk groups. For example, the 

NEO-KISS system in Germany and the National Institute of Child Health and Human 

Development (NICHD) Neonatal Research Network in the US. NEO-KISS collects data 

on extremely low birthweight infants from 241 NICUs in Germany and reports rates of 

5.46 and 3.08 BSI per 1000 patient days for babies with birthweight 500-999g and 1000-

1499g, respectively.(43) From 2006 when the surveillance system started until 2011, the 

risk of BSI for babies in NICUs reduced by 30% (hazard ratio of 0.70, 95% CI: 0.64, 

0.76). The surveillance system is large enough to identify new risk factors, for example 

NEO-KISS identified that NNU capacity is protective against BSI in NICUs with a capacity 

greater than 60, after adjusting for risk factors including gestation at birth. The NICHD 

Neonatal Research Network collects data on extremely preterm infants born at 22 to 28 

weeks' gestation with birthweight of 401-1500g. Of babies born in a network centre 

between 2003 and 2007, 36% had late onset sepsis. Rates were higher in babies born 

at an earlier gestation: 58% at 22 weeks compared to 20% for those born at 28 

weeks.(12) There was also substantial variation in rates of BSI between different centres, 

with overall BSI rate by centre ranging from 18% to 51%. From 2005 to 2012, the 

prevalence of BSI declined from 37% to 27%.(4)  

As described above, several systems collect data on BSI rates in England and 

elsewhere. However, these studies have one or more of the following problems i) 

restriction to high risk babies in NNU; ii) limited information on BSI risk factors; or iii) 

small scale and therefore not necessarily representative of national rates. Studying BSI 

in particularly vulnerable groups is important as these babies are most likely to develop 

BSI and to have long term consequences following a BSI. However, this does not provide 

a comprehensive view of BSI since BSI does not only occur in the relatively small number 

of extremely low birthweight babies. The NICHD Neonatal Research Network followed 

moderately preterm babies (gestation 29-33) born January 2012-November 2013 

admitted to 18 NICUs.(103) Late onset sepsis was less common in the moderately 

preterm infants compared to extremely preterm infants, 3% vs 19%, but there was a far 

greater number of moderately preterm infants. This highlights the importance of studying 

the whole neonatal population as BSI is not restricted to the most high risk group.  

Furthermore, the rate in high risk babies could be declining while the rate is stable or 

increasing in other babies. Without information on BSI risk factors, we are not able to 

interpret what may have caused a change in BSI rate. It could be a change in the risk of 

babies that are admitted to NNU, or that the length of time babies are spending in NNU 
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has changed, or that practice has changed, for example, following the introduction of 

care bundles. This is important because if there has been an improvement due to change 

in practice, we need to know why so we can ensure all NNUs are following the practice. 

Conversely, if there has been an increase in BSI rates, we need to know why so we can 

address the issue. Finally, the studies in England are not on a large scale. We know that 

there is variation in BSI rates by NNU, so a single centre study is unlikely to be 

representative, and even the 30 NNUs included in neonIN may not give us the whole 

picture.  

The NNRD is available to evaluate rates of neonatal BSI but data on BSI is not well 

completed. Although recording of BSI in the NNRD is improving, it is not possible to look 

at historical trends due to the small number of NNUs who reported in the past. As I 

described previously, data on pre-existing trends is essential when evaluating the effect 

of an intervention on rates of BSI to determine whether a change in the rate is due to the 

intervention or was already occurring for a different reason. The inconsistent reporting of 

BSI to the NNRD prevents regional comparisons. In 2017, only 76 of 179 NNUs in 

England, Scotland and Wales reported that they entered all positive BSI into the NNRD. 

SGSS collects data on BSI directly from laboratories and is therefore better completed. 

However, the system does not collect information on whether a baby is in a NNU (rather 

than a PICU or maternity ward) and there is no clinical information to perform risk 

adjustment. Linking the NNRD to infection surveillance at PHE could create a resource 

for measuring neonatal BSI in England. This dataset could be used to confirm which 

factors are associated with BSI and to determine how rates of BSI have changed over 

time and vary between regions. Furthermore, the dataset could be used to determine 

how rates of BSI have changed following the adoption of new interventions, and to 

evaluate whether results from clinical trials are generalisable and applicable to all babies 

in NNUs. 

1.7 Data linkage to measure BSI rates 

1.7.1 What is data linkage? 

Data linkage is used to join up information on individuals from one or more distinct data 

sources. Linkage has become increasingly popular with digitisation of patient care 

records and the use of administrative data for research. There are two main types of data 

linkage: deterministic and probabilistic linkage. In deterministic linkage, records from two 

or more datasets are joined if they agree on one or more identifiers, for example NHS 

number or a combination of postcode, date of birth and sex. Deterministic linkage is 
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straightforward but relies on well-completed and high quality identifiers to avoid false 

matches and missed matches. In probabilistic linkage probabilities are calculated that 

each possible combination is a true link based on agreement or disagreement on a set 

of identifiers.(104) The potential links are then categorised as links or non-links based 

on match weights derived from these probabilities. A threshold is selected above which 

all pairs are considered links and below which all pairs are considered non-links. Often 

two thresholds are selected and a set of potential links between the thresholds are 

manually reviewed to avoid identifying false links or missing true links. Although 

probabilistic linkage is not as dependent on identifier quality, typically the better the 

quality of identifiers the easier and more accurate the linkage will be.   

1.7.2 Advantages and disadvantages of linking administrative data 

Linkage of administrative data provides a way to design studies without needing to collect 

new data. Administrative data refers to all data that is collected regularly for uses other 

than research, usually data collected by the government as it carries out its duties. 

Administrative data includes electronic health records, educational attainment records, 

and microbiology laboratory test results.(105-107) Use of existing administrative data 

reduces the burden on patients and researchers in addition to avoiding high costs related 

to collecting data. Furthermore, administrative data is often representative of whole 

populations so selection bias is reduced compared to studies that recruit participants for 

which those who participate likely differ from those who do not participate. For example, 

participants may be more likely to have higher socioeconomic status.(108) Selection bias 

is reduced if we are interested in an entire population, for example all babies admitted to 

NNUs. However, selection bias can be an issue if we select a subgroup with a specific 

disease or treatment, such as all babies with a CVC, if the recording of the CVC was not 

complete and completion depended on baby characteristics.(109) Quality of 

administrative data is often worse than data collected for a specific research purpose as 

quality of data items that do not relate to the original purpose (e.g. cost of care) are not 

prioritised. This is an issue for data linkage as the quality of linkage will be dependent on 

the quality of patient identifiers. Although cheaper than setting up new systems to collect 

data, accessing administrative data can be expensive and gaining access to data can 

take a long time. A further disadvantage of linkage is the risk of linkage error, which I 

discuss in the next section.  

1.7.3 Implications of linkage error 

Linkage error due to missed or false links may lead to selection or information bias.(110) 

Missed links occur when two records that belong to the same person are not linked. 
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False links occur when two records that belong to the same person are linked in error. 

Missed or false links can cause bias in the following ways: 

1) If links are meaningfully interpreted, missed or false links can result in 

misclassification or measurement error in opposite directions. For example, if a 

link indicates an infection, missed links will result in underestimated infection 

rates and false links will result in overestimated infection rates.  

2) If linkage is used to select the population or sample, linkage error may lead to 

selection bias. For example, if linking a disease register to hospital admissions, 

those who do not link may be excluded. If variables of interest, such as extreme 

prematurity or socioeconomic status, were associated with the likelihood of a 

record linking, there would be selection bias.  

3) Linkage error could result in two people being falsely linked and categorised as 

the same person, or records for one person being split and given two identities.  

The examples given above will result in bias if variables of interest differ between true 

links and missed/false links. This is often the case. For example, a study in Australia 

evaluating linkage of mothers and babies hospital records, unlinked babies were more 

likely to have low birthweight, be preterm and have died in hospital, compared to linked 

records.(111) In the US, a study linking the National Health Interview Survey to death 

records, found that Hispanic and foreign born adults had poorer quality linkage than white 

and US-born adults.(112) The threshold used to choose links had changed the direction 

of effect in the estimates of mortality for foreign born Hispanic adults (compared to US-

born white adults). Using a relaxed threshold, the hazard ratio was 1.24, compared to 

0.97 with the cut-off used by the National Centre for Health Statistics (who link surveys 

to death records) and 0.78 with a tightened threshold. These examples highlight the 

importance of comparing linked and unlinked records to determine whether results may 

be biased by differences in variables of interest. 

1.7.4 Data linkage for infection surveillance  

Linkage has previously been used to evaluate rates of BSI in paediatric intensive care 

units (PICU) in England.(113, 114) PICU audit data (PICANet) was linked to national 

laboratory infection surveillance using probabilistic linkage and prior-informed 

imputation.(115) Prior-informed imputation is an alternative to selecting links based on 

whether the highest weight is above a specific threshold. Selecting links based on 

highest weights is typical in probabilistic linkage, but increases the risk of bias if the true 

link is below the threshold, or a false link is above the threshold. As I mentioned in section 

1.7.1, manual review can reduce false or missed links but is time-intensive, at risk of 
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human error and there may still be missed/false links below/above the thresholds. In the 

study linking PICANet and infection surveillance data, the use of prior-informed 

imputation estimated that 5.8% of admissions had BSI. The estimate using prior-

informed imputation had less bias than deterministic or probabilistic linkage.(114, 116) 

The linked data was used to determine temporal trends in BSI rates in PICU and to 

evaluate the generalisability of results from the CATCH trial of impregnated CVCs in 

PICUs.(113, 117)  

Linkage at the regional level of electronic health records to surveillance data can help 

evaluate the validity of infection recording in health records. For example, comparing a 

notifiable disease database to laboratory data to evaluate ascertainment of viral 

infections in children born preterm.(118) Linkage of the databases increased 

ascertainment of influenza infection by 10% in children aged <5 years, highlighting the 

benefit of linkage compared to using one database alone.(119)  Validating a surveillance 

system through linkage gives the opportunity to quantify under-ascertainment and to give 

insight into differences between those that were reported to the surveillance system and 

those that were not. This enables analysis to account for bias that may result from 

differences in included and excluded infections and may help generate ideas on how to 

increase ascertainment in those currently under represented. Linkage of hospital records 

to positive blood cultures in one hospital in Italy from 2011 to 2017 found that only half 

of patients with two or more positive blood cultures had a record of sepsis.(120) This 

demonstrates how linkage to blood cultures is more sensitive than using diagnosis codes 

based on clinical records. Compared to diagnosis codes, recording of blood cultures is 

less likely to be related to a baby’s clinical characteristics because the data will be 

entered by laboratory staff whose access to clinical information about the baby is limited 

and therefore reduces bias, assuming that completion of identifiers is not a confounding 

factor.   

Linkage at regional level of electronic health records has been evaluated in Oxfordshire 

as a method of automating the current manual mandatory reporting of healthcare 

associated infection.(121) Data from the patient administration system (demographic 

data and inpatient/outpatient clinical records), emergency admissions tracking system, 

microbiology information system and laboratory information system were linked for the 

Oxford University Hospitals trust.(122) Data were linked deterministically using NHS 

number, hospital number or concatenation of name and date of birth. To prevent false 

links due to erroneous identifiers, data were then classified into good or bad clusters, 

where bad clusters contained multiple identifiers (e.g. the same NHS number but 
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different names/date of birth). A cluster partitioning algorithm was used to detect and 

remove erroneous identifiers that caused bad clusters (i.e. correct instances of multiple 

patients who had been classified as one patient due to an incorrect identifier). The 

linkage is routinely performed in near to real time, and could therefore be used to replace 

mandatory reporting of healthcare associated infection. Comparison of the linked 

electronic health records to mandatory reporting of E.coli, C. difficile, MRSA and MSSA, 

which is entered via an online data capture system, found very similar number of BSI in 

both systems and better completed demographic data in the linked records (likely due to 

recording errors in mandatory surveillance).(121) However, case notes were not 

reviewed so it was not possible to investigate discrepancies to determine which system 

had the correct information. Adoption of mandatory reporting via data linkage could 

substantially reduce time and money spent on mandatory surveillance based on 

laboratory submissions. The Oxford system is not specific to neonates but does highlight 

a potential mechanism for measuring BSI through linkage, which could, for example, 

replace the mandatory reporting of BSI in NICUs for ICCQUIP surveillance (section 

1.6.4).  

1.7.5 Data linkage for this project  

As outlined in section 1.6.4, there is no single data source to measure risk-adjusted rates 

of BSI in NNUs in England. Linkage of the NNRD and national laboratory infection 

surveillance is one way to provide a national resource to measure trends in rates of BSI 

in NNU. The linkage is informative, as a link will indicate the presence of BSI and 

therefore unlinked babies will be considered babies without BSI. Therefore accurate 

linkage is important to avoid bias when evaluating rates of BSI calculated from linked 

data. For example if links are missed, rates of BSI will be underestimated, and if false 

links are included, rates of BSI will be overestimated. If the quality of patient identifiers 

change over time or vary between NNUs, match rates may differ (over time or between 

NNU), and therefore results would be biased. Therefore, it is important to use linkage 

methods that do not rely on perfect completion of identifiers. For this reason, I used both 

deterministic and probabilistic linkage. I describe the linkage methods used in this thesis 

in detail in chapter 4.  

1.8 Aims and objectives 

The overall aim of this thesis was to create a system for monitoring bloodstream infection 

rates and for supporting evaluation of interventions to reduce BSI in NNUs in England 
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by linking electronic health records from NNUs to national laboratory infection 

surveillance data. 

The specific objectives of this research were: 

1. To determine changes in BSI risk factors over time among babies admitted 

to NNUs using electronic health records; 

2. To determine variation in infection control practices between NNUs using a 

survey of NNUs in England; 

3. To determine the effect of changes in reporting to the national laboratory 

infection surveillance system on the number of BSI reported, in order to 

determine consistency in ascertainment of BSI over time; 

4. To link electronic health records from NNUs to national laboratory infection 

surveillance data and validate linkage methods; 

5. To evaluate sources of variation in BSI rates to inform fair comparisons and 

understand where to target interventions; 

6. To determine how rates of BSI have changed over time from 2010 to 2017; 

7. To demonstrate how the system can be used to support evaluations of 

interventions through two examples.  

 

In my PhD, I first examined variation in baby and NNU factors that might influence rates 

of BSI. I evaluated infection control practices reported by NNUs through a survey and 

used the NNRD to compare use of central lines across different NNUs. I also evaluated 

the change in prevalence of baby characteristics over time. Second, to determine 

whether a system change in national infection laboratory surveillance had resulted in a 

change in reporting of BSI due to skin organisms, I compared the number of BSI reported 

to the system and the trend before and after the new system was introduced. Third, I 

linked babies in NNUs in England to BSI records from the national infection surveillance 

system using deterministic and probabilistic linkage. I evaluated the linkage accuracy by 

comparing linked and unlinked clinical records of BSI indicated in NNRD data, as I 

expected all of these babies to link to a BSI in the surveillance data. Fourth, I evaluated 

how rates of BSI varied between regional neonatal networks and explored which factors 

contributed to variation. Fifth, I evaluated how risk-adjusted rates of BSI changed from 

2010 to 2017 using different measures of BSI. Sixth, I demonstrated two examples of 

how to use the system to support evaluation of interventions to prevent BSI. I evaluated 

whether there was a change in rates of BSI following the adoption of care bundles for 
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PICC insertion and maintenance, and determined the generalisability and applicability of 

results from the PREVAIL trial to all babies who received PICCs in NICUs and LNUs. 
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2 Variation in characteristics of babies in neonatal units 

measured through the NNRD and a survey 

 

2.1 Chapter Overview 

The overall aim of this thesis was to create a system for monitoring BSI rates and for 

supporting evaluation of interventions to reduce BSI in NNUs in England by linking 

electronic health records from NNUs to national laboratory infection surveillance data. 

As discussed in chapter 1 (section 1.4), risk-adjustment of BSI rates is important for valid 

comparisons of BSI rates over time and between NNUs. Electronic health records from 

NNUs in England are stored in the NNRD which provides information on baby 

characteristics (e.g. gestation), invasive procedures (e.g. CVCs) and to which NNU a 

baby is admitted (e.g. NICU or LNU). However, the NNRD does not contain information 

on infection control practices. These practices vary by NNU and change over time.(67, 

What is already known: 

 Baby characteristics are associated with risk of BSI.  These factors 

must be adjusted for when evaluating differences in rates of BSI that 

might be attributable to variation in practice or interventions. 

 There are no guidelines for infection control practices related to PICCs 

for NNUs in England. Information on which practices are used in 

NNUs is not routinely collected. 

What this chapter adds: 

 I investigated the quality of data from neonatal electronic health 

records (the NNRD), which provides information on BSI risk factors 

for all analyses in this thesis.  

 I evaluated how risk factors have changed over time using the NNRD.  

 I described variation in infection control practices for PICC insertion 

and maintenance in NNUs in England, using a cross-sectional survey 

of NNUs. 
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68) Despite the potential to significantly impact BSI rates, data on infection control 

practices in NNUs in England are not routinely collected. In this chapter, I present work 

towards objective 1 “To determine changes in BSI risk factors over time among babies 

admitted to NNUs using electronic health records” and objective 2 “To determine 

variation in infection control practices between NNU using a survey of NNUs in England”.  

In section 2.2, I evaluated the NNRD as a data source to provide clinical information for 

babies in NNUs for this thesis. I explain how and why the data was collected and 

investigate data quality to anticipate issues which may affect linkage or evaluation of risk-

adjusted BSI rates. Data quality affects linkage because linkage success is dependent 

on well completed patient identifiers (chapter 1, section 1.7) and will affect risk-

adjustment if important risk factors are poorly completed. In section 2.3, I used the NNRD 

to evaluate changes in the prevalence of BSI risk factors over time and variation in use 

of central lines between NNUs. In section 2.4, I present results from a survey of clinical 

practice evaluating how PICC-related infection prevention practices vary by NNU. The 

survey provides a cross-sectional snap shot of practice in NNU to demonstrate variation 

that is not collected in the NNRD but may be associated with BSI rates.  

A paper based on work within this chapter on the variation in infection prevention 

practices between NNUs was published in PLOS ONE in 2018 (Appendix A: Paper on 

survey of infection control practices).(64) I presented the work as a poster at the 2016 

British Association of Perinatal Medicine conference (Bristol, UK) and the work on 

variation in central line use between NNUs as an oral presentation at the Royal College 

of Paediatrics and Child Health conference in 2017 (Birmingham, UK). 

2.2 Data source: National Neonatal Research Database 

2.2.1 Background 

The NNRD is a national resource that holds clinical information from NNUs captured at 

the point of care. Since 2012, all NNUs in England contribute data to the NNRD. The 

Neonatal Data Analysis Unit (NDAU) at Imperial College London manage the NNRD. 

The NDAU, established in 2007, aims to improve the quality of neonatal care through 

capture of clinical data. One way the NDAU addresses this aim is through an annual 

audit of neonatal care, known as the NNAP. The NNAP publishes annual reports using 

NNRD data.(1, 123) In addition to NNAP reports, the NNRD is available for research and 

health service evaluations for ethically approved studies.(2, 124, 125)  
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2.2.2 Data collection 

Clinical staff in NNUs enter clinical and demographic data to babies’ electronic patient 

health records using the BadgerNet system.(126) The BadgerNet system is a clinical 

management system used in all NHS NNUs in England to support paperless working 

and generate discharge letters. NHS trusts contract the privately owned company 

Clevermed to provide the BadgerNet system. The data collected in the NNRD includes 

birth characteristics, for example birthweight and type of delivery; a daily record of care, 

for example whether a CVC was used or any drugs were given each day; and ad hoc 

information for example blood test results and surgeries performed. The NNRD also 

captures personal demographic data including date of birth, mother’s postcode and NHS 

number (which can be used for linkage, chapter 4). The daily record is entered using 

drop down boxes with minimal free entry text and within the system there are logic and 

range checks to prevent entry of improbable data. Staff enter the daily record each day. 

A device (e.g. CVC or ventilation) is recorded as present if it was in use at midnight. Data 

relevant to infection collected in the NNRD daily record are whether clinicians suspected 

a baby has sepsis and what drugs were given each day (e.g. antibiotics). 

The Badger ID is used to identify babies within the BadgerNet system and the NNRD. A 

Badger ID is generated for each baby in a NNU and can be used to identify babies who 

are transferred between units. An admission ID is also created for each admission, 

therefore a baby should have only one Badger ID but if they are transferred between 

NNUs, they would have multiple admission IDs.  

Infection data is poorly recorded in the NNRD. The NNRD contains data on laboratory 

tests for infection, which are entered by doctors or nurses. This includes information on 

the type of samples taken (e.g. blood or urine), organisms cultured (including negative 

results), antimicrobial resistance in isolated organisms, date and time of samples, and 

clinical signs on the day of sampling. In 2015, one NNU compared infections recorded in 

BadgerNet to the microbiology data at their hospital laboratory and found only 54% of 

(positive or negative) blood cultures were recorded in the NNRD.(127). In 2016, 25 of 

181 (14%) NNUs informed the NNAP that they were confident all positive cultures from 

their unit were entered in BadgerNet.(123) A recommendation, in the report on 2016 

data, was for all NNUs to attempt to enter all their data. The following year 76 of 179 

(42%) NNUs reported recording of all positive cultures.(1) Completion of BSI in NNRD is 

improving, but it is not possible to look at historical trends or variation between NNUs 

using NNRD data alone due to the inconsistent reporting of infection data.  
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2.2.3 Data storage and processing 

Data flows from NNUs to NDAU via Clevermed. First, records from BadgerNet are 

securely transferred from NHS Trusts to servers at Clevermed (Figure 2-1). Every three 

months, data are then transferred from Clevermed to NDAU. When the data is received 

at NDAU, based at the Chelsea & Westminster NHS Foundation Trust, it is kept in an 

encrypted file on a secure NHS server. The data is pseudonymised and patient identifiers 

are stored separately. Data are then cleaned and anonymised before data enters the 

NNRD for the use of audit or research. However, the extract received for this project is 

the raw data including identifiers and without cleaning or anonymisation. I required 

patient identifiers to perform linkage and receiving raw data allowed me to tailor the 

cleaning to the aim and objectives of this research. 

 

Figure 2-1: Flow of data to NNRD 

2.2.4 Information Governance 

The NDAU has permission to use and store babies’ information with Research Ethics 

Committee (REC) approval (REC Reference: 16/LO/1093) and Confidentiality Advisory 

Group (CAG) approval (CAG reference: ECC 8-05(f)2010). Parents can opt out from 

contributing their baby’s data to the NNRD, but as of October 2019, no parents have 

chosen to opt out. Permission for linkage to PHE infection surveillance records was 

granted by each of the 141 NNUs in this project. The remaining 30 NNUs did not respond 

to multiple requests, and are therefore excluded. No NNUs declined to participate. I 

describe ethics and governance for linkage in more detail in chapter 4 (section 4.3.1). 
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2.2.5 Data dissemination 

The primary output from the NNRD is the annual NNAP report published by the Royal 

College of Paediatrics and Child Health (RCPCH).(1, 123) The NNAP was established 

in 2006 to evaluate the quality and consistency of care for babies in NNUs in England, 

Scotland and Wales. The NNAP reports audit measures to evaluate the quality of 

neonatal care. The audit measures are reviewed regularly to ensure the most relevant 

measures are included.(1) In 2017 there were seven audit measures: prevalence of 

antenatal steroid provision, magnesium sulphate use, temperature measurement, 

consultation rate, retinopathy of prematurity screening, follow up for babies born before 

30 weeks gestation, and delivery location. The NNAP also provides an online tool to 

allow neonatologists to compare their NNU’s performance in these measures to other 

NNUs.  

In addition to NNAP reports, the NNRD has been used to report the incidence of neonatal 

brain injury, evaluate restructuring of neonatal services, describe growth of preterm 

infants and assess a quality improvement project.(2, 124, 125) The wide variety of 

studies that have used data from NNRD reflects the richness of the data. 

2.3 Variation in baby and clinical care characteristics measured using the 

NNRD 

2.3.1 Methods 

2.3.1.1 Extract for this study 

I obtained data from the NNRD for babies admitted to 141 of 171 (82%) NNUs in 

England between January 2010 and June 2017.  Data were extracted by NDAU staff 

and transferred to PHE using the CyberArk secure file transfer system. At PHE the 

data were stored on secure servers. The data were extracted in two waves: January 

2010 to December 2015 and January 2016 to June 2017. The process of requesting 

data started before my PhD project. Investigators for the PREVAIL trial first 

approached the NDAU to request records from the NNRD for linkage to infection 

surveillance data in 2012. From the start of my work on the project, there were many 

setbacks in receiving the initial extract including delays in establishing a data sharing 

agreement and receiving the correct full data. A timeline of these issues is outlined in 

Table 2-1. 
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Table 2-1: Timeline of receiving data 

Date Event 

20/03/2016 Original date data was expected, however the data sharing 

agreement (DSA) between UCL, NDAU and PHE was not 

finalised and signed therefore data could not be 

transferred 

22/03/2016 Test extract of anonymised data uploaded to CyberArk. 

However the data manager at PHE was unavailable so I 

was not able to access the data in CyberArk 

12/04/2016 Accessed CyberArk and downloaded the test extract 

15/04/2016 Attended a meeting at NDAU and the DSA was signed by 

NDAU 

04/05/2016 The DSA was signed by PHE and arrived at UCL 

10/05/2016 The DSA was signed by UCL (all parties) and sent to 

NDAU, however NDAU noticed a watermark that had to be 

removed from the DSA and therefore DSA had to be 

signed again 

13/05/2016 The DSA without the watermark signed by all parties 

14/05/2016 NNRD extract transferred via CyberArk to the secure drive 

at PHE 

25/05/2016 Accessed data on the secure drive at PHE 

9/06/2016 Identified issue with data (variables in wrong columns) and 

notified NDAU 

15/06/2016 Contacted NDAU to find solution to data issue (decision to 

send as SQL file instead of csv) 

16/06/2016 NDAU transferred SQL file via CyberArk 

11/07/2016 Identified seven NNUs consented but were not included in 

the extract, notified NDAU and requested data for these 

NNUs. 

14/07/2016 NDAU transferred data including missing units 

3/10/2016 Data was available and in correct format at PHE  
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2.3.1.2 Study population 

The study population included any baby who had at least one day of care recorded in 

one of the 141 included NNUs between March 2010 and June 2017. Some hospitals 

recorded all babies born in the hospital in the NNRD, therefore I excluded all babies who 

did not have at least one day in NNU recorded in the “location of care” variable in the 

NNRD. The location of care variable records whether a baby was in a NNU, transitional 

care, postnatal ward or other location of care. If a baby spent any time in a NNU on a 

given day, NNU is recorded. 

The first extract from the NNRD included babies admitted on 1st January 2010 or later 

and the second extract included babies admitted on 1st January 2015 or later. This 

resulted in missing data from the daily record of care and discharge dates for babies who 

were admitted in the first extract and discharged in the second extract. For example, a 

baby admitted on 31st December 2009 and discharged on 7th January 2010 would be 

missing from the extract. The missing babies and days at risk at the start of 2010 would 

result in artificially high rates of BSI due to missing babies and/or days from the 

denominator. To avoid this, I excluded data from January and February 2010.  The same 

issue occurred with babies admitted in 2015 and discharged in 2016 due to missing data 

from 2016. Therefore I excluded baby days in NNUs from September 2015 to February 

2016 from the denominator.  

In this thesis, I was interested in babies admitted to NNUs who were at risk of BSI. 

Therefore, I restricted analysis of the linked data (chapters 5 and 6) to babies who 

received intensive and high dependency care. Babies in SCBU have a lower risk of BSI 

because while in SCBU they do not receive CVCs, mechanical ventilation or surgery 

(chapter 1, section 1.4.4, Table 1-1). Babies in SCBU are also less likely to be preterm. 

Furthermore, SCBUs were less likely to provide consent for inclusion in this study. 

SCBUs also had the lowest response rate for consent to linkage: 76% (29/38) compared 

to 89% (68/76) for LNUs and 96% (44/46) for NICUs. Including SCBUs would increase 

the number of very low risk babies and could bias results if the number of babies in SCBU 

changes over time. Within NICUs and LNUs there are designated special care beds, 

therefore I also excluded babies receiving special care in NICUs and LNUs. I restricted 

analyses to days of intensive and high dependency care using the daily record of care 

in NNRD which records the highest level of care a baby receives each day. I linked all 

babies in NICUs and LNUs (chapter 4) but I report the number that were then excluded 

as they received no intensive or high dependency care. In the rest of the thesis (including 
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this chapter) my analysis is restricted to babies receiving intensive and high dependency 

care. 

2.3.1.3 Comparison of included and excluded NNUs 

I compared characteristics of included and excluded NICUs and LNUs in England. 

Although the NNRD covers all NNUs in England, 30 NNUs were excluded from my 

extract as they did not respond to requests for consent to link data from their NNU to 

infection surveillance records.  As care pathways may vary between neonatal networks, 

missing NNUs from different networks may care for very different types of babies and 

therefore it is important to understand whether the NNUs that were excluded in the 

extract used for this study differed from those that were included. I based the comparison 

on aggregate NNU level data from the 2015 NNAP report on 2014 data which is available 

from the RCPCH website.(128, 129) I compared the number of admissions, line days, 

line days per admissions and CLABSI rate per 1000 central line days in babies who were 

born before 32 weeks gestation and born at 32 weeks gestation or later for NICUs and 

LNUs that were included in our data with those that were excluded. I compared the 

number of line days stratified by gestational age at birth as these are important risk 

factors for BSI that are available in the NNAP reports. 

2.3.1.4 Data quality and cleaning 

2.3.1.4.1 Badger ID 

I checked Badger IDs and admission IDs to ensure the same baby did not have multiple 

Badger IDs and multiple babies did not have the same Badger ID. To check that records 

with the same badger ID belonged to the same baby, I assessed agreement and 

disagreement on patient identifiers and baby characteristics. If two records with the same 

Badger ID met any one of the criteria in Box 2-1, I generated a new Badger ID for one of 

the records as I considered the records to represent two different babies. The original 

Badger ID was retained. I classified babies that met the third criteria as multiple births 

and created an indicator variable to identify them.  

Box 2-1: The criteria used to identify different babies with the same 
Badger ID 

1. Different NHS number and different date of birth  

2. Different NHS number and different mother’s NHS number 

3. Same mother’s NHS number, date of birth, and gestation, but 

different NHS number, time of birth and birthweight  
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If a Badger ID disagreed only on sex or postcode, I considered the records to belong to 

the same baby. However, this would lead to duplicate records for babies who differed on 

only one identifier. To avoid duplicates in babies who disagreed on only sex, I set sex to 

the most frequent value of sex for all records of that baby. If there was an equal number 

of records for each sex, I set sex to missing because I could not determine which was 

correct. For babies who differed only on postcode prefix and/or suffix, I generated new 

variables for second postcode prefix and/or suffix. There are many potential reasons for 

a baby having multiple postcodes, for example the baby (or their parents) may have 

moved house and the records were not updated or a baby could have two postcodes if 

their parents live separately. Below, I show how example data would have looked before 

deduplication (Table 2-2) and are after deduplication (Table 2-3).
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Table 2-2: Example data showing Badger IDs and identifiers prior to deduplication (not real data) 

Badger 
ID 

Postcode 
Prefix 

Postcode 
Suffix 

NHS 
number 

Sex Date of 
birth 

1 N1 2JA 1234567890 M 01/01/2015 

1 N1 2JJ 1234567890 M 01/01/2015 

2 SW19 5AA 1111111111 M 02/02/2015 

2 SW19 5AA 1111111111 F 02/02/2015 

3 RG5 1LB 2222222222 F 15/03/2015 

3 RG5  1LB 2222222211 F 15/02/2015 

 

Table 2-3: Example data showing Badger IDs and identifiers after deduplication (not real data) 

Badger 
ID 

Postcode 
Prefix 

Postcode 
Suffix 

NHS 
number 

Sex Date of 
birth 

Postcode 
Suffix 2 

Original 
badger 
ID 

1 N1 2JA 1234567890 M 01/01/2015 2JJ 1 

2 SW19 5AA 1111111111  02/02/2015  2 

3 RG5 1LB 2222222222 F 15/03/2015  3 

300 RG5  1LB 2222222211 F 15/02/2015  3 
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If date of birth was in disagreement, I checked whether both the dates of birth were 

plausible. For example, a date of birth after admission and discharge dates would be 

implausible. If one date of birth was plausible and the other was not, I would correct the 

implausible date of birth to the plausible one. If I could not detect which date of birth was 

true, I created a second date of birth variable. Keeping both identifiers when it is not clear 

which is correct was important because I did not know which one would be recorded in 

the infection surveillance data. In linkage (chapter 4), I searched for matches based on 

identifiers and therefore I did not want to remove identifying information which could 

potentially reduce the chances of finding the correct links. 

2.3.1.4.2 Completeness of key variables 

To demonstrate the quality of key variables, I report the completeness of the following 

key variables as the percentage of babies with the variable recorded. 

 Gestational age at birth 

 Birthweight 

 Reason for admission 

 Admission date 

 Discharge date 

 Lines present each day 

 Respiratory support 

I chose to report the completeness of gestation and birthweight as they are important 

baseline risk factors for BSI that I included in risk-adjusted analyses (chapter 1, section 

1.4.1). Admission and discharge dates were used to determine whether a BSI occurred 

during a NNU admission (rather than before or after). Lines present each day and 

respiratory support are daily variables that I used to calculate the use of interventions 

associated with risk of BSI, for example duration of PICC or invasive ventilation (chapter 

1, sections 1.4.2 and 1.4.3). I included reason for admission to use as a proxy for whether 

a baby had surgery. The other variable available to evaluate this is a free text field 

(principal procedures during stay) and therefore difficult to extract data from and was 

inconsistently recorded. In chapter 4 (section 4.4.1), I evaluate the completeness of 

patient identifiers for linkage. 
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2.3.1.5 Changes in baby and clinical care characteristics over time 

I first describe how characteristics of babies in NNU have changed over time from 2010 

to 2017. I compared the distribution of key baby and clinical care characteristics that are 

reportedly associated with BSI by year (chapter 1, section 1.4). I use the term baby 

characteristics to refer to baseline characteristics that do not change during an admission 

to NNU. The included baby characteristics were: sex, gestation, birthweight, inborn 

status, and reason for admission. I use the term clinical care characteristics to refer to 

characteristics recorded in the NNRD daily record that pertain to the type of care babies 

received. The included clinical care characteristics were: days receiving intensive care, 

high dependency care, central line, invasive ventilation, non-invasive ventilation and 

parenteral nutrition. Throughout this thesis, I used the NNAP definition to define a central 

line day as any day when one of the following is present: PICC, surgical CVC, UVC or 

UAC.(123)  

I examined whether babies born at the same gestation were receiving different care in 

2017 compared to 2010. I plotted the mean number of days babies received intensive 

and high dependency care, days babies had a PICC, central line, non-invasive 

ventilation, invasive ventilation, and age in days at first PICC insertion by week of 

gestational age at birth in 2010 and 2017. I used two-way analysis of variance (ANOVA) 

to determine whether the mean of each risk factor was significantly different (p<0.05) for 

the same gestational age in 2010 compared to 2017. I examined the factors by week of 

gestation because if the distribution of gestational age at birth within babies admitted to 

NNU changed, I would expect the frequency of certain care characteristics or treatments 

to change. For example, if more extremely preterm babies were admitted, PICCs would 

be used more often and for longer. Therefore stratifying by gestation gives more insight 

into whether different types of babies are being admitted (change in case-mix) or similar 

babies are being treated differently (change in clinical practice).  

2.3.1.6 Changes in infection data over time 

I examined the records of positive and negative blood and CSF cultures recorded in 

NNRD by year to evaluate how reporting of BSI has changed over time. For each year, 

I report the number of babies with a blood or CSF sample recorded, the number of babies 

with any result recorded (positive or negative) from a blood or CSF sample, the number 

of babies with a positive blood or CSF culture, and the number of NNUs that had at least 

one positive culture recorded.  
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2.3.1.7 Variation in central line use by NNU 

I compared use of central lines by NNU to determine variation in practice. Longer central 

line duration is associated with an increased risk of BSI (chapter 1, section 1.4.2), 

therefore removing the CVC promptly when it is no longer needed is recommended to 

minimise risk of BSI (chapter 1, section 1.5).(40, 56) However, it is not clear whether 

NNUs follow this guidance. To understand whether NNUs treat similar babies in a similar 

manner, I calculated the median length of central line duration for babies with any 

recording of a central line. I also calculated the percentage of babies who received a 

central line. Babies born at an earlier gestation are less likely to receive milk feeds and 

therefore more likely to need a central line to provide nutrition or medication. I compared 

box plots of line duration and percentage of babies who received a central line by NNU 

type and gestational age at birth. The majority of babies born earlier than 32 weeks 

gestation would be expected to receive a central line and few babies born at 32 weeks 

or later would be expected to have a central line. Therefore to describe the data, babies 

were categorised as less than 32 weeks gestation or 32 weeks or later gestation. The 

sickest babies are more likely to need a central line, for example those who require 

surgery. Therefore, I also stratified the data by NNU type as different levels of NNU will 

care for different types of babies and more preterm babies will need central lines for 

longer.  

2.3.1.8 Relationship between NNU characteristics  

I examined the relationship between NNU characteristics to identify patterns in practice 

by NNU type. I expected that many NNU characteristics would be related. For example, 

a NNU which uses central lines frequently, is also likely to use invasive ventilation 

frequently because vulnerable babies who are require central lines for feeding are less 

likely to breathe unassisted. I evaluated the correlation between the following NNU 

characteristics: level of NNU (LNU, NICU, surgical NICU), mean number of annual 

admissions, mean number of days per admission, proportion of admissions who had 

invasive ventilation recorded, proportion of admissions that had non-invasive ventilation 

recorded, proportion of admissions who had a central line recorded and the proportion 

of admissions that had a PICC recorded. I produced scatter plots and determined the 

Pearson correlation co-efficient (r) for each combination of NNU characteristics. I used 

the correlation co-efficient to determine whether there was collinearity between any of 

the factors used to inform my model selection later in Chapters 5 and 6. Typically, 

variables are considered collinear if r is between 0.5 and 0.7.(130) I selected the most 
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conservative threshold and considered covariates collinear if r was greater than or equal 

to 0.5 

2.3.2 Results 

2.3.2.1 Study population 

The data for the whole period (January 2010 to June 2017) included 494,542 admissions 

for 421,373 babies (Figure 2-2). Excluding babies born before March 2010 and between 

September 2015 and February 2016 reduced the sample to 459,112 admissions and 

391,703 babies. Of these, 402,062 admissions and 349,740 babies were in NICUs and 

LNUs, and 196,639 admissions (164,379 babies) received intensive and/or high 

dependency care. Of 164,379 babies receiving intensive and/or high dependency care, 

58% (94,469) were male and 29% (47,718) of babies were born before 32 weeks 

gestation. 

2.3.2.2 Comparison of included and excluded NNUs 

I found some differences between included and excluded NNUs. Eight of 14 neonatal 

networks (57%) provided data on all NICUs and LNUs within their network (Table 2-4). 

Those networks were: North West London, Northern, Peninsula & Western, South East 

Coast, Staffordshire, Shropshire & Black Country, Thames Valley, Wessex, and 

Yorkshire & Humber. Included and excluded LNUs were similar. Included NICUs used 

central lines for longer, particularly in babies born before 32 weeks gestation, compared 

to excluded NICUs (Table 2-5).  Differences in CLABSI may be due to inconsistent 

recording of infection in NNRD rather than true differences in CLABSI rates. The 

excluded NICUs and LNUs reported zero CLABSIs in babies born at 32 weeks gestation 

or later, suggesting BSI data in these NICUs may be poorly completed.  
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Figure 2-2: Flow diagram of included and excluded babies

 Babies in included months                                                     

390,221 babies / 457,718 admissions 

Babies only in NNU during excluded months                

31,152 babies / 36,824 admissions

Babies receiving intensive / high dependency care                                                                                                    

164,379 babies / 197,702 admissions                                                   

(chapter 2, chapters 5-6)

Babies only receiving special / transitional care in 

NICU or LNU                                                                         

185,361 babies / 204,360 admissions

Babies in NNU                                                                              

421,373 babies / 494,542 admissions                                

Babies in NICU or LNU                                                             

349,740 babies / 402,062 admissions                           

(chapter 4)                          

Babies in SCBU                                                                    

40,481 babies / 55,656 admissions
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Table 2-4: The number of NNUs in England included in the study extract, by neonatal network  

Neonatal network 
Percentage of SCBUs in 
England that consented A 

Percentage of LNUs in 
England that were included 

Percentage of NICUs in 
England that were included 

East of England  100% (1/1) 73% (8/11) 100% (3/3) 

Midlands South West  67% (2/3) 50% (1/2) 100% (2/2) 

North Central & North East London  100% (1/1) 100% (7/7) 75% (3/4) 

North West London  100% (1/1) 100% (3/3) 100% (2/2) 

North West  50% (1/2) 85% (11/13) 100% (7/7) 

Northern  67% (4/6) 100% (1/1) 100% (4/4) 

Peninsula & Western  60% (3/5) 100% (4/4) 100% (3/3) 

South East Coast  83% (5/6) 100% (2/2) 100% (4/4) 

South London  50% (1/2) 75% (3/4) 75% (3/4) 

Staffs, Shrops & Black Country  0 100% (3/3) 100% (2/2) 

Thames Valley  100% (1/1) 100% (5/5) 100% (1/1) 

 Wessex 100% (1/1) 100% (6/6) 100% (2/2) 

Trent Perinatal & Central  100% (5/5) 80% (4/5) 100% (4/4) 

Yorkshire & Humber  75% (3/4) 100% (10/10) 100% (4/4) 

Total 76% (29/38)  89% (68/76) 96% (44/46) 
A The number of SCBU who consented were included in the extract from PREVAIL but excluded from my analyses due to low prevalence of BSI; The number 
of NNUs changes over time as NNUs open/close/change type of care they provide. The number of total NNUs is based on number of NNUs in February 2016 
who were approached for consent to linkage; SCBU = special care baby unit, LNU = local neonatal unit, NICU = neonatal intensive care unit 
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Table 2-5: Comparison of included and missing NICUs and LNUs using data from 2014 as reported in the NNAP 2015 report 

 
LNUs (n=76) NICUs (n=46) 

 Included Excluded Included Excluded 

Number of units (%) 68 (89%) 8 (11%) 44 (96 %) 2 (4%) 

Number of babies  37,004 3,342 43,190 972 

<32 weeks gestational age at birth      

Babies (%) 3,626 (10%) 328 (10%) 6,143 (14%) 161 (17%) 

Line days per baby (number of line days) 4.8 (17,579) 5.3 (1,742) 13.0 (79,806) 2.8 (454) 

CLABSI per 1000 central line days (number of BSI) 1.3 (23) 1.7 (3) 3.0 (238) 4.4 (2) 

≥32 weeks gestational age at birth      

Babies (%) 33,378 (90%) 3,014 (90%) 37,047 (86%) 811 (83%) 

Line days per baby (number of line days) 0.3 (9,891) 0.5 (1,522) 0.9 (34,151) 0.3 (254) 

CLABSI per 1000 central line days (number of BSI) 0.5 (5) 0.0 (0) 0.9 (30) 0.0 (0) 

 Data for both included and excluded NNUs is from the NNAP report to ensure consistency and therefore is not restricted to babies receiving intensive and high 
dependency care
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2.3.2.3 Data quality and cleaning 

2.3.2.3.1 Badger ID 

I changed Badger IDs for 31 (0.02% of 164,379) babies in NNRD. This suggests that the 

Badger ID is valid for identifying nearly all babies. 

2.3.2.3.2 Completeness of key variables 

Most important risk factors were well completed in NNRD, for example gestation and 

birthweight were >99% complete (Table 2-6). There were more missing data for reason 

for admission to NICUs than LNUs or SCBUs. This was due to one NNU with missing 

reason for admission for 1,207 (40% of 2,981) babies, all of whom were admitted in 2013 

or earlier. Respiratory support, which records information on type of ventilation, had the 

highest rate of missing data.  

Table 2-6: Completeness of key variables in 112 NNUs available in data extract 
from NDAU  

 NICUs (n=44) LNUs (n=68) Total A 

Total babies 105,302 73,633 164,379 

Gestational age at birth 105,296 (100%) 73,632 (100%) 164,374 (100%) 

Birthweight 105,300 (100%) 73,633 (100%) 164,377 (100%) 

Admission reason 101,823 (98%) 73,612 (100%) 163,067 (99%) 

Admission date 101,299 (98%) 70,003 (95%) 159,651 (97%) 

Discharge date  101,130 (98%) 69,978 (95%) 159,499 (97%) 

Lines in B 100,136 (95%) 71,494 (97%) 157,137 (96%) 

Respiratory support B 96,418 (92%) 68,078 (92%) 1501,189 (92%) 

A Some babies are counted more than once if they have admissions to both NICU and LNU; B 
Daily variables are classed as missing if at least one day per baby has missing records 

2.3.2.4 Changes in baby and clinical characteristics over time 

The proportion of babies born admitted to the 112 NICUs and LNUs who were born at 

term increased over time (Table 2-7). The proportion of term babies receiving intensive 

and high dependency care also increased from 30% in 2010 to 36% in 2017. The 

proportion of babies with birthweight greater than or equal to 2000g also increased from 

48% to 57% (Table 2-7). From 2010 to 2017, the proportion of babies admitted for 

surgery decreased from 4% to 2%. These changes suggest that BSI risk may have 

declined in NNUs as the proportion of babies who were preterm, low birthweight or 

require surgery decreased. The proportion of babies who were transferred remained 
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stable over time: 14% (2,297 / 16,133) of babies were admitted to more than one 

NICU/LNU in 2010 compared to 13% (2,188 / 16,286) in 2017. 

Risk factors for BSI changed from 2010 to 2017 in babies who received intensive or high 

dependency care in NICUs and LNUs. The mean number of days per admission that 

babies received intensive care, high dependency care, central lines, invasive ventilation, 

non-invasive ventilation, or parenteral nutrition remained stable across all years when 

looking at all babies together (Table 2-8), but varied when stratified by gestation at birth 

and by NICU/LNU (Figure 2-3 to Figure 2-8). In 2017, extremely preterm babies (born 

before 28 weeks gestation) had longer stays in LNU but with fewer PICC and central line 

days compared with 2010. In contrast, babies in NICUs had more PICC days in 2017 

compared to 2010. In both LNUs and NICUs, babies born at 32 weeks of gestation or 

later had fewer PICC and central line days in 2017 compared to 2010. Extremely preterm 

babies in LNUs had more days with non-invasive ventilation and fewer days with invasive 

ventilation in 2017 compared to 2010.
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Table 2-7: Baby characteristics by year for admissions receiving intensive and/or high dependency care in 112 NICUs and LNUs  

 Number of admissions (Percentage of total annual admissions) 

Year 2010 2011 2012 2013 2014 2015C 2016 C 2017 C 

Total admissions 
21,761 24,799 27,101 27,844 29,283 19,896 26,795 19,160 

Sex 
  Male 
  Female 

 
12,494 (57%) 
9,247 (42%) 

 
14,090 (57%) 
10,685 (43%) 

 
15,623 (58%) 
11,455 (42%) 

 
16,089 (58%) 
11,726 (42%) 

 
17,005 (58%) 
12,247 (42%) 

 
11,414 (57%) 
8,454 (42%) 

 
15,503 (58%) 
11,258 (42%) 

 
11,091 (58%) 
8,042 (42%) 

Gestation (weeks) 
  <26 
  26 to <28 
  28 to <32 
  32 to <37 
  37+ 

 
1,602 (7%) 
1,926 (9%) 
4,907 (23%) 
6,799 (31%) 
6,527 (30%) 

 
1,981 (8%) 
2,209 (9%) 
5,418 (22%) 
7,642 (31%) 
7,549 (30%) 

 
2,140 (8%) 
2,377 (9%) 
5,559 (21%) 
8,349 (31%) 
8,675 (32%) 

 
2,192 (8%) 
2,137 (8%) 
5,610 (20%) 
8,632 (31%) 
9,271 (33%) 

 
2,164 (7%) 
2,129 (7%) 
5,761 (20%) 
9,250 (32%) 
9,977 (34%) 

 
1,294 (7%) 
1,307 (7%) 
3,661 (18%) 
6,266 (31%) 
7,367 (37%) 

 
1,655 (6%) 
1,963 (7%) 
4,994 (19%) 
8,420 (31%) 
9,762 (36%) 

 
1,330 (7%) 
1,309 (7%) 
3,513 (18%) 
6,015 (31%) 
6,993 (36%) 

Birthweight (g) 
  <750 
  750 to <1000 
  1000 to <1500 
  1500 to <2000 
  2000+ 

 
1,487 (7%) 
2,121 (10%) 
4,140 (19%) 
3,588 (16%) 
10,425 (48%) 

 
1,810 (7%) 
2,563 (10%) 
4,529 (18%) 
3,956 (16%) 
11,941 (48%) 

 
1,882 (7%) 
2,664 (10%) 
4,715 (17%) 
4,300 (16%) 
13,540 (50%) 

 
1,967 (7%) 
2,567 (9%) 
4,539 (16%) 
4,294 (15%) 
14,477 (52%) 

 
1,972 (7%) 
2,553 (9%) 
4,808 (16%) 
4,376 (15%) 
15,574 (53%) 

 
1,200 (6%) 
1,549 (8%) 
2,910 (15%) 
2,965 (15%) 
11,272 (57%) 

 
1,564 (6%) 
2,160 (8%) 
4,147 (15%) 
3,895 (15%) 

15,029 (56%) 

 
1,197 (6%) 
1,530 (8%) 
2,831 (15%) 
2,741 (14%) 
10,861 (57%) 

Inborn status 
  Inborn 
  Outborn 

 
16,283 (75%) 
5,478 (25%) 

 
18,937 (76%) 
5,862 (24%) 

 
20,550 (76%) 
6,551 (24%) 

 
21,126 (76%) 
6,717 (24%) 

 
22,625 (77%) 
6,657 (23%) 

 
15,463 (78%) 
4,433 (22%) 

 
20,279 (76%) 
6,516 (24%) 

 
14,595 (76%) 
4,565 (24%) 

Admission reasonA 
Intensive care 
High dependency care 
Special care 
Surgery 
Cardiac care 
OtherB 

 
13,947 (64%) 
3,725 (17%) 
2,269 (10%) 

873 (4%) 
229 (1%) 
182 (1%) 

 
15,930 (64%) 
4,430 (18%) 
2,426 (10%) 

981 (4%) 
284 (1%) 
252 (1%) 

 
17,335 (64%) 
5,038 (19%) 
2,685 (10%) 
1,110 (4%) 
262 (1%) 
203 (1%) 

 
17,923 (64%) 
5,376 (19%) 
2,839 (10%) 
1,069 (4%) 
260 (1%) 
162 (1%) 

 
19,457 (66%) 
5,802 (20%) 
2,766 (9%) 
872 (3%) 
184 (1%) 
183 (1%) 

 
13,295 (67%) 
4,241 (21%) 
1,687 (8%) 
414 (2%) 
88 (0%) 
137 (1%) 

 
17,594 (66%) 
6,228 (23%) 
2,152 (8%) 
520 (2%) 
111 (0%) 
189 (1%) 

 
12,112 (63%) 
4,887 (26%) 
1,527 (8%) 
371 (2%) 
98 (1%) 
159 (1%) 

Missing are not reported but included to calculate percentage of total; A back transfers are combined with intensive / high dependency / special care as specified; 
B other includes social care, transitional care and “other”; C Years 2015, 2016 and 2017 are not complete
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Table 2-8: Clinical care characteristics by year for admissions receiving intensive and high dependency care in NICUs and LNUs from 
2010 to 2017 

 Total number of days and mean per admission 

Year 2010 2011 2012 2013 2014 2015 B 2016 B 2017 B 

IC days  
Total, n 
Mean per admission (sd) 

 
95,460 

4.6 (9.4) 

 
115,651 
4.7 (9.6) 

 
124,548 
4.6 (9.9) 

 
121,866 
4.4 (9.1) 

 
129,119 
4.4 (9.6) 

 
75,284 

3.9 (8.4) 

 
111,198 
4.2 (8.7) 

 
83,987 

4.2 (9.5) 
HDC days  
Total, n 
Mean per admission (sd) 

 
116,719 

5.6 (11.0) 

 
147,562 

6.0 (11.9) 

 
164,024 

6.1 (12.1) 

 
161,676 

5.9 (11.7) 

 
171,290 

5.9 (11.8) 

 
107,047 

5.5 (11.2) 

 
143,409 

5.4 (10.8) 

 
110,810 

5.5 (10.8) 

CLA days (total) 
Total, n 
Mean per admission (sd) 

 
100,214 
4.8 (9.8) 

 
125,177 

5.1 (10.1) 

 
126,822 

4.7 (10.0) 

 
124,246 
4.5 (9.0) 

 
132,055 
4.5 (9.8) 

 
76,400 

3.9 (8.7) 

 
113,962 
4.3 (8.7) 

 
84,001 

4.2 (9.0) 
IV days (total) 
Total, n 
Mean per admission (sd) 

 
54,475 

2.6 (7.3) 

 
65,743 

2.7 (7.5) 

 
72,518 

2.7 (7.7) 

 
68,978 

2.5 (7.1) 

 
70,777 

2.4 (6.9) 

 
41,501 

2.1 (6.4) 

 
59,862 

2.2 (6.5) 

 
45,803 

2.3 (7.1) 
NIV  days (total) 
Total, n 
Mean per admission (sd) 

 
108,655 

5.2 (11.3) 

 
137,804 

5.6 (12.2) 

 
150,804 

5.6 (12.2) 

 
151,206 

5.5 (11.9) 

 
165,537 

5.7 (12.5) 

 
98,909 

5.1 (11.2) 

 
145,628 

5.4 (11.5) 

 
111,862 

5.6 (11.5) 
PN days (total) 
Total, n 
Mean per admission (sd) 

 
87,715 

4.2 (9.5) 

 
106,956 
4.4 (9.5) 

 
109,159 
4.1 (9.4) 

 
108,706 
3.9 (8.6) 

 
115,154 
4.0 (9.3) 

 
67,693 

3.5 (8.5) 

 
96,520 

3.6 (8.3) 

 
72,450 

3.6 (8.7) 
A central line day as defined by NNAP;  B Years 2015, 2016 and 2017 are not complete IC = intensive care; HDC = high dependency care; CL = central line; IV 
= invasive ventilation; NIV = non-invasive ventilation (NIV); PN = parenteral nutrition; sd = standard deviation 
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Figure 2-3: The mean number of days of intensive and high dependency care per 
baby in NICUs and LNUs by week of gestational age at birth 
P-value from two way ANOVA demonstrating whether mean is significantly different by week of 
gestation in 2010 compared to 2017 

 

Figure 2-4 The mean number of PICC days per baby in NICUs and LNUs by week 
of gestational age at birth 
P-value from two way ANOVA demonstrating whether mean is significantly different by week of 
gestation in 2010 compared to 2017 
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Figure 2-5 The mean number of central line days per baby in NICUs and LNUs by 
week of gestational age at birth 
Central line = PICC, surgical CVC, UVC or UAC; P-value from two way ANOVA demonstrating 
whether mean is significantly different by week of gestation in 2010 compared to 2017 

 

Figure 2-6 The mean age at first PICC insertion in NICUs and LNUs by week of 
gestational age at birth 
P-value from two way ANOVA demonstrating whether mean is significantly different by week of 
gestation in 2010 compared to 2017 
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Figure 2-7 The mean number of non-invasive ventilation days per baby in NICUs 
and LNUs by week of gestational age at birth 
P-value from two way ANOVA demonstrating whether mean is significantly different by week of 
gestation in 2010 compared to 2017 

 

Figure 2-8 The mean number of invasive ventilation days per baby in NICUs and 
LNUs by week of gestational age at birth 
P-value from two way ANOVA demonstrating whether mean is significantly different by week of 
gestation in 2010 compared to 2017 
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2.3.2.5 Changes in infection data over time 

As shown in Table 2-9, the number of BSI recorded in NNRD has increased over time. 

In 2010, only 69% (75 / 108) of NNUs recorded any results and this only represented 

59% (1,534 / 2,620) of the blood or CSF samples recorded. This increased over time 

with a peak in 2014 when 83% (16,453 / 13,794) of babies who had a blood or CSF 

sample recorded had a result recorded. As the NNRD records both positive and negative 

results, it is clear to see that the increase in number of BSI recorded over time is due 

(mostly if not entirely) to increased recording of blood and CSF samples and results. 



87 
 

Table 2-9: Records of BSI in babies receiving intensive and high dependency care in 112 NICUs and LNUs in the NNRD over time 

 2010 2011 2012 2013 2014 2015 B 2016 B 2017 B 

Number of babies 16,728 20,664 22,529 23,145 24,499 18,088 23,902 16,286 

Number of babies with a 
blood/CSF sample 
recorded  

2,620 (16%) 5,442 (26%) 10,649 (47%) 13,658 (59%) 16,453 (67%) 11,981 (66%) 13,534 (57%) 9,905 (61%) 

Number of babies with a 
result recorded  

1,534 (59%) 4,164 (77%) 8,734 (82%) 11,075 (81%) 13,794 (83%) 9,865 (82%) 10,441 (77%) 7,124 (72%) 

Number of babies with a 
positive BSI culture A 

366 (2%) 804 (4%) 1,187 (5%) 1,287 (6%) 1,379 (6%) 1,000 (6%) 944 (4%) 570 (3%) 

Number of NNUs with at 
least one result recorded  

75 (69%) 88 (81%) 100 (91%) 104 (93%) 102 (91%) 97 (87%) 103 (93%) 98 (88%) 

Total NNUs 108 109 110 112 112 112 111 111 
A positive BSI culture = positive bacteria or fungi sampled from blood or CSF (including 662 mixed growth); B Years 2015, 2016 and 2017 are not complete 
Population = babies receiving intensive or high dependency care in NICUs and LNUs from Mar 2010-Jun 2017, excluding    Sep 2015- Mar 2016 (section 0) 
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2.3.2.6 Variation in central line use by NNU 

Use of central lines varies by NNU (Figure 2-9). In LNUs there was a particularly wide 

range in the proportion of babies who received central lines. This may be due to different 

LNUs having different roles within a network, where some act more like NICUs and 

accept higher risk babies. A higher proportion of babies admitted to NICUs and surgical 

NICUs received central lines, compared to LNUs. In all NNUs, babies born before 32 

weeks gestation received central lines far more than those born at 32 weeks or later.   

The duration of central line use also varied by NNU (Figure 2-10). Generally, babies born 

at 32 weeks gestation or later had fewer days with a central line than babies born before 

32 weeks. Babies admitted to surgical NICUs had longer duration of central line use than 

babies admitted to NICUs which in turn had longer duration of central line use than 

babies admitted to LNUs. However, central line duration varied substantially with many 

outliers, particularly in LNUs and NICUs. This suggests factors other than gestation or 

level of NNU influence line duration, such as a policy of central line removal before 

transfer in some units. Additionally, if gestational age at birth was split into smaller groups 

(e.g. less than 32 weeks), there may be more uniformity. For example, a NNU with long 

central line durations for babies born before 32 weeks may be admitting more babies 

born before 28 weeks gestation. I would expect a baby born at 27 weeks gestation to 

require a central line for longer than a baby born at 31 weeks gestation. 
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Figure 2-9: Boxplot of the percentage of admissions with at least one central line 
day by gestation at birth and NNU type 
Babies receiving intensive and/or high dependency care in 112 NICUs and LNUs between March 
2010 and June 2017 (164,379 babies in total) 

 

Figure 2-10: Boxplot of the mean number of central line days per admission by 
gestation at birth and NNU type 
Babies receiving intensive and/or high dependency care in 112 NICUs and LNUs between March 
2010 and June 2017 (164,379 babies in total) 
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2.3.2.7 Relationship between NNU characteristics  

Many practices in NNUs were closely related (Figure 2-11 to Figure 2-14). There was a 

strong correlation between the duration of intensive and high dependency care per 

admission and the proportion of admission that included at least one day with a central 

line (r = 0.78), PICC  (r = 0.80) or invasive ventilation  (r = 0.87) (Figure 2-11, Figure 2-13 

and Figure 2-14). The relationship between the duration of intensive and high 

dependency care per admission and the proportion of admissions with non-invasive 

ventilation was weaker and in the opposite direction (r = -0.53) (Figure 2-12). NNUs that 

used invasive ventilation frequently also used central lines and PICCs frequently (Figure 

2-11). Whereas, non-invasive ventilation was used more frequently in NNUs that used 

PICCs, central lines and invasive ventilation in fewer admissions (Figure 2-11 and Figure 

2-12). The NNUs that use more non-invasive ventilation probably admit babies who are 

older or born at a later gestation and therefore require shorter stays in NNU and fewer 

invasive interventions. NNUs that admitted more babies per year (for intensive and high 

dependency care) were more likely to use invasive ventilation, central lines and PICCs 

(Figure 2-11 and Figure 2-14). 

Use of central lines, PICCs and invasive ventilation was similar in NICUs and surgical 

NICUs but lower in LNUs (Figure 2-11). There was more dispersion in the frequency of 

central line and invasive ventilation use in LNUs. LNUs used invasive ventilation far less 

than NICUs and surgical NICUs but the use of non-invasive ventilation varied greatly 

even within NNU levels. For example, use of non-invasive ventilation in surgical NICUs 

varied from 40% to 80% of admissions. Surgical NICUs had longer durations of intensive 

and high dependency care per admission than NICUs which in turn had longer durations 

than LNUs. 
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Figure 2-11: Correlation between proportion of admissions with invasive 
ventilation and proportion with non-invasive ventilation, PICCs, and mean number 
of days per year 

 

Figure 2-12: Correlation between proportion of admissions with invasive/non-
invasive ventilation and number of admissions per year, and proportion with 
proportion with PICCs, central lines and mean number of days per year 
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Figure 2-13: Correlation between proportion of admissions with PICCs/non-
invasive ventilation and proportion with central lines, mean number of days and 
admissions per year  

 

Figure 2-14: Correlation between proportion of admissions with central lines and 
mean number of days/admissions per year and the mean number of days and 
admissions per year 
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2.3.3 Summary of variation in baby and clinical care characteristics measured 

using the NNRD 

In section 2.3, I have described the 164,379 babies who received intensive and high 

dependency care in 112 NICUs and LNUs in England from March 2010 to June 2017. 

There were some differences between included and excluded NNUs, but these may be 

due to inconsistencies in recording rather than true differences (section 2.3.2.2). If due 

to true differences, results from the 112 NICUs and LNUs may not be representative of 

all NICUs and LNUs in England. A strength of the NNRD is that the risk factors I will use 

to evaluate risk-adjusted rates of BSI in chapters 5 and 6 were well-completed (section 

2.3.2.3.2). However, infection data was poorly recorded and therefore the NNRD alone 

cannot be used to evaluate changes over time in BSI rates (section 2.3.2.5). Risk of BSI 

has changed over time, particularly in LNUs with shorter central line durations and a shift 

from invasive to non-invasive ventilation (section 2.3.1.5). The use of central lines and 

other practices varied by NNU even within similar babies and/or similar NNUs (sections 

2.3.1.7 and 2.3.1.8). In the next section, I will evaluate variation in infection control 

practices which are not measured in the NNRD. 

2.4 Survey of infection control practices in NNUs 

There are no national guidelines for CVC related infection control practices in NNUs. 

Recommendations for reducing BSI risk in older children and adults are available in the 

national epic3 guidelines.(66) The epic3 guidelines are evidence-based guidelines 

commissioned by the Department of Health for preventing healthcare-associated 

infections in NHS hospitals in England. Practices that are effective in older children and 

adults may not be appropriate for neonates for several reasons. First, neonates have an 

immature immune system and are more vulnerable to BSI.(8) Second, neonates have 

more sensitive skin and therefore antiseptic agents used in adults may be harmful.(9, 

68) Third, CVCs often remain in place for longer in neonates than adults and older 

children, for example, in the PREVAIL trial the median number of days of PICC duration 

was 8 compared to 4 days duration of a CVC in children in the CATCH trial.(27, 78) 

There is no national data on asepsis practices in NNUs. Due to the lack of high quality 

evidence on preventing BSI in NNUs (chapter 1, section 1.5), it is also unclear what 

should be happening. It is important to understand variation in infection control practices 

between NNUs as this may help explain any variation in BSI rates between NNUs.  
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2.4.1 Methods 

2.4.1.1 Survey design 

I revised an existing survey on infection control practices in NNUs to improve response 

rates. The original survey was produced by colleagues (Sam Oddie, Ruth Gilbert, Katie 

Harron and Laura Dalton) to determine the PICC related infection control practices used 

in NNUs. The survey was designed and distributed using the online tool SurveyMonkey. 

It was circulated via email to neonatologists and senior research staff at NNUs in England 

and Wales. However, the survey had poor response rates: 28% (24/85) of LNUs and 

55% (27/49) of NICUs. To increase response rates, I redesigned the survey. I reduced 

the number of questions to create a two-page Word document that could be completed 

on-screen or printed and completed by hand. Practices included in the revised survey 

are given in Box 2-2. The survey was distributed through mailing lists and respondents 

were offered the option to return the completed survey either by email or post. Several 

follow up emails were sent by a clinician (SO) and the final push targeted NICUs only as 

they use PICCs the most.  

 

 

Information was gathered in the revised survey using the following questions 

1. Do you use a care bundle (i.e. package of interventions designed to maximise 

asepsis and minimise infection complications) for insertion of PICCs?  

a. If yes, approximately what month and year was this first introduced? 

Box 2-2: Practices included in the survey 

Practices included in the survey 

1a) Use a care bundle for PICC insertion 

1b) Use a care bundle for PICC maintenance 

1c) Monitor and feedback bundle compliance 

2) Routine removal or replacement of PICCs 

3) CHG-impregnated foam dressing 

4) Antiseptics used for skin preparation 

5) Antiseptics used for disinfecting catheter ports 
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2. Do you use a care bundle (i.e. package of interventions designed to maximise 

asepsis and minimise infection complications) for on-going care of PICCs? 

a. If yes, approximately what month and year was this first introduced? 

3. Is compliance with insertion and on-going care bundles monitored and fed back to 

NICU staff to improve practice? 

4. Do you routinely use a chlorhexidine-impregnated foam dressing (Biopatch) at 

the site of insertion? 

a. If yes, what is usually the minimum gestation at which this is used? Please 

give your answer as weeks of gestation. 

5. Do your unit guidelines mandate routine removal / replacement of a PICC after a 

specific period of time? 

a. If yes, what is the usual time period in days? 

6. Do your unit guidelines recommend PICC removal when a specific volume of feeds 

has been reached? 

a. If yes, what volume (mls/kg/day)? 

7. What skin preparation do you use prior to insertion? (multiple choice) 

a. Please base your answer on your routine practice for a 29 week gestation 

baby weighing 900g. If you have a 2-stage procedure, please select all 

that apply: 1 = used first. 

8. In your unit, prior to connection of parenteral nutrition, what is the area of the 

extension sets seen below in photographs A and B (Figure 2-15) cleaned with, if 

anything? (Please number all that apply in order: 1=used most often) (multiple 

choice) 
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A B 

Figure 2-15: Extension set A and B referenced in question 9 

2.4.1.2 Duplicate responses 

Some NNUs provided more than one response to the survey. In these cases, I included 

the first response from a consultant in the analysis. If no consultants responded, I 

included the first response from any NNU staff member. To determine whether 

responses were consistent, I compared multiple responses from within units. I classified 

multiple responses as in agreement if more than one professional from a NNU provided 

the same answer. For example, if I received three responses and two said bundles were 

used and one said bundles were not used, I would classify this as consistent.  

2.4.1.3 Reported practice  

I calculated the proportion of NNUs that reported following each practice. I combined 

responses from the original online survey or the revised survey for analysis. I classified 

NNUs that had not answered any questions as non-respondents, but NNUs that had 

answered at least one question were included in the analysis. In cases of more than one 

response from one NNU, I included the responses from the first responding medical 

consultant in the main analysis. I calculated the proportion of NNUs that responded “yes” 

indicating that they follow the practice for practices 1 to 3 (Box 2-2). For practices 5 and 

6, responses were summarised in bar charts.  Results were reported separately for LNUs 

and NNUs and for all responding NNUs. 

2.4.2 Results 

2.4.2.1 Survey responses 

Responses were received from 23% (5/22) of NICUs that received the revised 

questionnaire, but following personalised e-mails to non-responding NICUs the response 

rate increased to 77% (17/22). Overall 58% (78/135) of NNUs provided at least one 

response, from 90% (44/49) NICUs and 40% (34/85) LNUs. The revised, two-page 
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questionnaire (15 responses) was mostly completed on screen (12) with 3 respondents 

returning a printed survey.  

 

Figure 2-16: Flow diagram of responses to survey 

 

2.4.2.2 Duplicate responses  

Twenty one NNUs provided a total of 48 responses which were included in the analysis 

of duplicates. Respondents gave consistent answers for use of PICC insertion bundle 

(100% consistency), use of PICC maintenance bundle (86% consistency), monitoring 

and feeding back bundle compliance (87% consistency) and routine removal or 

replacement of PICCs (87% consistency) (Table 2-10).  Responses had the least 

consistency for use of antiseptics for catheter port cleaning (50% consistency) and skin 

preparation (46% consistency). 
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Table 2-10: Comparison of reported practices from NNUs that provided duplicate 
responses 

Practice 
NNUs that provided the same 

answer in duplicate 
responses A 

1a) Use a care bundle for PICC insertion 14/14 (100%) 

1b) Use a care bundle for PICC maintenance 12/14 (86%) 

1c) Monitor and feedback bundle compliance 12/14 (86%) 

2) No routine removal or replacement of 
PICCs 

13/15 (87%) 

3) Avoid CHX-impregnated foam dressing 9/14 (64%) 

4) Use 2% CHX in alcohol as skin preparation 6/13 (46%) 

5) Clean catheter ports with 2% CHX in 
alcohol 

7/14 (50%) 

A 21 NNUs had more than one response to at least one question. I show the number of NNUs 

with more than one response for each question. CHX = chlorhexidine 

 

2.4.2.3 Reported practice 

Practice was consistent across NNUs for routine removal or replacement of PICCs and 

chlorhexidine-impregnated foam dressing, with nearly all (85% and 89%, respectively) 

avoiding both practices (Table 2-11). Approximately two thirds of NNUs reported using 

a care bundle, and use of bundles was more common in NICUs (Table 2-11). Use of 

antiseptics varied by NNU (Figure 2-17, Figure 2-18). Aqueous preparations of 

chlorhexidine with a concentration less than 1% were used most frequently for skin 

preparation, followed by 2% chlorhexidine in alcohol (Figure 2-17). To clean catheter 

ports, 2% chlorhexidine in alcohol was used most commonly, followed by 70% isopropyl 

alcohol (Figure 2-18).    
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Table 2-11: Reported practice stratified by unit level 

Practice 

Number of units that report each practice 

All NNUs 
(n=77) 

NICUs 
(n=44) 

LNUs  
(n=34) 

1a) Use a care bundle for PICC insertion 66% (48/73) 72% (31/43) 57% (17/30) 

1b) Use a care bundle for PICC maintenance 62% (45/73) 65% (28/43) 57% (17/30) 

1c) Monitor and feedback bundle compliance 63% (32/51) 66% (21/32) 58% (11/19) 

2) Routine removal or replacement of PICCs 15% (11/72) 21% (9/43) 7% (2/29) 

3) CHG-impregnated foam dressing 11% (8/71) 7% (3/42) 17% (5/29) 

NICUs = neonatal intensive care units, LNU = high dependency care unit, CHG = chlorhexidine gluconate 
*For a 29 week gestation baby weighing 900g
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Figure 2-17: Antiseptics used for skin preparation 

 

Figure 2-18: Reported use of antiseptics for disinfecting ports 
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2.4.3 Summary of survey of Survey of infection control practices in NNUs 

Results from the survey demonstrate that there is variation in practice between NNUs, 

particularly for antiseptic use. These practices are not recorded in NNRD, although some 

neonatal networks have publically available guidelines.(131, 132) The survey focused 

on some of the most important PICC-related infection prevention practices, but it is likely 

other practices also vary between NNUs. As infection control practices are not consistent 

across NNUs, I anticipate that risk of BSI will not be accounted for solely by baseline 

characteristics (e.g. gestation) and interventions (e.g. CVCs), but also unmeasured 

practices that differ by unit. This highlights the importance of using multilevel models to 

analyse the data to allow for clustering of babies within NNUs. 

2.5 Discussion 

2.5.1 Summary 

The NNRD can be used to provide data on BSI risk factors when evaluating rates of BSI 

in NNUs in England. Infection data from the NNRD was poorly completed and cannot be 

used to evaluate historic trends or variation between NNUs (section 2.3.2.5). BSI risk 

factors have changed from 2010 to 2017 with use of invasive ventilation decreasing in 

LNUs and the proportion of term babies admitted to NNUs increasing (section 2.3.2.4). 

Use of central lines and infection control practices for PICC insertion and maintenance 

vary by NNU (section 2.3.2.6 and 2.4.2.3). Due to the differences over time and between 

NNUs in factors associated with BSI,  accurate risk-adjustment is important to determine 

sources of variation in BSI rates (chapter 5, section 5.3.4) and draw out any changes in 

BSI rates that are due to changes in practice (chapter 6, section 6.3.1).  

2.5.2 Strengths and limitations of data sources 

The high coverage of NNUs in the NNRD data is a strength. The extract from the NNRD 

for this thesis contains 94% of NICUs and 96% of LNUs. Although this is not complete, 

it is higher than other surveillance systems for neonatal BSI in England.(5) However, as 

I do not have all NNUs in England our results may not be representative. Bias due to 

unrepresentative data could be in either direction. The data could under-represent sick 

babies (and therefore I may underestimate rates) if the NNUs that did not respond to the 

request for consent for linkage were unable to respond as they were busy looking after 

the high risk babies. Conversely, the data could overestimate BSI if NNUs did not 

respond because babies admitted to their NNU have few BSI and therefore the research 

is of little interest to them. Therefore, caution must be used when extrapolating results 
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from this linked dataset to NNUs not present in the data. However, this should not detract 

from the value of the large number of NNUs in the data. 

The richness of data is a further strength of the NNRD which allows for analysis tailored 

to specific objectives. For example, I can use the daily record of lines present to 

determine whether a BSI occurred while a central line was in place. I can also distinguish 

between a PICC and other types of central line (e.g. UVC). This enables tailoring of BSI 

definitions to specific questions based on time at risk. There is not only richness of data, 

but also the data are well completed for many important risk factors, for example 

gestation at birth. Therefore, risk-adjusted analyses can be performed without the need 

for imputation of missing data. 

The survey adds context to the data by providing information that is not available in the 

NNRD. The variation in infection control practices may contribute to differences in BSI 

rates between NNUs. However, as most of the data is cross-sectional, it is not 

appropriate to use in risk-adjusted analyses. Practice changes over time depending on 

staff preferences, national or local directives and new developments in the research. 

Therefore, to include the practices as a static variable in risk-adjusted models is invalid 

as it is likely that many NNUs have changed infection control practices during the study 

period. However, the survey provides examples of potential reasons for variation in BSI 

rates between NNUs and has highlighted the importance of accounting for which NNU a 

baby was admitted to in risk-adjusted analyses. For NNUs which reported using PICC 

care bundles, I collected data on when the bundles were introduced. I used this 

information to evaluate the change in BSI rates following the adoption of care bundles in 

one of my example of evaluating interventions in chapter 6 (section 6.3.1). This provides 

an example of how data collected in this type of survey can be used with the linked data 

source to evaluate changes in BSI rates following adoption of new infection control 

practices.  

A limitation, inherent in all administrative datasets, is that the primary reason for 

collecting the data is not research. The data is entered on the BadgerNet system for 

clinical management and to produce discharge summaries. This means some elements 

of the data that are not central to the original purpose for data collection may not be of 

the highest quality for research purposes. However, NNUs have been encouraged to 

enter accurately and consistently for variables measured in the NNAP.(1) This may 

explain why important variables for NNRD e.g. gestation and central line use are well 

completed.  
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2.5.3 Implications for this thesis 

The well completed and rich source of data available in the NNRD makes it a useful 

resource for studying neonatal care in England. However, the recording of infection data 

is poor. Even in 2015, when blood culture results is most complete, 15% of cultures taken 

did not have a result recorded (Table 2-9). The true under-reporting may be higher if 

blood samples were taken but not recorded in the NNRD. This is likely as an audit at one 

NICU found only 54% (57/106) of all blood cultures (positive and negative) were reported 

in 2014.(127) Prior to 2013, less than half of NNUs recorded any BSI results in NNRD 

and only up to 13% of samples taken had a result recorded. The under-recording of BSI 

in NNRD means any estimates calculated using NNRD data alone would underestimate 

BSI rates. Furthermore, the inconsistency over time and between NNUs prevents valid 

comparisons being made in rates of BSI using NNRD data. These results highlight the 

necessity of linking NNRD to infection surveillance to enhance infection data for 

evaluating risk-adjusted rates of neonatal BSI in England.  

I have highlighted baby and clinical characteristics associated with BSI that have 

changed over time. From 2010 to 2017, the proportion of preterm babies receiving 

intensive and high dependency care decreased, the days of invasive ventilation per 

admission for very preterm babies in LNUs deceased, the proportion of babies admitted 

to NICUs for surgery has decreased. Therefore, it is important to adjust for some, or all, 

of these risk factors in my analyses (chapter 5 and 6) to ensure that variation in BSI rates 

are not due to differences in baseline characteristics. This is because I am interested in 

BSI that is amenable to change. While use of invasive ventilation could change, the 

gestational age at birth of babies admitted to NNU cannot be changed through practice 

in NNUs.  

I have shown that even NNUs of the same level can act very differently. For example, 

median line duration per baby in LNUs varied substantially for babies born before 32 

weeks gestation. The results from the survey demonstrate further variation between 

NNUs and highlight the importance of accounting for variation by NNU in models of BSI 

rates, for example by using multilevel models.(133) By comparing the rates of BSI in 

different NNUs, sufficiently adjusted for baseline characteristics, it is possible to 

determine whether any NNUs are under or over performing compared to other NNUs. 

The best performing NNUs (with lowest rates adjusted for case-mix) can share their 

infection control practices with other NNUs. However, it is not appropriate to use the 
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survey data to determine practice as the survey was cross-sectional and I do not know 

when practices were adopted or if they have changed since the survey.  

Key messages 

 Recording of infections in the NNRD between 2010 and 2017 is poor, 

therefore linkage to infection surveillance data is necessary to estimate 

rates of BSI. 

 Central line use and infection control practices varied by NNU. 

 Risk of BSI in NNUs may have decreased due to a lower proportion of 

admission preterm babies or babies who require surgery admitted to 

NNU and fewer days with invasive ventilation in LNUs.  
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3 Changes over time in national surveillance of 

bloodstream infection in England  

 

3.1 Overview 

In this chapter, I present work towards objective 3: “To determine the effect of changes 

in reporting to the national laboratory infection surveillance system on the number of BSI 

reported, in order to determine consistency in ascertainment of BSI over time”. I linked 

BSI records from the national laboratory infection surveillance system to babies in the 

NNRD (chapter 4) to create a data resource for evaluating risk-adjusted rates of BSI in 

NNUs in England. As I evaluated changes over time in rates of BSI (chapter 5 and 6), it 

was important to distinguish between true variation in BSI rate and differences due to 

data quality, collection, or ascertainment. A major potential source of spurious trends in 

the surveillance data is the introduction of a new surveillance system in 2014. The data 

collection mechanism changed in the new system and this must be understood and 

accounted for when using data from the surveillance system to evaluate trends in BSI 

rates. Another potential source of bias is inconsistent reporting within laboratories, for 

example there may be periods when one laboratory does not report. Investigating these 

What is already known: 

 National trends in rates of BSI are needed to evaluate quality of care 

and to support evaluations of the effectiveness of interventions.  

 There is no single data source that can be used to evaluate rates of 

BSI in NNUs in England due to poor reporting of infection in the 

NNRD. 

What this chapter adds: 

 I describe the national infection surveillance system that can provide 

information on whether babies have a BSI. 

 I evaluated the impact of a change in the surveillance system on 

reporting of BSI and describe how I will account for this in future 

analyses.  

 I present challenges in using the data due to system changes in data 

collection methods. 
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sources of variation will inform decisions for linkage (chapter 4) and subsequent analyses 

of risk-adjusted BSI rates using the linked data (chapter 5 and 6).  

In this chapter, I first describe the national laboratory infection surveillance system that 

provides information on BSI in this thesis (section 3.2). It is important to understand how 

and why the data is collected to anticipate any problems that may arise when evaluating 

rates of BSI. Second, I describe the study population and the data coverage (3.4.1). 

Third, I determined whether the number of BSI reported to the surveillance system 

changed following the change in reporting practice in 2014 using interrupted time series 

analysis (section 3.4.2.1). Fourth, I explored the distribution of organisms by age and 

make comparisons to existing literature to determine which organisms are most 

prevalent and whether BSI rates calculated using the surveillance data are credible 

(section 3.4.2.2). Finally, I summarise the implications for this thesis and how I account 

for the changes in data collection and quality to ensure appropriate conclusions are made 

(section 3.5).    

3.2 Data source: Second Generation Surveillance System 

3.2.1 Background 

In England, data on BSI and other infections are collected through voluntary and 

mandatory surveillance systems operated by PHE.(99) PHE is an executive agency of 

the Department for Health and Social Care established in 2013 to protect and improve 

health and wellbeing in England. Collection of data on BSI contributes to the protection 

and improvement of health by PHE in several ways (99), for example:  

 Early detection of temporal or geographical changes  

 Understanding the epidemiology of BSI including prevalence, burden, mortality, 

morbidity and long-term trends 

 Discovering information on antimicrobial resistance  

 Monitoring of interventions including use, coverage and adverse events  

 Informing strategy and enabling informed and timely responses to incidents and 

outbreaks  

 Providing information to support the development of policy and guidelines 

A voluntary infection surveillance system has been in operation since the 1970s. Hospital 

laboratories across England and Wales submit microbiological data for clinically 

significant positive cultures to the surveillance system. There have been many updates 

over the years from electronic submissions in the 1990s to automated data capture in 
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2006 (Table 3-1).(105) The current voluntary surveillance system, known as the Second 

Generation Surveillance System (SGSS), was introduced in 2014 to replace LabBase2 

that operated from 2002 to 2014. When LabBase2 ended, data were migrated to SGSS. 

The 2018 annual English surveillance programme for antimicrobial utilisation and 

resistance (ESPAUR) report found that 97% of laboratories in England and Wales 

provided data to SGSS in 2017.(134) Of the laboratories reporting to SGSS, 92% 

submitted data daily and 84% used automatic reporting.(134)  

SGSS comprises two modules: communicable disease reporting (CDR) and 

antimicrobial reporting (AMR). The AMR module has greater detail on antimicrobial 

susceptibility of BSI, but the CDR module had higher laboratory coverage when SGSS 

was first launched.(134) In this thesis, I used data from the CDR module to include as 

many BSI as possible. Therefore, when I discuss SGSS throughout this thesis, I am 

referring to the CDR module.  
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Table 3-1: The evolution of the national voluntary infection surveillance system 

Date Event 

1970s 
First collection of information on positive cultures via 
paper reports  

1989 
LabBase1 introduced as first national microbiology 
database  

1993 Direct electronic reporting to LabBase1 piloted in Wales 

1997 Electronic reporting expanded to all regions in England 

2002 LabBase 2 introduced to replace LabBase1 

2006 Automatic electronic reporting introduced 

2008 
Estimated >90% laboratories submit data (mostly by 
electronic transfer) 

2013 PHE is established 

March 2014 SGSS first introduced 

August 2014 Labs begin reporting directly to SGSS 

November 2014 LabBase2 ends 

2017 97% of labs submit to SGSS  

 

3.2.2 Data collection 

Data are generated in laboratories when samples are cultured and results are sent to 

the surveillance system. Samples are taken and sent to laboratories for diagnosis when 

a clinician suspects a patient has a BSI. Samples may also be taken routinely without 

clinical signs, particularly in newborn babies.(80) Laboratory staff share the results with 

clinicians in hospital using the Laboratory Information Management System (LIMS) to 

inform treatment.(135) Data entered into LIMS by laboratory staff is submitted to SGSS 

directly via web upload, secure file transfer or encrypted email. The process is similar to 

the data transfer procedures in LabBase2.(99) SGSS captures data from all NHS 

laboratories in England, Public Health Wales and Health & Social Care Services in 

Northern Ireland. Data is also received from PHE reference laboratories for Shigella sp, 

Salmonella sp, E. Coli, Influenza and Group A Streptococcus. 
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3.2.2.1 System change in data collection methods 

In both LabBase2 and SGSS, laboratories are only required to provide information on 

clinically significant BSI.(99) PHE do not produce guidance on what is considered 

clinically significant and therefore the type of BSI submitted varies by laboratory 

depending on local procedures or decision making of individual staff. BSI caused by 

selected notifiable organisms, for example Streptococcus pneumoniae, were on a fast 

track list in LabBase2 and therefore automatically sent to PHE. BSI caused by all other 

organisms required authorisation. In contrast, data on all BSI are automatically uploaded 

to SGSS unless a laboratory requests the ability to manually review BSI caused by a 

specific organism. It is reported anecdotally that many laboratories upload data on all 

BSI to SGSS without any review of clinical significance to reduce burden on staff. This 

has resulted in SGSS capturing data on BSI that was not typically reported to LabBase2, 

for example positive cultures of skin organisms that have uncertain clinical significance, 

including CoNS. The similarities and differences between LabBase2 and SGSS are 

summarised in Table 3-2. 
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Table 3-2: Comparison between the two infection surveillance systems that 
operate during this study period: LabBase2 and the Second Generation 
Surveillance System (SGSS) 

System LabBase2 SGSS 

Period active 2002 to November 2014 August 2014 to Present 

File transfer Secure file transfer, web 
upload, encrypted email 

Secure file transfer, web 
upload, encrypted email 

Type of BSI 
requested by 
PHE 
 

Clinically significant Clinically significant  

Automatic 
reporting 

Fast track for pre-specified 
organisms otherwise 
(majority) required 
authorisation before 
submission  

Auto submission for all 
organisms unless pre-
specified to require manual 
review. Organisms 
requiring manual review 
decided on lab by lab basis 
 

Type of BSI 
reported by 
laboratories 

Typically only clinical 
significant results 

Typically all positive results  

 

3.2.2.2 Case ascertainment 

Ascertainment of BSI has increased from 2010 to 2017. PHE operate mandatory 

surveillance systems for specific organisms including E.coli and methicillin resistant 

Staphylococcus aureus (MRSA).(100, 101, 136, 137) Comparisons between voluntary 

and mandatory infection surveillance by PHE demonstrate increasing, but still 

incomplete, case ascertainment from 2010 to 2017 for BSI caused by certain organisms 

(Table 3-3). For example, case ascertainment for MRSA was 65% in 2010 and increased 

to 83% in 2017 (Table 3-3). However, ascertainment of methicillin susceptible 

Staphylococcus aureus (MSSA) has been fairly stable and ascertainment of E. coli 

increased modestly. As these organisms are considered clinically significant, the change 

in ascertainment of these may differ from change in ascertainment of other organisms. 

The increase in ascertainment would likely be greater in organisms not considered 



111 
 

clinically significant (e.g. CoNS), because they were less likely to be reported to 

LabBase2.     

Table 3-3: Case ascertainment of voluntary surveillance systems compared to 
mandatory surveillance as reported in PHE surveillance reports (100, 101, 136, 
137) 

 Case ascertainment of voluntary compared to mandatory 
infection surveillance systems 

Year MRSA MSSA E. coli 

2010 65% N/A N/A 

2011 69% 68% 84% 

2012 81% 66% 83% 

2013 81% 67% 83% 

2014 90% 62% 84% 

2016 N/A N/A 86% 

2017 83% N/A 88% 

I have presented percentages without absolute numbers as data is reported by PHE as 
percentages without numerator and denominator; MRSA = methicillin resistant Staphylococcus 
aureus; MSSA = methicillin sensitive Staphylococcus aureus; E. coli = Escherichia coli 
 

3.2.3 Storage and processing 

Laboratories upload or send data to PHE where the data is processed before upload to 

the data warehouse. Processing of data in SGSS ensures that data entering the 

database is of good quality. This includes data validation, enrichment and de-duplication. 

PHE staff access the SGSS database to perform data analysis and produce regular 

reports on topics including bacteraemia and antimicrobial resistance.  

3.2.3.1 Data structure and validation 

Daily submissions of infection records from laboratories are subject to validation checks. 

If the submissions do not pass the checks, the records are returned to the laboratory for 

correction. This prevents low quality or erroneous data from entering the database and 

allows for correct data to be entered once amended by laboratory staff. Structural 

validation checks ensure that data follows a predefined structure. For example, the file 

name must begin with a three letter code to denote the laboratory followed by a time 

stamp and an eight digit number. This allows new data to be merged correctly with 

existing data.  
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Data validation in SGSS ensures data contains sufficient information and the formatting 

is correct. Data that is not validated is returned to the reporting laboratory for correction. 

Data must meet the following conditions for entry into SGSS: 

 Includes one of NHS number, hospital number or surname 

 Includes specimen number, specimen date, specimen type and organism 

 Dates are in the correct format 

 Only numbers are in the age in years and months fields 

 Field lengths do not exceed maximum values 

Inclusion of patient details are important for accurate linkage of data from SGSS to the 

NNRD. The data checks in SGSS mean that identifiers are likely to be accurate and 

contain the necessary data required for linkage e.g. dates and NHS numbers. Dates are 

important as I am only interested in BSI that relate to a baby’s stay in NNU. Without 

accurate sample dates, I would not be able to determine whether a BSI occurred during 

a baby’s stay in NNU or a later admission elsewhere e.g. PICU.   However, there may 

be missing information if data that was provided by laboratories did not meet the strict 

rules and therefore did not enter SGSS. As this data does not enter SGSS, it is not 

possible to determine how often this happens.   

3.2.3.2 Data enrichment 

Data enrichment utilises existing databases to provide more information on each patient 

including deaths and address. The more accurate identifiable information that is available 

for SGSS records, the more likely they are to link to the correct baby in NNRD.  

SGSS records are linked with the Personal Demographics Service (PDS) within PHE to 

match the current Spine record. The Spine is the national electronic database of NHS 

patient details. SGSS is updated with information from PDS for the following variables: 

 Patient name, sex & date of birth 

 Address 

 NHS Number 

 GP Practice Code 

 Death Indicator & Date of Death 

 Administrative and PHE geography boundaries derived from patient postcode 

 A hierarchy of postcodes is used where patient postcode is preferred followed by 

the postcode of the associated GP surgery, source laboratory and reporting 

laboratory. 
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 Healthcare boundaries derived from registered GP practice 

NHS number and date of birth are checked for an exact match and if this fails, a cross-

check match is attempted followed by an alphanumeric trace. 

A cross-check is marked as valid if the date of birth in the request exactly matches the 

PDS current date of birth in the format YYYYMMDD. If that check fails, the NHS Number 

is marked as valid if the request matches PDS data on: 

 Two out of three of day, month and year of birth. 

 First three characters of the surname. 

 Initial of the first name. 

The name parameters are matched against all current names for a patient and if three 

characters are not available for the surname, or the first name is not supplied, the NHS 

number is not considered valid. 

The alphanumeric trace searches for an exact match against both current and historic 

data where name parameters are compared against all names and the full postcode is 

compared against all postcodes. The search is case sensitive and spaces and 

punctuation are significant, therefore any subtle differences in how names were recorded 

(e.g. O’Brien vs Obrien) would result in missed matches.  

The data enrichment checks in SGSS ensure that even if laboratories do not have 

sufficient information available, attempts are made to improve validity and availability of 

patient identifiers. Identifiers recorded in SGSS (since March 2014) are more likely to be 

accurate due to the enrichment and validation checks. However, data may still be 

missing if samples were sent to the microbiology laboratory with limited information.  

3.2.3.3 Deduplication 

Deduplication is necessary to avoid multiple identical records which may occur if multiple 

laboratories upload the same data. If the duplicates are not removed infection rates could 

be overestimated as the same infection would be counted multiple times. It could also 

lead to biased estimates of BSI risk if the probability of having multiple records was 

associated with risk of BSI.  

Babies in NNUs often have multiple samples taken during an infection period which 

represent the same infection. For example, a clinician may take an initial sample to 

inform treatment decisions and a second sample to determine whether the infection has 
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cleared following treatment. To account for this, infection records are organised into 

Organism Patient Infection Episodes (OPIEs) in SGSS and LabBase2. OPIEs are 

defined as all specimens occurring within the specific organism episode length. Positive 

cultures are referred to as specimens in SGSS/LabBase2. For most organisms, this is 

14 days but there are exceptions (Table 3-4). In this thesis, I will refer to OPIEs as BSI 

episodes.  

Table 3-4: Organism episode length in weeks 

Organism Episode length (weeks) 

Clostridium difficile 4 

Salmonella 13 

Mycobacterium 26 

All others 2 

 

If all three of the following conditions are met, new specimen records attempting to enter 

SGSS are considered duplicates and removed. 

 

1. Both specimen records are for the same organism, meeting one of the following 

criteria 

a. Organisms are the same and without conflict in attributes or 

antimicrobial results. One record with missing attributes or antimicrobial 

results is not considered a conflict. 

b. One only records species to the root organism level e.g. Streptococcus 

sp but both records are of the same genus and there is no conflict in 

antimicrobial results. 

 

2. The difference between the sample dates of the two records is within the 

organism episode length. Where a record being compared already belongs to 

an episode, the latest of all its sample dates is used for this comparison. 

 

3. Both specimen records are for the same patient. Conditional probabilities and 

weightings are used to determine whether the patients for the two comparable 

specimen records are considered the same based on 

a. NHS number 

b. Forename/surname  

c. Patient hospital number  
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d. Date of birth 

e. Sex  

f. Postcodes 

 

 
3.2.4 Information Governance 

PHE is permitted to receive unconsented patient-identifiable data for the purposes of 

monitoring infectious disease under Section 251 of the NHS Act 2006 (previously Section 

60 of the Health and Social Care Act 2001). I describe ethics and governance for linkage 

in chapter 4 (section 4.3.1).  

3.2.5 Data dissemination 

The primary outputs from SGSS are Health Protection reports published on the PHE 

website. For example, the 2017 report on annual Escherichia coli (E. coli) bacteraemia 

in England, Wales and Northern Ireland reported rates by age, geographical region and 

sex and provided information on antimicrobial resistance.(101) The rate of E. coli BSI in 

infants aged less than one year was 88.7 per 100,000 population. Infants had the second 

highest rates of BSI due to E. coli after individuals aged over 65 years.  

Another key output from SGSS are ESPAUR reports.(134) ESPAUR was established in 

response to the UK Five Year Antimicrobial Resistance Strategy 2013-2018. The reports 

include data on antimicrobial resistance by year for BSI, gonorrhoea and tuberculosis.  

Data from PHE’s national infection surveillance system has previously been linked to 

other datasets. For example, LabBase2 to clinical records from PICU to evaluate rates 

of BSI in PICU (chapter 1, section 1.7.4).(113, 114) LabBase2 was also linked to hospital 

admissions data (hospital episode statistics) to identify hospital-acquired infection.(139)  

3.3 Methods 

3.3.1 Extract for this study 

3.3.1.1 Study population 

I extracted data on BSI reported by laboratories in England for infants aged less than 

one year with sample dates between January 2001 and August 2017. I defined BSI as 

positive bacteria and fungi cultures from blood or cerebrospinal fluid (CSF) samples. I 

included CSF samples within the definition of BSI because such isolates will have been 

haematologically seeded into the central nervous system implying a previous BSI.(78) I 

refer to positive cultures from blood and CSF as BSI throughout this thesis. I extracted 
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the data in two waves from the CDR module of SGSS on 6th April 2014 and 20th 

September 2017. I combined and de-duplicated the extracts. For linkage, I only included 

BSI from December 2009 to July 2017 because the extract from NNRD includes 

admissions between January 2010 and June 2017. However, I extracted data before 

December 2009 to evaluate long-term trends in reporting of BSI to the surveillance 

system. As I used data from both SGSS and LabBase2 in this thesis, I will refer to the 

data from both together as surveillance data. 

I calculated the average number of specimens per BSI episode and BSI episodes per 

baby for the whole period. I also calculated the proportion of babies with more than one 

BSI episode.  

3.3.1.2 Data coverage  

Although the proportion of laboratories that can report to SGSS is high (97%), not all 

laboratories report consistently. Gaps in reporting may be due to staff shortages (e.g. 

holidays or parental leave) or technical issues. I plotted the number of BSI reported by 

each laboratory by month of sample to identify any gaps. However, I did not exclude any 

laboratories or laboratory months at this stage, I explain exclusions based on poor 

reporting in chapter 4 (section 4.3.2). 

3.3.1.3 Cleaning 

Although data is subject to validation checks before entering SGSS, there may still be 

errors therefore data cleaning is required. I checked the dates of samples to ensure that 

sample dates were not: 

i) Earlier than date of birth 

ii) Earlier than reporting dates 

iii) Always on the same day each month (e.g. always the first of the month)  

This was important as laboratories may report an estimated sample date (if the true date 

is not known) but for the purposes of data linkage, a high level of accuracy is needed. 

For example when determining if a BSI occurred during a NNU admission. 

As with dates, postcodes may also be entered incorrectly if the information is not known. 

Therefore, I set patient postcode to missing if it was equal to laboratory, hospital or GP 

postcode. If I did not change these postcodes, I may incorrectly link two individuals who 

were admitted to the same hospital or registered at the same GP. 
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I removed false records entered for quality control purposes that I identified through 

terms in the name or hospital number fields. For example any surname or hospital 

number that included “QUALITY” or “INTERNAL QC”. 

The surveillance data contains the full organism species. However, I did not require that 

level of detail as there were many organisms. Therefore, I categorised organisms into 

the following groups: 

 CoNS 

 Group B Streptococcus 

 E. coli 

 Enterococcus 

 Enterobacter  

 S. aureus 

 Klebsiella 

 Other gram positive bacteria 

 Other gram negative bacteria 

 Fungi 

I selected the organism groups based on the species that were most prevalent or 

clinically significant in babies in NNUs.   

3.3.1.4 De-duplication 

As described previously (section 3.2.3.3), to avoid classifying multiple samples of same 

infection as multiple infections, SGSS creates IDs for BSI episodes (also known as 

OPIEs).  Repeat samples for the same organism from the same patient within 14 days 

(for most organisms) of the first sample are categorised as one episode. However, it can 

be difficult to identify babies within the surveillance data, particularly in early years when 

identifiers were poorly completed and therefore errors in BSI episode classification can 

occur. 

When examining the data I realised that there were cases of the same BSI from the same 

infant (matching date of birth, name, postcode) that were given different OPIE IDs. 

Therefore, I created a new ID to identify BSI episodes. First, I identified babies by 

creating a variable based on: hospital number, NHS number, date of birth, first name, 

surname, postcode prefix and postcode suffix. I cleaned the forename and surname 

variables by removing numbers and special characters and setting common entries that 

are not names (e.g. “PATIENT” and “BABY”) to missing. There were 249 (0.55%) records 



118 
 

during the linkage period for which only date of birth was complete (Table 3-5). It was 

difficult to determine whether or not these belonged to the same baby, therefore I treated 

these as separate babies. There were 26 records with no complete identifiers, but they 

were all before the linkage period. The majority of records had at least two identifiers 

complete and therefore I believe my classification was valid and an improvement on the 

OPIE IDs generated by the system. 

Table 3-5: The number and percentage of records in the whole period and the 
linkage period that only had one complete identifier  

 
Number of records with only one identifier 

complete 

Only complete 
identifier 

Whole extract 
01/01/01 – 01/11/17 

Linkage period 
24/12/09 – 14/08/17 

Hospital number 12 (0.01%) 0 

NHS number 8 (0.01%) 2 (<0.00%) 

Date of birth 3,361 (4.05%) 249 (0.55%) 

First name 0 0 

Surname 1 (<0.00%) 0 

Postcode prefix 0 0 

Postcode suffix 0 0 

All missing 26 (0.03%) 0 

Total records 82,954 45,553 

 

From the new baby identifier, I created a BSI episode identifier where any BSI within 14 

days of the first sample with the same organism in the same baby was classified as the 

same BSI episode.   

I compare the completeness of patient identifiers used for linkage in the surveillance data 

and the NNRD in chapter 4 (section 4.4.1).  

3.3.2 Description of the population 

3.3.2.1 Changes over time 

To understand how information reported to the infection surveillance system has 

changed over time, I report the distribution of key characteristics by year, the annual 

number of BSI episodes per baby and specimens per BSI episode, and the trend in the 
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number of BSI reported before, during and after the introduction of SGSS. To understand 

how key characteristics have changed over time, I present the distribution of age, sex, 

specimen type (blood vs CSF) and organism category by year from 2010 to 2017. I plot 

the mean annual number of BSI episodes per baby and specimens per baby for the 

period 2001 to 2017.  

As described in section 3.2.2.1, the introduction of SGSS coincided with a change in 

reporting from clinically significant organisms (clinical significance determined through 

manual review) to automated capture of all organisms.  I hypothesised that the reporting 

of clearly pathogenic organisms (listed in Table 3-6) which would have been considered 

clinically significant across all years would be least affected by the system change. In 

contrast, reporting of other organisms (including CoNS and other skin commensals) 

would be expected to increase as they would have rarely been considered clinically 

significant, and therefore would not have been reported. 

The organisms classified as clearly pathogenic organisms in this thesis are presented in 

Table 3-6. In this thesis, I will refer to all other organisms (including skin commensals) 

as other organisms. I acknowledge that skin commensals can be pathogenic, but they 

often require symptoms or multiple positive cultures to be distinguished from 

contaminants and classified as a BSI.(81, 83) The decision to classify organisms as 

clearly pathogenic or other was inspired by the NNAP reports which introduced the 

classification in their 2018 report on 2017 data.(1) However, the infection surveillance 

data contained organisms that were not in the NNAP reports as I have data on all BSI 

across 16 years in babies aged less than one year whereas the NNAP report included 

data only for babies in NNUs from one year (which is also known to be incomplete). 

Therefore, Dr Jim Gray (Head of Microbiology, Birmingham Women’s and Children’s 

NHS Foundation Trust) advised on which organisms, if cultured from blood or CSF, 

would prompt treatment without the need for multiple positive cultures or clinical 

symptoms. The review of organisms also identified 439 BSI episodes (275 during the 

linkage period) for organisms that it is not plausible to culture from blood or CSF in 

humans. These records were assumed to be errors and excluded. A list of other 

organisms and excluded (not plausible) organisms are presented in Appendix C: 

Organism classification. 

Table 3-6: Species classified as clearly pathogenic organisms 

Organisms classified as clearly pathogenic organisms 

ANAEROCOCCUS 
(PEPTOSTREPTOCOCCUS)  

KLEBSIELLA ORNITHNOLYTICA  
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PREVOTII 

BACTEROIDES CAPILLOSUS KLEBSIELLA OTHER NAMED 

BACTEROIDES DISTASONIS KLEBSIELLA PNEUMONIAE 
SUBSP OZENAE 

BACTEROIDES OVATUS PASTEURELLA HAEMOLYTICA 

BACTEROIDES SP PASTEURELLA MULTOCIDA 

BACTEROIDES UNIFORMIS PASTEURELLA OTHER NAMED 

BACTEROIDES VULGATUS PASTEURELLA PNEUMOTROPICA 

CLOSTRIDIUM BEIJERINCKII PROTEUS PENNERI 

CLOSTRIDIUM BIFERMENTANS PROTEUS SP 

CLOSTRIDIUM BUTYRICUM PROTEUS VULGARIS 

CLOSTRIDIUM PARAPUTRIFICUM PROVIDENCIA STUARTII 

CLOSTRIDIUM SEPTICUM RAOULTELLA PLANTICOLA 
(KLEBSIELLA PLANTICOLA) 

CLOSTRIDIUM SORDELLI RAOULTELLA SP 

CLOSTRIDIUM SP RAOULTELLA TERRIGENA 

CLOSTRIDIUM SPOROGENES SALMONELLA ABA 

CLOSTRIDIUM TERTIUM SALMONELLA AGAMA 

FUSOBACTERIUM 
NECROPHORUM 
(SPHAEROPHUS 
NECROPHORUM) 

SALMONELLA AJIOBO 

FUSOBACTERIUM NUCLEATUM SALMONELLA APAPA 

FUSOBACTERIUM SP SALMONELLA ARIZONAE 

GARDNERELLA OTHER NAMED SALMONELLA BRANDENBURG 

GARDNERELLA VAGINALIS SALMONELLA COLINDALE 

PEPTOSTREPTOCOCCUS 
ASACCHAROLYTICUS 

SALMONELLA COTHAM 

PEPTOSTREPTOCOCCUS 
MAGNUS 

SALMONELLA CUBANA 

PEPTOSTREPTOCOCCUS OTHER 
NAMED 

SALMONELLA DJUGU 

PREVOTELLA BIVIA SALMONELLA DUBLIN 

PREVOTELLA BUCCALIS SALMONELLA ENTERITIDIS 

PREVOTELLA ORALIS SALMONELLA GOLD-COAST 

STREPTOCOCCUS ANAEROBIC SALMONELLA HADAR 

VEILLONELLA ATYPICA SALMONELLA HEIDELBERG 

VEILLONELLA NAMED SALMONELLA HOFIT 

ASPERGILLUS FUMIGATUS SALMONELLA HULL 

ASPERGILLUS NIGER SALMONELLA INFANTIS 

ASPERGILLUS OTHER NAMED SALMONELLA KEDOUGOU 

ASPERGILLUS SP SALMONELLA KIAMBU 

CANDIDA CIFERRII SALMONELLA KIBUSI 

CANDIDA FAMATA SALMONELLA KINTAMBO 

CANDIDA HAEMULONIS SALMONELLA KISARAWE 

CANDIDA KRUSEI SALMONELLA MATOPENI 

COCCIDIOIDES SP SALMONELLA MISSISSIPPI 

CRYPTOCOCCUS ALBIDUS SALMONELLA MONSCHAUI 
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CRYPTOCOCCUS SP SALMONELLA MONTEVIDEO 

MALASSEZIA FURFUR SALMONELLA MUENCHEN 

MALASSEZIA PACHYDERMATIS SALMONELLA MUENSTER 

MALASSEZIA SP SALMONELLA NEWPORT 

RHODOTORULA OTHER NAMED SALMONELLA ORANIENBURG 

RHODOTORULA RUBRA SALMONELLA POONA 

RHODOTORULA SP SALMONELLA READING 

AEROMONAS CAVIAE SALMONELLA SAPHRA 

AEROMONAS HYDROPHILA SALMONELLA SENFTENBERG 

AEROMONAS SALMONICIDA SALMONELLA SINSTORF 

AEROMONAS SOBRIA SALMONELLA SP 

AEROMONAS SP SALMONELLA STANLEY 

CAMPYLOBACTER FETUS SALMONELLA TEL-EL-KEBIR 

CAMPYLOBACTER JEJUNI SALMONELLA TYPHI AND 
PARATYPHI 

CAMPYLOBACTER SP SALMONELLA TYPHIMURIUM 

CAMPYLOBACTER 
UREOLYTICUS (BACTEROIDES 
CORRODENS) 

SALMONELLA UNNAMED 

CEDECEA LAPAGEI SALMONELLA VIRCHOW 

CITROBACTER AMALONATICUS SALMONELLA VITKIN 

CITROBACTER BRAAKII SALMONELLA WICHITA 

CITROBACTER FARMERI SERRATIA PLYMUTHICA 

ENTEROBACTER 
AGGLOMERANS (PANTOEA 
AGGLOMERANS) 

SERRATIA PROTEAMACULAS 

ENTEROBACTER HORMAECHEI SERRATIA RUBIDAEA 

ENTEROBACTER INTERMEDIUS 
(ENTEROBACTER INTERMEDIUM) 

SHIGELLA FLEXNERI 

ENTEROBACTER SAKAZAKII YERSINIA ENTEROCOLITICA 

ESCHERICHIA HERMANNII ENTEROCOCCUS AVIUM 

ESCHERICHIA OTHER NAMED ENTEROCOCCUS 
CASSELIFLAVUS 

ESCHERICHIA SP ENTEROCOCCUS FAECALIS 
(STREPTOCOCCUS FAECALIS) 

ESCHERICHIA VULNERIS ENTEROCOCCUS RAFFINOSUS 

HAFNIA ALVEI LISTERIA SP 

 

To understand how case ascertainment changed following the system change, I 

examined the total number of BSI in the surveillance data over time for all BSI, BSI 

caused by clearly pathogenic organisms, and BSI caused by other organisms. 

I first plotted the number of BSI reported to the surveillance system for BSI caused by all 

organisms, BSI caused by clearly pathogenic organisms and BSI caused by other 

organisms from 2001 to 2017, to visualise long-term trends in the number of BSI reported 

to the surveillance system.  
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To evaluate how the number of BSI reported changed following the introduction of SGSS, 

I used interrupted time series Poisson regression of monthly BSI rates.(140)  I evaluated 

the change in number of BSI for all BSI, BSI caused by clearly pathogenic organisms 

and BSI caused by other organisms for infants aged less than one year. I restricted the 

interrupted time series analyses to the linkage period (2010 to 2017), as there were many 

changes previously that may have affected earlier trends (e.g. automated reporting 

introduced in 2006, Table 3-1), but I was only interested in changes that would affect my 

analysis of the linked data. SGSS was first implemented in March 2014 and adoption of 

SGSS was gradual due to the large number of laboratories and their different operating 

systems, therefore I examined the time before introduction (January 2010 to March 2014) 

and after most labs were reporting to SGSS (December 2015 to July 2017).    

I present the equation that I used for the interrupted time series regression in Equation 

3-1. Where Yt represents the number of BSI at time t, T represents the months since 

January 2001, Xt represents a dummy variable for either pre (0) or post (1) the 

introduction of SGSS. β0 represents the baseline level in January 2010,  β1  is the pre-

system change trend, β2 is the step change following the introduction of the new system 

and β3 is the trend change following the introduction of SGSS. 

Equation 3-1: Interrupted time series Poisson model 

Yt = β0 + β1T + β2Xt +  β3TX 

3.3.2.2 Distribution of infections by age and organism 

I examined the prevalence of BSI caused by different organisms by age. I calculated the 

mean annual number of BSI caused by each organism group by age in days from birth 

to 28 days based on data 2010 to 2016. I did not include 2017 as it was not a full year 

and I excluded years prior to 2010 due to under-reporting. To understand how the 

number of BSI reported to the surveillance system caused by different organisms 

changed over time, I plotted the rate of BSI per 1000 live births from 2001 to 2014 (the 

first extract of data from infection surveillance system) for key organism groups: GBS, 

CoNS, and E. coli. I included CoNS because it is the most prevalent organism cultured 

from blood in neonates.(5, 141) However, as CoNS is a potential contaminant, it is likely 

to have been affected by the change in reporting in 2014. Therefore, I also evaluated E. 

coli, the second most prevalent late onset BSI in UK NNUs, and GBS, the most prevalent 

early onset BSI.(5) Both are clinically significant and therefore less likely to have been 

affected by the change in reporting. I used live births as the denominator to calculate 

rates, as BSI records reported to the surveillance system are not all from babies in NNU 
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so it would not be appropriate to use the number of neonatal admissions as the 

denominator. I compared the trends and rates from the surveillance data to those 

reported in the literature to evaluate the validity of the data.  

3.4 Results 

3.4.1 Extract for this study 

3.4.1.1 Study population 

My extract contained data on 72,332 BSI episodes in babies aged less than one year 

and 37,876 in babies aged less than 28 days old from 257 laboratories between 2001 

and 2017. On average, there were 1.05 (74,868 / 72,332) specimens per BSI episode 

and 1.13 (72,332 / 63,864) BSI episodes per baby (Figure 3-1).  Of 63,864 babies, 6,581 

(6.44%) had more than one BSI episode. Only 0.16% (119 / 72,332) of BSI episodes had 

a CSF specimen. The distribution of blood and CSF specimens is shown in Figure 3-2. 

In the linkage period (24th December 2009 to 14th August 2017), there were 36,485 BSI 

episodes in 32,117 babies. 

 

Figure 3-1: The number of babies, BSI episodes and specimens in the extract 
(BSI in infants aged <1 year, 2001-2017) 

 

63,864 

Babies

72,332 BSI episodes

(1.13 BSI episodes per 
baby)

74,868 Specimens

(1.04 specimens per BSI episode)
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Figure 3-2: The distribution of blood and CSF specimens in the surveillance data extract (BSI in infants aged <1 year, 2001-2017) 

72,332  BSI 
epsiodes

70,455 (97.4%) 
single record 
BSI episodes

70,345 (99.8%) 
blood 

specimens

110 (0.2%) CSF 
specimens

1,887 (2.6%) 
multiple record 

BSI epsiodes

1,869 (99.0%) 
blood 

specimens

3 (0.2%) CSF 
specimens

6 (0.3%) CSF 
and blood 
specimens
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3.4.1.2 Data coverage 

Some laboratories had large gaps in reporting of BSI in infants aged less than one year 

(Figure 3-3 to Figure 3-6). This may be a sign that no BSI occurred in those months, 

however this seems unlikely for prolonged lengths of time for laboratories associated 

with large hospitals. I present reporting over time for the 36 laboratories with the highest 

number of total reports in infants aged less than one year from 2001 to 2017 in Figure 

3-3 to Figure 3-6, plots for the other 209 laboratories are included in the appendix 

(Appendix B: Lab reporting graphs). In some of the laboratories there are sudden peaks 

that may represent BSI being reported from previous months when there was under-

reporting (e.g. first plot in Figure 3-5). However, there are also random peaks when 

number of BSI appear to otherwise be consistent (e.g. first plot on third row in Figure 

3-3). It is difficult to determine the reason for these random peaks, but it is likely that they 

are errors. Many, but not all, graphs show an increase in reporting around 2014. This is 

likely related to the introduction of SGSS but as the graphs demonstrate, the introduction 

of SGSS did not impact reporting from all laboratories in the same way. 

 

Figure 3-3: Number of BSI in infants aged less than one year reported to the 
national infection surveillance system in laboratories 1-9 by month of sample 
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Figure 3-4: Number of BSI in infants aged less than one year reported to the 
national infection surveillance system in laboratories 10-18 by month of sample 

 

Figure 3-5: Number of BSI in infants aged less than one year reported to the 
national infection surveillance system in laboratories 19-27 by month of sample 
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Figure 3-6: Number of BSI in infants aged less than one year reported to the 
national infection surveillance system in laboratories 28-36 by month of sample 

 

3.4.2 Description of the population 

3.4.2.1 Changes over time 

The trends for the number of BSI episodes per baby and number of specimens per BSI 

episode was declining until the introduction of SGSS (Figure 3-7 and Figure 3-8). This is 

likely due to an increase in the number of BSI reported to the infection surveillance 

system and improved recording of identifiers making it easier link BSI that belong to the 

same baby. 
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Figure 3-7: The average number of BSI episodes per baby over time 

 

 

Figure 3-8: The average number of specimens per BSI episode over time 

The number of total BSI in infants aged less than one year increased from 4,804 in 

2010 to 5,632 in 2016 ( Table 3-7). The proportion of CoNS BSI increased, from 33% in 

2010 to 40% in 2017. The proportion of BSI in babies aged less than three days 

increased from 18% in 2010 to 24% in 2017. Across all years, BSI was more prevalent 

in boys than girls.
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 Table 3-7: Characteristics of BSI in infants aged <1 year reported to the national laboratory infection surveillance system by year 

Year 2010 2011 2012 2013 2014 2015 2016 2017C 

Total BSI episodes 4,804 4,540 4,454 4,389 4,604 4,853 5,632 3,103 

Age in days A 
    <3 
    3-6 
    7-27 
    ≥28 

 
855 (18%) 
377 (8%) 
1,188 (25%) 
2,386 (50%) 

 
856 (19%) 
374 (8%) 
1,138 (25%) 
2,173 (48%) 

 
846 (19%) 
347 (8%) 
1,133 (25%) 
2,127 (48%) 

 
959 (20%) 
327 (7%) 
1,049 (22%) 
2,052 (42%) 

 
1,020 (22%) 
417 (9%) 
1,088 (24%) 
2,079 (45%) 

 
1,132 (23%) 
426 (9%) 
1,194 (25%) 
2,096 (43%) 

 
1,274 (23%) 
512 (9%) 
1,303 (23%) 
2,538 (45%) 

 
756 (24%) 
251 (8%) 
726 (23%) 
1,370 (44%) 

Sex 
   Female 
   Male 

 
2,044 (43%) 
2,704 (56%) 

 
1,920 (42%) 
2,572 (57%) 

 
1,857 (42%) 
2,560 (57%) 

 
1,808 (37%) 
2,532 (52%) 

 
1,856 (40%) 
2,639 (57%) 

 
2,086 (43%) 
2,700 (56%) 

 
2,302 (41%) 
3,198 (57%) 

 
1,313 (42%) 
1,772 (57%) 

Organism 
 Pathogens 
  E.coli 
  Enterobacter 
  Enterococcus 
  Group B Streptococcus 
  Klebsiella 
  Other gram negative  
  Other gram positive  
  S. aureus 
  Fungi 
 Other organisms  
  CoNS 
  Other gram negative 
  Other gram positive 

 
 
464 (10%) 
127 (3%) 
311 (6%) 
486 (10%) 
180 (4%) 
339 (7%) 
229 (5%) 
413 (9%) 
72 (1%) 
 
1,593 (33%) 
112 (2%) 
480 (10%) 

 
 
503 (11%) 
116 (3%) 
314 (7%) 
454 (10%) 
164 (4%) 
308 (7%) 
203 (4%) 
391 (9%) 
63 (1%) 
 
1,437 (32%) 
127 (3%) 
461 (10%) 

 
 
461 (10%) 
106 (2%) 
242 (5%) 
424 (10%) 
157 (4%) 
260 (6%) 
155 (3%) 
337 (8%) 
62 (1%) 
 
1,572 (35%) 
135 (3%) 
542 (12%) 

 
 
473 (10%) 
85 (2%) 
223 (5%) 
426 (9%) 
149 (3%) 
289 (6%) 
215 (4%) 
311 (6%) 
47 (1%) 
 
1,488 (31%) 
147 (3%) 
534 (11%) 

 
 
426 (9%) 
84 (2%) 
225 (5%) 
451 (10%) 
126 (3%) 
269 (6%) 
208 (5%) 
306 (7%) 
60 (1%) 
 
1,657 (36%) 
167 (4%) 
625 (14%) 

 
 
404 (8%) 
92 (2%) 
221 (5%) 
418 (9%) 
144 (3%) 
240 (5%) 
169 (3%) 
257 (5%) 
54 (1%) 
 
2,014 (42%) 
199 (4%) 
640 (13%) 

 
 
511 (9%) 
110 (2%) 
284 (5%) 
468 (8%) 
136 (2%) 
204 (4%) 
222 (4%) 
335 (6%) 
B 

 
2,221 (39%) 
137 (2%) 
680 (12%) 

 
 
276 (9%) 
65 (2%) 
146 (5%) 
216 (7%) 
63 (2%) 
103 (3%) 
120 (4%) 
213 (7%) 
B 

 
1,237 (40%) 
74 (2%) 
364 (12%) 

Missing are not reported but included to calculate percentage of total  A Age at first sample for episodes with more than one sample; B omitted to avoid small cell 
counts; C January to August 2017 
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Following the introduction of SGSS in 2014, the number of infections reported to SGSS 

increased (Figure 3-9, Table 3-8). The largest increase was seen in BSI caused by other 

organisms (i.e. not clearly pathogenic), which increased by 48% (Incidence Rate Ratio 

[IRR] 1.482, 95% CI 1.367 to 1.608). The number of BSI caused by clearly pathogenic 

organisms increased by 29% (IRR 1.291, 95% CI 1.186 to 1.406). Overall, the number 

of BSI including all organisms increased by 41% (IRR 1.406, 95% CI 1.326 to 1.490). 

The number of BSI reported to the infection surveillance system was decreasing for BSI 

caused by clearly pathogenic organisms before the introduction of SGSS (IRR 0.996, 

95% CI 0.994 to 0.997) and the decline was steeper following the introduction of SGSS. 

The number of BSI reported to the infection surveillance system was stable for BSI 

caused by other organisms before SGSS, but decreased following the system change. 

 

Figure 3-9: Interrupted time series for the number of BSI episodes reported to 
PHE surveillance system over time for infants aged less than one year old for 
clearly pathogenic organisms (red), other organisms (blue) and all organisms 
(green).
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Table 3-8: Rate ratios for the trend pre and post system change and step change in number of BSI reported from the interrupted time 
series regression for clearly pathogenic organisms, other organisms and all organisms  

 
BSI rate ratio (95% confidence interval) 

Clearly pathogenic organisms Other organisms All organisms 

Trend pre-system change per 
month 

0.995 (0.994 to 0.997) 1.001 (1.000 to 1.003) 0.998 (0.997 to 0.999) 

Step change in number of BSI 
reported A 

1.291 (1.186 to 1.406) 1.482 (1.367 to 1.608) 1.406 (1.326 to 1.490) 

Change in trend post-system 
change per month 

0.993 (0.989 to 0.998) 0.992 (0.989 to 0.996) 0.994 (0.991 to 0.996) 

A From March 2014 to December 2015 
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3.4.2.2 Distribution of infections by age and organism 

There were far more BSI on the first day of life compared to the number of BSI in older 

babies (Figure 3-10). GBS was the most frequently cultured organism in babies aged 

zero and one day, with 175 BSI caused by GBS in babies aged zero days and 72 in 

babies aged one day per year. CoNS was the second most prevalent organism in babies 

aged zero and one day with 166 and 74 BSI, respectively. CoNS was the most prevalent 

organism in babies aged two to 28 days.  
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Figure 3-10: Mean number of BSI per year by causative organism at each day of age up to 28 based on data from 2010 to 2016 
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The overall incidence of Group B Streptococcus BSI reported to the infection surveillance 

system was 0.35 per 1000 live births in babies aged less than 7 days compared to 0.21 

in babies aged between 8 and 90 days. The rate of Group B Streptococcus BSI increased 

over time in babies aged less than 3 days (Figure 3-11). The rate increased in babies 

aged greater than or equal to 28 until days 2010, when the rate decreased (Figure 3-11). 

The International Bacteremia Surveillance Collaborative reported similar rates of Group 

B Streptococcus BSI, in infants aged up to 90 days, from regions in Australia, Sweden, 

Canada and Denmark between 2001 and 2010. Rates of Group B Steptococcus BSI per 

1000 live births reported by the International Bacteremia Surveillance Collaborative were 

stable over time at 0.36 in babies aged 0 to 7 days and 0.21 in babies aged 8 to 90 

days.(142) Rates of early onset (before 7 days of age) Group B Streptococcus BSI per 

1000 live births in the Netherlands increased from 0.20 in 1987 to 0.32 in 2011.(143)  

 

Figure 3-11: The rate of Group B Streptococcus BSI per 1000 live births by year  
from 2001 to 2017 by age group among infants aged less than one year in 
England  
Numerator for 2017 does not include BSI from December 2017, but denominator (live births) are 
for whole year 
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The rate of CoNS BSI per 1000 live births reported to the infection surveillance system 

increased in all infants aged less than one year (Figure 3-12). There was a sharp 

increase in the incidence of BSI at 2006 that coincided with the introduction of automatic 

electronic reporting (Figure 3-12, Table 3-1). The BSI rate continued to increase after 

2006 with another steep increase after 2014, when SGSS was introduced (Figure 3-12, 

Table 3-1).  Other studies also report an increase in BSI due to CoNS in infants, for 

example a retrospective observational study reported a 50% increase in BSI due to 

CoNS in neonates and children reported to 20 Swiss hospital laboratories from 2008 to 

2014.(144)  

 

Figure 3-12: The rate of CoNS BSI per 1000 live births by year  from 2001 to 2017 
by age group among infants aged less than one year in England  
Numerator for 2017 does not include BSI from December 2017, but denominator (live births) are 
for whole year.  

The annual rate of E.coli BSI per 1000 live births reported to the infection surveillance 

system in infants aged less than one year increased over time (Figure 3-13). National 

infection surveillance from the Netherlands found similar rates of BSI in infants aged less 

than 28 days, but no significant change between 1987 and 2011 (143).  
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Figure 3-13: The annual rate of E. coil BSI in per 1000 live births in infants aged 
<1 year by age group 
Numerator for 2017 does not include BSI from December 2017, but denominator (live births) are 
for whole year 

3.5 Discussion 

3.5.1 Summary 

In this chapter, I have described the national laboratory infection surveillance system that 

I used in this thesis to provide information on which babies in NNU have BSI through 

linkage to the NNRD. First, I presented information on how the data was collected and 

processed by PHE (section 3.2). Understanding how and why data is collected identifies 

the strengths (e.g. data validation and enrichment) and limitations of the data source 

(e.g. change in data collection mechanism during study period and inconsistent reporting 

by laboratories). Second, I defined the extract of the surveillance data that I used in this 

thesis: positive blood or CSF cultures in infants aged less than one year from laboratories 

in England (section 3.4.1.1). Third, I examined reporting over time by laboratory, which 

revealed reporting gaps that could affect analyses of BSI trends or regional comparisons 

(section 3.4.1.2). Fourth, I demonstrated that the number of BSI reported to the 

surveillance system increased following the introduction of SGSS, particularly for BSI 

caused by organisms which were not clearly pathogenic (section 3.4.2.1). It is important 

to understand changes in the data that could lead to spurious trends in rates of BSI. 
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Finally, I found that BSI caused by CoNS, GBS and E. coli all increased in infants aged 

less than one year (section 3.4.2.2). Similar trends were reported by other national 

surveillance systems.  

3.5.2 Strengths of data source 

A major strength of SGSS as a data source is the national coverage with 97% of hospital 

laboratories in England reporting to the system.(134) The reporting is much more 

complete than clinical records of BSI in the NNRD. The high coverage of laboratories 

means it is likely that most, if not all, cases of BSI for babies in NNU were reported to 

one of the laboratories that reports to SGSS. This is the only data source that provides 

national information on laboratory-confirmed BSI. The data validation and enrichment 

checks are a further strength of SGSS that give confidence in the validity of patient 

identifiers that will be used to link surveillance data to the NNRD (chapter 4).  

An additional strength is the inclusion of BSI in all infants aged less than one year. This 

allows for preterm babies with high risk of BSI, who may stay in NNU for several 

months.(21) This approach therefore reduces the likelihood of missing babies who have 

a BSI after several months in NNU, compared to only including babies in the neonatal 

period (up to 28 days).  

The surveillance system not only provides information on the presence of BSI, but also 

the organism. This allows for reporting rates by organism for comparisons to other 

literature, and separation of the organisms most and least likely to be affected by the 

system change (section 3.3.2.1). It is reassuring that trends by organism and age were 

similar to those reported by other surveillance systems. Furthermore, my findings that 

GBS was the most prevalent organism at age zero to one days and CoNS was the most 

prevalent in babies aged two to 28 days are consistent with reports by NeonIN.(5, 96)  

3.5.3 Limitations of data source 

A major limitation of this data source is the increase in reporting of BSI following the 

system change (Table 3-8 and Figure 3-9). This increase must be accounted for when 

reporting and interpreting trends as if not, the true trend could be concealed. In chapter 

5, I am interested in how the true rate of BSI has changed over time, but if I looked at all 

BSI including all organisms I may find an increase that is not really there, or a stable 

trend if the true trend decreased. The number of BSI reported for clearly pathogenic 

organisms increased, but the increase was smaller than for other organisms (29% 

compared to 49%). A further limitation is the reporting gaps demonstrated in the graphs 

of number of BSI reported by laboratory (Figure 3-3 to Figure 3-6).  
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My analysis of change in reporting following the introduction of SGSS does not account 

for the size of the population at risk. This is appropriate as I am simply looking at the 

number of BSI reported and not making any inferences regarding the risk of BSI. There 

is no appropriate denominator to focus on BSI rate for all infants less than one year. The 

number of live births are available from the Office for National Statistics (145), however 

this would assume that the risk within the population is consistent over time. This is 

unlikely given that the proportion of babies admitted to NNU increased between 2010 

and 2017 and the distribution of gestational age within babies admitted to NNU also 

changed as more term babies are receiving intensive and high dependency care in NNUs 

(chapter 2, section 2.3.2.4).   

I have demonstrated that the ascertainment of infections is not complete through 

comparisons between the voluntary system (SGSS and LabBase2) and the mandatory 

surveillance for MRSA, MSSA, and E.coli (section 3.2.2.2). However, there has been 

vast improvement in ascertainment over time, particularly following the introduction of 

SGSS, which is during the linkage period. 

3.5.4 Implications for this thesis 

Data on BSI from the national infection surveillance system, while not perfect, provides 

a means of evaluating rates of BSI in NNU through linkage with the NNRD. The 

surveillance data alone would not be suitable, as it does not provide information on 

clinical characteristics (e.g. gestation) or whether a baby was in NNU (rather than 

elsewhere in hospital). As shown in chapter 2 (section 2.3.2.5), the NNRD alone is not 

suitable to evaluate rates of BSI in NNU due to poorly completed records of BSI. Linkage 

of NNRD and surveillance data will overcome these problems to create a resource to 

evaluate risk-adjusted rates of BSI in NNUs in England (chapter 4). However, due to the 

change in collection methodology and inconsistent reporting described in this chapter, it 

is necessary to account for these issues in the analysis, as I will describe below. 

The interrupted time series analysis allowed me to quantify the change in reporting 

following the introduction of SGSS: the number of skin organisms increased by nearly 

half (Table 3-8). I will restrict trend analyses in chapter 5 and 6 to BSI caused by clearly 

pathogenic as the reporting for these organisms changed less than other organisms 

following the introduction of SGSS. This will reduce spurious trends resulting from the 

change in reporting mechanism. If not accounted for, I may incorrectly report an 

increasing trend. While not ideal, this is the most practical solution to avoid spurious 

trends. An alternative to restricting BSI to clearly pathogenic organisms would be to 

restrict analyses to laboratories that always reported all BSI and therefore reporting did 
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not change following SGSS. However, as demonstrated in the laboratory reporting 

graphs (Figure 3-3 to Figure 3-6), it would be difficult to determine what consistent 

reporting looks like, as the patterns from most laboratories are irregular. Furthermore, it 

would reduce the sample size and it may still be difficult to determine the true trends or 

whether a change in trends has been masked by introduction of the system. For 

example, an apparent stable trend could reflect a true decrease in BSI masked by an 

increase in ascertainment of BSI due to increased reporting to SGSS. Restriction to 

clearly pathogenic organisms will exclude the most prevalent organism in neonatal BSI, 

CoNS (Figure 3-10). Excluding CoNS could halve the rate of BSI, therefore I will report 

the rates for all organisms and clearly pathogenic organisms, but exclude skin organisms 

when focusing on changes over time (chapters 5 and 6). 

The majority of the increase in reports of BSI following the introduction of SGSS was due 

to other organisms. However, BSI caused by clearly pathogenic organisms increased by 

29%. It is difficult to determine whether this was due to the system change, or whether 

this increase is for babies in NNU (rather than elsewhere, or a reflection of more babies 

born). Furthermore, the number of babies in NNU is increasing (chapter 2, section 

2.3.2.4) and therefore an increase in the number of BSI does not necessarily mean an 

increase in the rates of BSI for pathogens.  

The increase in number of specimens per BSI episode following the introduction of SGSS 

should not impact rates of BSI as I will only be counting each BSI episode once, but it 

does highlight how reporting has changed following the introduction of SGSS. Whether 

or not the increase in BSI episodes per baby affects trends may depend on whether all 

BSI episodes a baby has are included or only the first. The reason for the increase in 

number of BSI episodes per baby may be a true increase in the number of babies 

experiencing multiple BSI episodes, or could reflect increased ascertainment following 

the introduction of SGSS. Alternatively, it may reflect improved linkage within the 

surveillance data as completeness of identifiers improves (i.e. it is easier to determine 

whether two different BSI episodes belong to the same baby in later years when 

identifiers are more complete).  
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To account for gaps in reporting from individual laboratories (Figure 3-3 to Figure 3-6), I 

will exclude BSI (the numerator) from poor reporting months from specific laboratories. I 

will also exclude corresponding NNU-months to ensure the denominator is correct. Prior 

to linkage, it is difficult to determine which laboratories correspond to a NNU. 

Furthermore, some laboratories may have had no BSI events for several months. 

Therefore, I included all laboratories in the first iteration of linkage, but in the finalised 

linkage, I excluded poor reporting laboratory/NNU-months from linkage results and rate 

calculations. I discuss the exclusions in chapter 4 (section 4.3.2). It was important to 

include all laboratories in linkage as there may be some cases where BSI from a hospital 

is reported to a laboratory other than the hospital laboratory.   

Key messages 

 The surveillance system was updated in 2014 which included a change in 

data collection procedure, resulting in a 48% step change increase in the 

number of BSI caused by skin organisms reported.  

 I will restrict trend analyses to BSI caused by clearly pathogenic organisms. 
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4 Linkage of the NNRD to surveillance data 

 

4.1 Overview 

In this chapter, I present work towards objective 4: “To link electronic health records from 

NNUs to national laboratory infection surveillance data and validate linkage methods”. 

There is currently no single data source available to evaluate risk-adjusted rates of BSI 

in NNUs in England (chapter 1, section 1.6.4). Clinical records of BSI in the NNRD alone 

are not appropriate to evaluate rates of BSI due to under-reporting (chapter 2, section 

2.3.2.5). Data from the national laboratory surveillance system provides information on 

BSI but is not suitable to use alone as it does not contain information on whether a baby 

was in NNU (chapter 3, section 3.2). Linkage of the NNRD to the surveillance data meets 

this objective by enhancing data from the NNRD that provides the population and clinical 

risk factors with BSI records from the surveillance data (chapter 2, section 2.2). The 

linked dataset will be used to measure variation in risk-adjusted rates of BSI in NNUs 

(chapter 5) and to support evaluations of interventions to prevent BSI (chapter 6).   

In the chapter, I first evaluated how the quality of patient identifiers used for linkage has 

changed over time and prepare patient identifiers for linkage (section 4.3.3) (Figure 4-1). 

Linkage success is dependent on high quality identifiers and therefore evaluating the 

quality of identifiers is important to inform choice of linkage methods. Second, I present 

the methods I used for deterministic linkage to match babies on NHS number (section 

What is already known: 

 The NNRD and the surveillance data cannot be used alone to evaluate rates 

of BSI in NNU but linkage has potential to create a data resource to evaluate 

risk-adjusted trends and make fair comparisons. 

What this chapter adds: 

 I present my methods for creating a data resource for evaluating BSI rates 

in England through deterministic and probabilistic linkage of the NNRD and 

surveillance data. 

 I describe the accuracy of linkage and compare the trends in rate of BSI 

using NNRD linked to surveillance data to using NNRD alone. 
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4.3.4). However, as deterministic linkage is reliant on high quality identifiers (chapter 1, 

section 1.7), I also used probabilistic linkage to avoid bias due to changing quality of 

patient identifiers over time (section 4.3.5). To evaluate the accuracy of linkage, I 

compared linked an unlinked records (section 4.3.6). I only expected babies who had a 

BSI during their NNU admission to link, therefore I restricted the comparison to babies in 

the NNRD with a clinical record of BSI.  To determine how deterministic and probabilistic 

linkage changed over time, I calculated the proportion of total links identified using each 

method and I evaluated trends in BSI rate using deterministic plus probabilistic linkage 

to deterministic linkage alone and clinical records of BSI in the NNRD alone (section 

4.3.7).  

 

Figure 4-1: Overview of the linkage process and structure of chapter 

 

A paper on the work presented in this chapter has been accepted for publication in PLOS 

ONE (Appendix D: Paper on linkage methods). I restricted the paper to clearly 

pathogenic organisms, therefore results differ slightly from the work I present here. I have 

Trends in BSI rate

Linked data Clinical records of BSI

Evaluation of linkage accuracy

Comparison of linked and unlinked records
Comparison of determinstic and probabilistic 

linkage

Probabilistic linkage

Weight calculation Threshold selection Manual review

Deterministic linkage

Linkage on NHS number Hospital-laboratory mapping

Data preparation

Excluding poor reporters Preparing patient identifiers
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presented the work described in this chapter at the 2017 Informatics for Health 

conference (Manchester, UK), the 2018 Administrative Data Research Conference 

(Belfast, UK), and the 2018 International Population Data Linkage Conference (Banff, 

Canada). I also presented a poster on this work at the 2018 Public Health England Public 

Health Research and Science Conference (Warwick, UK). 

4.2 Background 

Linking the NNRD to the surveillance data creates a system for evaluating risk-adjusted 

rates of BSI in NNUs in England and to support evaluations of interventions to prevent 

BSI. To ensure analyses of BSI rates using the linked data are valid, care must be taken 

to avoid bias due to missed or false links (chapter 1, section 1.7.3). In this thesis, the 

linkage is informative because the presence or absence of a link indicates whether a 

baby had a BSI. I assume that if a baby in the NNRD does not link to a BSI record in the 

surveillance data, the baby did not experience a BSI. If a BSI record from the surveillance 

data did not link to a baby in the NNRD, the BSI occurred somewhere other than one of 

the included NNUs (e.g. one of the excluded NNUs, postnatal ward or PICU). Therefore, 

missed links would result in an underestimation of BSI rates and false links would result 

in an overestimation of BSI rates. Furthermore, if the likelihood of certain babies linking 

depended on characteristics associated with BSI, the results would be biased (chapter 

1, section 1.7.3). For example, if a baby is very ill, details may be poorly recorded as staff 

focused on care rather than entering details into the Badger Net system. This would 

result in more missed links in sick babies, which would bias trends if the proportion of 

sick babies in NNU changes over time.  

Well-completed and accurate identifiers are important for linkage to reduce the number 

of missed links (i.e. improve sensitivity) and false links (i.e. improve specificity). 

Deterministic linkage is based on exact matches of identifiers, whereas probabilistic 

linkage relies on match weights and allows for disagreement or missing values for some 

identifiers (chapter 1, section 1.7.1). Therefore, deterministic linkage alone is not suitable 

if identifiers are not well completed (as I demonstrate is the case in section 4.4.1). 

Probabilistic linkage is less reliant on well-completed identifiers and therefore I first used 

deterministic linkage for the records that had complete NHS number to link the NNRD to 

the surveillance data. This reduced the number of records that required manual review 

and created a training dataset for probabilistic linkage. For the remaining records that 

could not be linked using the NHS number, I used probabilistic linkage.  
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As the quality of patient identifiers has changed over time, it is important to consider 

whether the quality of linkage changed over time. True changes in BSI rates may be 

hidden if the rate of missed or false links changed over time, for example if identifier 

quality improved over time the number of missed links may decrease. This could result 

in a true stable trend appearing as an increase, or a true decrease in BSI rates appearing 

as a stable trend. In chapter 5, I evaluate changes over time in rates of BSI, therefore it 

is important to identify potential causes of spurious trends and minimise their effects. For 

example, in chapter 3, I demonstrated how restricting trends to clearly pathogenic 

organisms can reduce the impact of a change in reporting on trends in BSI. In this 

chapter, I compare trends using deterministic linkage alone, deterministic plus 

probabilistic linkage, clinical records of BSI from NNRD, or any record of BSI 

(deterministic links, probabilistic links and clinical records from NNRD).  

4.3 Methods 

4.3.1 Ethics and governance for linkage 

A data sharing agreement was set up between UCL, PHE and NDAU to link NNRD to 

SGSS for the purpose of risk-adjusted monitoring of BSI in NNUs and to aid the 

interpretation of results from the PREVAIL trial. Identifiable data were transferred from 

NDAU to PHE. For this project, I held an honorary contract with PHE that allowed me to 

access, link and analyse the data within PHE. Identifiable data were only accessed via 

secure servers at PHE.  

The PREVAIL generalisability study was approved by the NHS Health Research 

Authority Service National Research Ethics Service Committee London - South East 

(REC reference number: 14/LO/1965l, see appendix E1). This approval covered linkage 

of NNRD to SGSS and using the linked data to measure risk-adjusted BSI rates in NNUs 

and evaluate the generalisability of the PREVAIL trial.  

Confidentiality Advisory Group (CAG) approval was not necessary for this project as PHE 

have a legal basis to process confidential patient information without consent under The 

Health Service (Control of Patient Information) Regulations 2002 (otherwise known as 

Statutory Instrument 1438), as made under Section 60 of the Health and Social Care Act 

2001 and amended by Section 251 of the NHS Act 2006.(138) The work in this thesis is 

covered by regulation 3 which allows processing of confidential information for the 

purposes of communicable disease surveillance. See appendix E2 for a letter confirming 

the exemption from CAG approval. 
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4.3.2 Exclusion of poor reporting months 

I excluded laboratory and NNU months when reporting of BSI to the infection surveillance 

system was poor to avoid spurious trends. In addition to the system level changes in 

national infection laboratory surveillance (section 3.4.2.1), reporting by individual 

laboratories varied over time (section 3.4.1.2). The variation was probably due to staff 

shortages or technical issues. It was difficult to determine which laboratory every NNU 

reported to before linkage, but after linkage I was able to use matched records to map 

out the dominant reporting patterns between NNUs and laboratories. Therefore, after my 

first iteration of linkage (I performed linkage several times before selecting final methods 

presented in this chapter to make small refinements such as selecting the cut off dates 

related to admission/discharge), I examined each laboratory-NNU pair and excluded 

laboratory-NNU months with poor reporting based on the number of unlinked BSI records 

in the infection surveillance data and NNRD clinical records of BSI. I excluded periods 

with at least three months where BSI caused by pathogens were recorded in NNRD but 

no BSI caused by pathogens were reported to the infection surveillance data (for infants 

aged less than one year). I restricted the comparison to pathogens as they were least 

affected by the change in reporting to the surveillance system. I chose three months to 

allow for errors in sample dates in either dataset (e.g. BSI reported to the surveillance 

data a month before/after record in NNRD).  

I excluded 356 of 8,830 (4%) laboratory-NNU months which resulted reduced the number 

of included babies in NICUs and LNUs from 349,740 to 340,146. The number of babies 

receiving intensive and high dependency care decreased from 164,379 to 159,106. I 

excluded one NICU and one LNU entirely due to extremely low reporting of BSI (e.g. 

only two BSI reports for entire period from one laboratory), therefore 110 NNUs were 

included in this chapter and the rest of the thesis. Most months that I excluded were in 

2014 or later, this may be related to technical issues as laboratories updated their 

computer systems when SGSS was introduced. Another reason for this could be that 

reporting of BSI in NNRD was more complete in later years (section 2.3.2.5) and 

therefore it was difficult to compare reporting of BSI in earlier years as both systems 

were under-reporting.  
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4.3.3 Identifier quality and preparation 

I cleaned patient identifiers and ensured the format was consistent in both datasets. It 

was important to clean and prepare the identifiers as the data was not recorded for the 

purpose of linkage, therefore errors may be present that could prevent linkage. 

Furthermore, data may be stored differently in the datasets, for example dates could be 

recorded as DD/MM/YY versus MM.DD.YYYY. The patient identifiers which were 

common to both datasets and therefore used for linkage were NHS number, date of birth, 

sex, and postcode. I also used hospital from NNRD and laboratory from the surveillance 

data. I do not expect hospital and laboratory to always be the same, as some laboratories 

in the surveillance data are regional laboratories rather than for specific hospitals. 

However, I mapped hospitals and laboratories to each other as most (but not all) samples 

from one NNU will be sent to the same laboratory. I cleaned and standardised patient 

identifiers in the surveillance data and NNRD following the same rules to ensure 

differences in format did not prevent linkage. I retained the original entries for all patient 

identifiers, as the same error may have been present in both datasets. I report the rate 

of missing identifiers in each dataset and plot the percentage of missing identifiers after 

cleaning by month in NNRD and the surveillance data. 

4.3.3.1 Postcode 

In England, all postcodes have one of six formats (Box 4-1), where the prefix varies but 

the suffix (last three digits) remains the same. Any number from 0 to 9 is represented by 

1 and any letter from A to Z is represented by A. The only valid postcode suffix is 1AA. 

I removed special characters and spaces from postcodes and set all letters to capitals. I 

retained postcodes that contained only a prefix or suffix. If a postcode field contained a 

valid postcode followed by extra numbers e.g. “N193JT3489279”, I trimmed the trailing 

numbers so only the valid postcode remained. I set all other invalid postcodes to missing 

and split postcode into prefix and suffix.  

 

Box 4-1: Valid postcode formats for addresses in England with prefix 
in bold 

A1 1AA 
A11 1AA 

AA1 1AA 

AA11 1AA 

A1A 1AA 

AA1A 1AA 

 



147 
 

4.3.3.2 NHS number 

The NHS number is a 10-digit number assigned at birth to all babies born in England. I 

removed any special characters and letters from the NHS numbers. I replaced the letter 

O with number 0 as this is a common typing error. I set NHS numbers that were not 10 

digits in length to missing. I performed the Modulus 11 check on NHS numbers to 

evaluate the validity of NHS numbers.(146) I retained NHS numbers that were 10 digits 

long even if they failed the Modulus 11 check because a baby may have the same 

erroneous NHS number in both datasets. 

I used the following steps to perform the Modulus 11 check 

1. For each of the first 9 digits, multiply the digit by (11 – digit position), where digit 

position is counted from left to right e.g. I multiplied digit 3 by 8 

2. Add the results of the multiplications together 

3. Divide the total by 11 and obtain the remainder 

4. Subtract the remainder from 11 to give the check digit. If the digit is equal 10, the 

NHS number is invalid. If the digit is equal to 11, substitute with 0  

5. Compare the check digit with the 10th digit in the NHS number, if the NHS number 

is valid they should be the same 

4.3.3.3 Sex 

I set sex to a standard format where male was coded as 1 and female as 2. All other 

values for sex were set to missing.  

4.3.3.4 Date of birth 

In cases of missing or invalid date of birth in the NNRD, I imputed date of birth using the 

following rules. Where available, I set date of birth to admission date (82 babies) because 

75% of babies were admitted on the day they are born and 90% within the first two days 

of life. If admission date was missing, I set date of birth and admission date as the first 

date of care from the daily records. If admission date and first date of care were missing, 

but the date of rupture of membranes was available, I set date of birth and admission 

date to the date of rupture of membranes (9,024 babies). I used date of rupture of 

membranes as a proxy for date of birth because 91% (214,083 of 236,138) of babies 

with complete date of rupture of membrane and date of birth had a date of rupture of 

membranes within two days before or after their date of birth. In babies with missing 

values for date of birth, admission date and date of ruptured membranes, but complete 

anonymised birth month and year, I set date of birth to the 15th of each month (16,731 
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babies changed). For babies who had a stay in an NNU that spanned two or more 

months, the date of birth was approximated using the anonymised day, month and year. 

Therefore, all babies in NNRD had a date of birth for linkage, although some were 

imputed proxy dates. I chose to impute date of birth in this way to ensure all babies had 

at least an approximate date of birth. Links to BSI may be found for babies without an 

exact match on date of birth in probabilistic linkage (section 4.3.5), therefore not having 

an exact date of birth will not prevent linkage.  

In the surveillance data, date of birth was present in all records as I used date of birth to 

extract the data. I performed logic checks on dates to ensure there were no impossible 

dates e.g. date of birth after specimen date in the surveillance data, or date of birth after 

admission or discharge dates in NNRD. 

4.3.4 Deterministic linkage 

In deterministic linkage, records from one dataset are linked to records in another if they 

agree on a certain identifier or set of identifiers (chapter 1, section 1.7.1). This relies on 

complete and accurate identifiers in both datasets to identify all links. As data in the 

NNRD and the surveillance data was not collected for research purposes, identifiers 

were not complete and accurate, and therefore deterministic linkage alone was not 

suitable. However, deterministic linkage is a useful first step in linkage to identify known 

links. From the known links identified in deterministic linkage, one can estimate match 

weights in probabilistic linkage, using the links as a gold standard dataset that contains 

confirmed true matches. 

The NHS number is a unique identifier and therefore well suited to deterministic linkage 

because if two records agree on the NHS number there is a strong probability they belong 

to the same baby, whereas a match on postcode is less specific as multiple addresses 

share a postcode and people move over time.  

I first compared all records from the NNRD to surveillance data to find agreement on 

NHS number. Some records in each dataset (16 in surveillance data, 12 in NNRD) had 

two NHS numbers, therefore I attempted linkage for both. To ensure any links on NHS 

number were related to a baby’s stay in NNU, I restricted links to those with a specimen 

date that fell between seven days before admission and 14 days after discharge (Figure 

4-2). This date range was used as I am only interested in BSI that are related to a NNU 

admission but some time either side has been allowed to account for errors in dates, for 

example reporting date being used as specimen date. Other identifiers and information 
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(e.g. location) were used to sense-check the links. I rejected one NHS number link as it 

disagreed on all other identifiers. 

 

Figure 4-2: Schematic diagram showing excluded and included links based on 
sample, admission and discharge dates 

I used the NHS number links to map laboratories and hospitals together (Appendix F). I 

assigned each hospital one or two laboratories for which they had the most links on NHS 

number. I used the laboratory-hospital links as an identifier in probabilistic linkage.  

4.3.5 Probabilistic linkage 

In probabilistic linkage, I compared records in each dataset (section 4.3.5.1) and 

calculated the likelihood that each comparison pair was a true match i.e. the likelihood 

that a given BSI episode occurred in a certain baby while in NNU (section 4.3.5.2). Once 

the likelihoods (weights) were calculated, I selected two thresholds, I assumed all pairs 

above the upper threshold were links and all pairs below the lower threshold were non-

links (section 4.3.5.3). As it can be hard to determine the exact threshold, I selected two 

thresholds and manually reviewed pairs between the two to decide whether each pair 

was a link.  

All babies in NNRD were included in probabilistic linkage but I excluded BSI episodes 

from the surveillance data that linked on NHS number because although babies can have 

multiple BSI episodes, each BSI can only belong to one baby. This is known as many to 

one linkage, where many records in one dataset (BSI from the surveillance data) can link 

to only one record in another dataset (babies in NNRD). I performed probabilistic linkage 

first on singletons only and second on babies from multiple births, as babies from multiple 

births will likely share many, if not all, identifiers and therefore babies from multiple births 

need extra consideration during manual review.  

4.3.5.1 Comparison pairs and blocking 

In probabilistic linkage, pairs of records from each dataset that are compared are known 

as comparison pairs. If I compared all possible pairs from NNRD and the surveillance 

Discharge dateAdmission date

Admission date - 7 days Discharge date + 14 days

Excluded ExcludedIncluded
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data, there would be 6,748,671,554 (291,406 singleton babies multiplied by 23,159 BSI 

records) comparison pairs, which would be computationally intensive, and the vast 

majority of these pairs would not be true links. For example, it would include comparing 

a male baby born in 2010 in Yorkshire to a BSI in a female baby in Cornwall in 2017.  To 

reduce the number of pairs, I used blocking so pairs were only compared if they agreed 

on at least one of date of birth, postcode prefix or postcode suffix. These variables were 

selected as if links were to be identified, they would need to agree on at least one of 

postcode prefix, postcode suffix or date of birth as the only other options would be sex 

and hospital-laboratory, which are not very specific and do not provide enough 

information alone to determine a link. I applied the same date restriction to comparison 

pairs as I used in deterministic linkage, I only compared those in which the specimen 

date fell between seven days before admission and 14 days after discharge (Figure 4-2). 

4.3.5.2 Weight calculation 

I calculated the likelihood of each pair representing a true match (i.e. whether the BSI 

occurred in the paired baby) based on agreement, disagreement or missing values for 

each identifier. Missing values were included separately to prevent agreement in 

comparison pairs where both identifiers were missing.  

Match weights were determined by first calculating the m-probability that represents the 

probability of agreement on a patient identifier given the records in comparison pair are 

a match. As I used links on NHS number as true matches to calculate the weights, I 

calculated the m-probability as the agreement on a patient identifier given the records 

in a comparison pair agreed on NHS number (Equation 4-1).  Three m-probabilities 

(agree, disagree, missing) were calculated for each of the five identifiers (date of birth, 

sex, postcode prefix, postcode suffix and hospital/laboratory). 

𝑚 − 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑃(𝑎𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 𝑜𝑛 𝑖𝑑𝑒𝑛𝑡𝑖𝑓𝑖𝑒𝑟 | 𝑎𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 𝑜𝑛 𝑁𝐻𝑆 𝑛𝑢𝑚𝑏𝑒𝑟 ) 

Equation 4-1: M-probability calculation 

Next, I calculated u-probabilities that represented the probability of agreement on a 

patient identifier given the records in a comparison pair were not a match.  I calculated 

u-probabilities on the assumption that records that did not agree on NHS number were 

not a match; therefore, u-probabilities were the probability of agreement on a patient 

identifier given the records in a comparison pair did not agree on NHS number (Equation 

4-2). I calculated three u-probabilities (agree, disagree, missing) for each of the five 

identifiers (date of birth, sex, postcode prefix, postcode suffix and hospital/laboratory).  
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𝑢 − 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑃(𝑎𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 𝑜𝑛 𝑖𝑑𝑒𝑛𝑡𝑖𝑓𝑖𝑒𝑟 | 𝑑𝑖𝑠𝑎𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 𝑜𝑛 𝑁𝐻𝑆 𝑛𝑢𝑚𝑏𝑒𝑟 ) 

Equation 4-2: U-probability calculation 

I calculated match weights for agreement, disagreement and missing for each identifier 

from the m-probability and u-probability using Equation 4-3. I totalled match weights 

across identifiers to produce a summed weight for each comparison pair, based on the 

pattern of agreement of identifiers. 

𝑴𝒂𝒕𝒄𝒉 𝒘𝒆𝒊𝒈𝒉𝒕 = 𝐥𝐨𝐠𝟐(
𝒎−𝒑𝒓𝒐𝒃𝒂𝒃𝒊𝒍𝒊𝒕𝒚

𝒖−𝒑𝒓𝒐𝒃𝒂𝒃𝒊𝒍𝒊𝒕𝒚
). 

Equation 4-3: Match weight calculation 

 

4.3.5.3 Classification of links 

To determine which pairs were links and which were non-links based on their summed 

weights, I selected an upper threshold above which all were links and a lower threshold 

below which all were non-links. To select the thresholds, I plotted the frequency of each 

summed weight. In probabilistic linkage, there should be two peaks: one higher 

frequency at lower weights that represents non-links and one lower frequency with higher 

weights that represents links. Therefore, I selected an upper threshold that I believed 

contained only the links and a lower threshold that I believed contained only the non-

links. 

I classified the pairs above the upper threshold as links and pairs below the lower 

threshold as non-links. I checked the agreement patterns of pairs just outside the upper 

and lower thresholds to check they were reasonable to classify as links and non-links. 

However, when examining the agreement pattern of pairs below the lower threshold, I 

found that many of the pairs had multiple missing identifiers and therefore some could 

have potentially been true links if the missing identifiers were present and in agreement. 

I plotted the frequency of these pairs over time, excluding any pairs that included BSI 

linked to another baby, to determine how missing identifiers may have affected linkage.  

I manually reviewed the pairs between the two thresholds. I followed a set of rules, 

outlined in Table 4-1  to ensure consistency in decision-making. To aid decision-making, 

clinical records of BSI in NNRD were included as evidence that the baby had a BSI. 

Where date of birth was in disagreement, I examined the difference between the dates. 

Where postcode prefix or suffix disagreed, the number of letters that matched was 

recorded e.g. RG1 and RK1 would be 2, RG1 and NG2 would be 1. I used more relaxed 
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rules for BSI records with samples taken before 28 days of age as these BSI are more 

likely to have occurred in NNU compared to BSI records for older babies, who may be in 

paediatric wards.  
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Table 4-1: The rules followed in manual review 

Agreement on identifiers 
(1= agree, 0 = disagree, . = missing) 

Condition 

Allocate 

Prefix Suffix DOB Sex 
Hospit
al 

Any BSI links to a baby with a match weight above the upper threshold Non-link 

1 1 1 0 1 BSI does not link to a different baby above the upper threshold Link 

1 0 1 1 1 BSI does not link to a different baby with a higher summed weight  Link 

1 0 . 1 1 baby has a clinical record of BSI with the same sample date A Link 

1 0 . 1 1 Age at BSI is <28 days old (DOB is present in either dataset) A Link 

1 1 0 . 1 Different DOB from each dataset are within 7 days of each other A Link 

1 . 0 1 1 same month/year for DOB, age at BSI in SGSS is <28 days old A Link 

. . 1 1 1 Age at BSI in surveillance data is <28 days old A Link 

. . 1 1 1 Age at BSI in surveillance data is ≥28 days old A Missing 

. . 1 . … Any given BSI does not link to another baby Missing 

. . 1 . 0 Any given BSI does not link to another baby Missing 

. . 1 0 . Any given BSI does not link to another baby Missing 

. . 1 0 0 Any given BSI does not link to another baby Missing 

. . 1 0 1 Any given BSI does not link to another baby Missing 

0 . 1 . 0 Any given BSI does not link to another baby Missing 

0 . 1 0 . Any given BSI does not link to another baby Missing 

0 . 1 1 . Any given BSI does not link to another baby Missing 

. . 1 1 . Any given BSI does not link to another baby Missing 

. . 1 1 0 Any given BSI does not link to another baby Missing 

The agreement pattern represents how much identifiers agreed for each comparison pair, where 1 indicates agreement on a given identifier, 0 indicates 
disagreement, and “.” indicates the identifier was missing in one or both datasets.; DOB = date of birth; A also requires that BSI does not link to other baby with 
a higher summed weight
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4.3.5.4 Multiple births 

I used the same match weights and rules for manual review for the 48,798 babies from 

multiple births and 291,406 singletons but manually reviewed the records separately as 

babies born on the same day to the same mother share most of their identifiers. In the 

few occasions where it was not possible to determine which baby a BSI should match 

to, I randomly allocated the BSI to one of the babies to avoid duplicates. I identified 

multiple births in the NNRD using the variables fetus number, birth order, date of birth 

and mother’s NHS number. 

4.3.5.5 Clinical records of BSI in NNRD 

I performed an additional linkage step for babies with a clinical record of BSI. I was 

concerned that babies in the NNRD with a positive blood or CSF culture recorded in the 

NNRD by a clinician (i.e. a clinical record of BSI) had not linked to a corresponding record 

of BSI from the surveillance data. I expected all of these babies to link as they must have 

had a sample cultured in a hospital laboratory. In the additional linkage step, I first 

matched records on laboratory-hospital and month of sample. Next, I restricted samples 

to those with a sample date between seven days before admission and 14 days after 

discharge. I then manually reviewed all pairs that agreed on laboratory-hospital and 

month of sample. To reduce number of pairs to manually review, I restricted this step to 

babies with a sample date before 28 days and to cultures of clearly pathogenic 

organisms as they were most likely to have been consistently reported to the surveillance 

system.  

I report the number of babies with unlinked clinical records of BSI who matched a BSI 

record from the surveillance data on laboratory/hospital and month of sample, of those 

pairs how many were within the date range (seven days before admission to 14 days 

after discharge), and how many links I identified. I also report the number of babies for 

whom I found a BSI record that agreed on more than one of postcode prefix, postcode 

suffix, date of birth, sample date, organism group, and sex (the variables that were most 

important in manual review). I conducted a sensitivity analysis to determine the match 

rate (proportion of babies with a clinical record of BSI that matched to a BSI) if all pairs 

that agreed on more than one of those variables were true links.  

The main purpose of this step was to improve sensitivity of the linkage but I was also 

interested in the potential mechanism for these records not linking. If missed links were 

due to under-reporting to the infection surveillance data, I would expect few records 
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reported to the corresponding laboratory within the same month. If missed links were 

due to missing identifiers, I would expect most records reported to the corresponding 

laboratory within the same month to have missing identifiers. If I identified many links 

through this step, there may have been a problem with the linkage methods, for example 

true links may have been incorrectly given low sum weights.  

4.3.6 Linkage accuracy 

To evaluate the quality of linkage, I estimated match rate (the proportion of babies who 

linked to at least one BSI record from the surveillance data) for the subset of babies with 

a clinical record of BSI in the NNRD, as I expected all of these babies to have a link in 

the surveillance data. I calculated the proportion of clinical records of BSI that linked to 

a BSI record from the surveillance data each year. I calculated the match rate (the 

proportion of BSI records that linked to a baby in the NNRD) for BSI records from babies 

less than 28 days old in the surveillance data as these BSI are more likely to have 

occurred in NNU than BSI in older babies. However, some BSI in babies aged less than 

28 days may be from babies in excluded NNUs, the postnatal ward or paediatric ward. 

I compared characteristics of linked and unlinked babies to identify potential sources of 

bias (i.e. where particular groups of babies may have been less likely to link. I compared 

age, gestation, year of sample, and organism group of the following: 

Babies with a clinical record of BSI in NNRD who linked with a surveillance data record,  

Babies without a clinical record of BSI in NNRD who linked with a surveillance data 

record, 

Babies with a clinical record of BSI in NNRD who did not link with a surveillance data 

record  

Babies with any record of BSI (i + ii + iii) 

I used chi-squared tests to determine whether the distribution of the characteristics were 

significantly different (p<0.05) in unlinked babies with a clinical record of BSI or linked 

babies without a clinical record of BSI compared to babies with a clinical record of BSI 

and a link to the surveillance data. I restricted the comparison to babies with a BSI during 

NNU admission (between 2 days after admission and 2 days after discharge) caused by 

clearly pathogenic organisms to ensure I was comparing similar BSI in either dataset.  
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4.3.7 Linkage over time 

I compared temporal trends in the rate of BSI caused by clearly pathogenic organisms. 

To determine how the BSI rate changed over time depending on linkage method, I plotted 

the percentage of babies in NNRD who linked to a BSI using deterministic linkage alone 

and using deterministic plus probabilistic linkage. I then augmented these estimates by 

adding in clinical records of BSI in NNRD, for babies without a linked surveillance data 

record. For reference, I also show trends in BSI captured using only clinical records of 

BSI in NNRD. I restricted the trends to clearly pathogenic organisms to avoid spurious 

trends due to the introduction of SGSS in 2014 (chapter 3, section 3.4.2.1). I used 

Poisson regression models to calculate rate ratios (RRs) for average monthly change in 

the proportion of babies with BSI for each of the above groups. I also report the annual 

percentage change in BSI rates (calculated from regression coefficients) as these are 

easier to interpret. For clinical records of BSI in NNRD that were missing a sample date, 

I used the date of admission. As this analysis was only to examine how many babies 

linked, I did not include any risk adjustment in these models. I report my evaluation of 

risk-adjusted trends in chapter 5.  

To assess the differences in linkage success using deterministic linkage compared to 

probabilistic linkage over time, I compared the proportion of all links that were identified 

using deterministic linkage in July 2010-June 2011 and July 2016-June 2017. These are 

the 12-month periods with the lowest and highest quality of patient identifiers, 

respectively.  

4.4 Results 

4.4.1 Identifier quality and preparation 

The rate of missing identifiers decreased with time, particularly in the infection 

surveillance records (Figure 4-3). Date of birth was complete in the NNRD due to 

imputation described in Section 4.3.3.4 and in the surveillance data as it was used to 

select the extract. In both datasets, sex was well completed. NHS number was missing 

for around 3% of records in the NNRD until 2016 when less than 1% had missing NHS 

number. In contrast, NHS number was missing for 30% of records in the surveillance 

data in 2010 which decreased to around 9% in 2017. Postcode prefix and suffix had 

similar rates of missing values, as they were derived from the same variable. Postcode 

was missing in around 5% of NNRD records were missing postcode in 2010, which fell 

to 3% in 2013. In the surveillance data, the rate of missing postcode declined from 30% 

in 2010 to 5% in 2016.  
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Figure 4-3: The rate of missing patient identifiers in the NNRD and surveillance 
data over time 

 

4.4.2 Deterministic linkage 

In deterministic linkage, 3.1% (10,117 / 330,097) of babies in the NNRD who had a 

complete NHS number linked to 13,051 BSI records (Figure 4-4). This represented 

44.4% of 29,416 BSI records for babies aged less than one year with complete NHS 

number. Of 15,372 BSI records for babies aged less than 28 days old (based on sample 

date in the surveillance data) with a complete NHS number, 62.4% (9,594) these linked 

to a baby in NNRD.  When restricted to clearly pathogenic organisms, 1.5% (5,011 / 

330,097) of babies in NNRD with a complete NHS number linked to 5,935 BSI records. 

This represented 43.0% of 13,811 BSI records for clearly pathogenic organisms in 

babies aged less than one year with complete NHS number in the surveillance data. 

4.4.3 Probabilistic linkage 

4.4.3.1 Comparison pairs and blocking 

Blocking reduced the number of pairs to be compared from 6,748,671,554 (291,406 

singleton babies in NNRD multiplied by 23,159 BSI records) to 1,019,364 (Figure 4-5). I 

excluded the 13,051 BSI that linked in deterministic linkage from probabilistic linkage as 

each BSI can only link to one baby (Figure 4-5). The 48,798 babies from multiple births 

were linked separately (section 4.4.3.4). There were 24,957 (8.6% of 291,406) babies in 
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the NNRD excluded from probabilistic linkage because no surveillance records agreed 

on postcode prefix, postcode suffix or date of birth. Without agreement on these 

identifiers, it would be very difficult to identify a link as the only available identifiers were 

sex and hospital. If the babies agreed with any records on NHS number these links would 

have been identified in deterministic linkage.   
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Figure 4-4: Flow diagram of deterministic linkage of babies in NNRD to BSI records in the surveillance data  
Date in range = 7 days before admission, 14 days after discharge; includes all BSI records 

Date not in range             

2,020 babies            

3,052 BSI

NHS number matches                                  

12,137 babies                               

16,103 BSI

Deterministic links                                    

10,117 babies                                 

13,051 BSI

Missing NHS 

number             

10,049 babies

NNRD                                                 

340,146 babies 

Surveillance data                  

36,485 BSI

Missing NHS 

number                 

7,069 BSI

NNRD records with NHS 

number                                                 

330,097 babies

Surveillance data records with 

NHS number                                

29,416 BSI
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Figure 4-5: Flow diagram of blocking stage of probabilistic linkage 

Excluded                                      

13,051  BSI linked 

on NHS number                       

48,798 multiple 

birth babies

NNRD                                                  

291,406 singleton babies

Surveillance data                     

23,434 BSI

No agreement or 

out of date range                                          

24,957 babies   

2,232 BSI

Blocking                                          

(agreement on at least one of  

preifx, suffix, DOB)

NNRD                                                 

340,146 babies 

Surveillance data                  

36,485 BSI

DOB block                 

263,563 babies  

17,001 BSI

Prefix block                                   

38,433 babies                               

15,232 BSI

Suffix block            

19,881 babies          

13,535 BSI

Blocks combined                              

comparison pairs=1,019,364                             

266,449 babies                            

21,202 BSI
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4.4.3.2 Weight calculation 

The m-probabilities, u-probabilities, and match weights for agreement, disagreement and 

missing for each of the identifiers (postcode prefix, postcode suffix, date of birth, sex, 

and hospital/laboratory) are presented in Table 4-2. The maximum possible match 

weight if all identifiers agreed was 14.74 and the lowest possible match weight if all 

identifiers disagreed was -19.57. The probabilities represent the likelihood of a pair of 

records agreeing, disagreeing or having a missing value (in one or both datasets) for 

each identifier given that the records are from the same (m-probability) or different babies 

(u-probability). In the blocking stage, the date of birth block had the largest number of 

comparison pairs (Figure 4-5). As I restricted blocking to BSI records with a sample date 

between seven days before admission and 14 days after discharge, I would expect more 

babies in NNU at similar times to share a date of birth than share a postcode. Agreement 

on date of birth is more likely in a true match, but many records agree on date of birth 

even if they are not a match. Consequently, although the m-probability for agreement on 

date of birth is high (99.78% of true matches agree on date of birth), the u-probability is 

also relatively high (92.83% of non-matches agree on date of birth). This is an artefact 

of the blocking and would not be true if all records were compared. Postcode prefix and 

suffix have lower m-probabilities than date of birth. Only 83.14% of true matches (i.e. 

NHS links) agreed on postcode prefix, and 79.22% agreed on postcode suffix (Table 

4-2). Postcodes are less likely to be the same in true matches because postcode may 

change over time and not be updated, whereas date of birth is fixed (if recorded 

correctly). The likelihood of records that are not true matches agreeing (46.46%) or 

disagreeing (49.07%) on sex was similar. This is expected given there are only two 

options which are fairly equally distributed in the population although there are slightly 

more boys than girls in NNU (chapter 2, section 2.3.2.1). 
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Table 4-2: M probabilities (m), u probabilities (u) and match weights (MW) for agreement, disagreement or missing on each identifier 

Identifier 
Agree Disagree Missing 

m u MW m u MW m u MW 

Prefix 0.8314 0.0528 3.9769 0.0505 0.6786 -3.7482 0.1181 0.2686 -1.1855 

Suffix 0.7922 0.0217 5.1901 0.0869 0.7088 -3.0280 0.1210 0.2695 -1.1553 

Date of birth 0.9978 0.9283 0.1042 0.0022 0.0715 -5.3119 0.0000 0.0002 0.0000 

Sex 0.9957 0.4646 0.9635 0.0018 0.4907 -4.1603 0.0025 0.0447 -2.3841 

Laboratory/ 
Hospital 

0.9060 0.0399 4.5051 0.0940 0.9406 -3.3228 0.0000 0.0195 0.0000 
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4.4.3.3 Classification of links 

I selected the lower threshold as 2, below which all pairs were considered non-links, and 

the upper threshold as 7, above which all pairs were considered links. The plot of the 

frequency of summed match weights is shown in Figure 4-6. Only 49 BSI records, linked 

to 46 babies, were above the upper threshold of 7 (Figure 4-7). There were four 

agreement patterns above the upper threshold. Five pairs agreed on all identifiers, 11 

agreed on all except missing sex, one agreed on all except disagreement on postcode 

prefix and 32 agreed on all except disagreement on date of birth.  I manually reviewed 

2,325 comparison pairs with summed weights between 2 and 7 (Figure 4-7). By 

combining pairs above the upper threshold and links identified in manual review, I found 

1,077 BSI linked to 914 babies (Figure 4-7). I could not determine link status (i.e. whether 

there was a link or not) for 2,918 / 21,202 (14%) BSI records that underwent probabilistic 

linkage (included in blocking), due to high levels of missing identifiers.  

 

 

Figure 4-6: The frequency (log scale) of summed weights showing lines for the 
lower and upper thresholds at 2 and 7 
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Figure 4-7: Flow diagram of link classification in probabilistic linkage 
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The percentage of BSI for which I could not determine link status decreased with time 

(Figure 4-8) as identifier quality improved (Figure 4-3). In 2010, 22% (699 / 3,178) of 

identifiers could not link due to a high level of missing identifiers, compared to 4% (80 / 

1,813) in 2017. The median age of babies with high levels of missing identifiers was 22 

days (IQR 5 to 67) compared to 46 days (7 to 160) in other BSI records, and 58% (1,681 

/ 2,918) were BSI due to clearly pathogenic organisms, compared to 48% (9,772 / 

20,552) in other BSI records. Fluctuations in the percentage of BSI which could not link 

due to missing identifiers reflects fluctuations in the completeness of identifiers and 

number of reports of BSI by month. 

 

Figure 4-8: The percentage per month of BSI records in infants aged less than 
one year from surveillance data that could not link due to high levels of missing 
identifiers 

4.4.3.4 Multiple births 

I linked 254 (0.5% of 48,798) babies from multiple births to 300 BSI records in 

probabilistic linkage.   

4.4.3.5 Clinical records of BSI in NNRD 

A clinical record of BSI was recorded in NNRD for 7,229 babies, but only 44% (3,155) of 

these linked to a BSI record from the surveillance data. Of 2,130 babies with a clinical 



166 
 

record of BSI caused by a clearly pathogenic organism in NNRD before 28 days of age, 

59% (1,261) linked to a BSI record from the surveillance data. I performed an additional 

linkage step for the remaining 869 babies with unlinked clinical records of BSI caused by 

a clearly pathogenic organism before 28 days of age. 

 A BSI caused by a clearly pathogenic organism was reported to the corresponding 

laboratory in the month of the sample recorded in NNRD for 95% (822/869) of the babies 

(Table 4-3). However, only 45% (370/822) of these babies matched a BSI record from 

the surveillance data with a sample date within seven days before admission to NNU 

and 14 days after discharge. Only 176 (48% of 370) babies were paired with a BSI record 

that agreed on more than one of postcode prefix, postcode suffix, date of birth, sex, 

sample date or organism group. Through manual review, I linked 57 babies (8% of 869 

babies with unlinked clinical records of BSI) to a BSI record.  If I assumed all 176 babies 

in pairs with agreement on more than one identifier were true matches, the maximum 

match rate for babies with clinical records of BSI before 28 days of age would be 67% 

(1,261 + 176 / 2,130). Even this very relaxed criteria to define a link resulted in one-third 

missing links, suggesting the issue is due to missing identifiers, errors in sample dates 

in the surveillance data, or BSI that were recorded in NNRD but not reported to the 

infection surveillance data.   

Table 4-3: The number of recordsA that linked in an additional linkage step 

 Babies in NNRD with 
clinical record of BSI 

Total unlinked clinical records of BSI  869 

Agreed on month of sample and lab B 822  

Within date range 370 

Agreed on at least two identifiers C 176 

Links identified in manual review (included) 57 
A unlinked clinical records of BSI from NNRD <28 days; B Agreed with a BSI record from 
surveillance data; C Postcode prefix, postcode suffix, date of birth, sex, sample date or organism 
group 

4.4.4 Links combined 

When I combined links from each step, there were 11,262 babies linked to 14,487 BSI 

(Figure 4-9). This represents 3% of 340,146 babies in NICUs and LNUs and 40% of 

36,485 BSI records from babies aged less than one year. Most links (90%; 13,051 of 

14,487 BSI records) were identified in deterministic linkage (Figure 4-9). When I 

restricted links to the 159,106 babies receiving intensive and high dependency care, 

there were 8,649 babies (5.4%) linked to 11,330 BSI, highlighting how rare it is for babies 

who only receive special care to have BSI. Of 181,040 babies who only received special 
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care, 2,613 (1.4%) linked to a BSI. The rest of this chapter will include all links, not just 

those receiving intensive and high dependency care.
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Figure 4-9: Flow diagram of links from each step combined 
Babies receiving intensive, high dependency or special care in NICUs and LNUs 2010-2017; babies can link to more than one BSI so sum of babies identified 
in each step is less than total babies

Extra linkage step for 

unlinked clinical BSI records                                                      

57 babies / 59 BSI
All links                                                                                                                 

11,262 babies / 14,487 BSI

Singleton probabilistic links                            

914 babies                                                 

1,077 BSI

Deterministic links                                    

10,117 babies                                 

13,051 BSI

Multiple birth probabilistic 

links                                                            

254 babies / 300 BSI
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4.4.5 Linkage accuracy 

Over half (56%; 10,874/19,585) of BSI records for babies aged less than 28 days in the 

surveillance data linked to a baby in NNRD. I could not determine whether the unlinked 

babies were admitted to paediatric services outside the 112 included NNUs (and 

therefore should not have linked with NNRD), or whether there should have been a link 

that I was unable to find due to identifier quality.  

The proportion of all babies admitted to the 110 NICUs and LNUs who linked to at least 

one BSI record from the surveillance data was 3.0% (10,117 / 340,146) using 

deterministic linkage alone, 3.3% (11,262 / 340,146) using deterministic, probabilistic 

and the additional linkage step, and 4.5% (15,279 / 340,146) when augmenting the 

11,262 linked records with 4,017 clinical records of BSI in NNRD that did not link with 

the surveillance data. Restricting to babies born before 32 weeks gestation in NNRD (i.e. 

those more likely to have a BSI), 12.7% (6,316 / 49,587) linked with a BSI record from 

surveillance data using deterministic and probabilistic linkage together. When further 

augmenting the linkage with clinical records of BSI in NNRD, 17.7% (8,795 / 49,587) 

babies born before 32 weeks gestation in NNRD had any record of BSI.  

 

Figure 4-10: Diagram of linked and unlinked records from surveillance data and 
NNRD 
The diagram is not proportional; includes babies receiving any level of care in 110 NICUs and 
LNUs in NNRD 
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Babies with a clinical record of BSI in NNRD who linked to a BSI record from the 

surveillance data differed from those who did not link (Table 4-4). Clinical records of BSI 

in NNRD caused by S. aureus were less likely to link to surveillance data than other 

organisms. Babies in the NNRD with a clinical record of BSI who did not link to a BSI 

record in the surveillance data tended to be younger at the time of BSI, 18% had BSI 

between the ages of 2 and 6 compared to 13% for those who linked. The unlinked babies 

were also more likely to be born at term: 11% had a gestational age at birth of 37 or more 

weeks compared to 4% of the linked babies.  

Both the number of babies with a clinical record of BSI in NNRD and the percentage of 

who linked to a BSI record from the surveillance data increased over time (Figure 4-11). 

In 2010, 36% (132 / 366) of babies with a clinical record of BSI in NNRD linked to a BSI 

in the surveillance data, increasing to 49% (458 / 944). There were more clinical records 

of BSI recorded in NNRD in 2014 due to missing months in 2016-17.  
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Table 4-4: Characteristics of babies in NNRD with BSI A records from linkage 
and/or clinical records of BSI 

 Babies with a clinical 
record of BSI in NNRD 

Babies without 
a clinical record 
of BSI in NNRD 

Any record of 
BSI A 

 plus a link to 
surveillance 
data  
 (i) 

no link to 
surveillance 
data  
 (ii) 

plus a link to 
surveillance 
data  
 (iii) 

from a clinical 
record of BSI 
in NNRD / link 
to surveillance 
data   

Total   1,046 688 1,995 3,729 

Age at BSI B 
    2-6 days 
    7-13 days 
    14-20 days 
    21-27 days 
    28-365 days 

 
138 (13%) 
259 (25%) 
183 (18%) 
121 (12%) 
345 (33%) 

 
116 (18%) 
163 (25%) 
108 (17%) 
54 (8%) 
204 (32%) 

 
306 (15%) 
478 (24%) 
275 (14%) 
20 (10%) 
730 (37%) 

 
560 (15%) 
900 (24%) 
566 (15%) 
381 (10%) 
1,279 (35%) 

     p-value C  0.034 0.016  

Gestational age at birth B 
   <26 weeks 
   26 to <28 weeks 
   28 to <32 weeks 
   32 to <37 weeks 
   37+ weeks 

 
390 (27%) 
238 (23%) 
270 (26%) 
102 (10%) 
46 (4%) 

 
212 (31%) 
152 (22%) 
174 (25%) 
73 (11%) 
72 (11%) 

 
633 (32%) 
406 (20%) 
476 (24%) 
274 (14%) 
206 (10%) 

 
1,235 (33%) 
796 (21%) 
920 (25%) 
449 (12%) 
324 (9%) 

     p-value C  <0.001 <0.001  

Year of sample 
  2010 
  2011 
  2012 
  2013 
  2014 
  2015 
  2016 
  2017 (up to June) 

 
44 (4%) 
119 (11%) 
166 (16%) 
194 (19%) 
201 (19%) 
140 (13%) 
116 (11%) 
66 (6%) 

 
52 (8%) 
109 (17%) 
132 (20%) 
113 (18%) 
123 (19%) 
69 (11%) 
35 (5%) 
12 (2%) 

 
295 (15%) 
313 (16%) 
250 (13%) 
182 (9%) 
200 (10%) 
269 (13%) 
311 (16%) 
176 (9%) 

 
390 (11%) 
541 (15%) 
548 (15%) 
489 (13%) 
524 (14%) 
478 (13%) 
462 (13%) 
254 (7%) 

     p-value C  <0.001 <0.001  

Organism group D 
  E. coli 
  Enterobacter 
  Klebsiella 
  Other gram negative  
  Group B Streptococcus 
  S. aureus 
  Enterococcus 
  Other gram positive  
  Fungi 

 
172 (17%) 
94 (9%) 
113 (11%) 
89 (9%) 
79 (8%) 
243 (23%) 
176 (17%) 
10 (1%) 
61 (6%) 

 
113 (17%) 
46 (7%) 
58 (9%) 
49 (7%) 
68 (10%) 
205 (30%) 
87 (13%) 
10 (1%) 
44 (6%) 

 
395 (20%) 
167 (8%) 
185 (9%) 
182 (9%) 
154 (8%) 
451 (23%) 
327 (17%) 
31 (2%) 
80 (4%) 

 
680 (18%) 
307 (8%) 
356 (10%) 
320 (9%) 
301 (8%) 
899 (24%) 
590 (16%) 
51 (1%) 
185 (5%) 

     p-value C  0.006 0.128  
A BSI caused by clearly pathogenic organisms with a sample date between two days after 
admission and two days following discharge; B Babies with missing data excluded from 

percentages; C p-value from chi-squared test comparing (ii) and (iii) to (i); D For babies with more 

than one BSI, organism and age is from the first BSI
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Figure 4-11: Number of babies with a clinical record of BSI in NNRD by year and 
the percentage of those who linked to a BSI record in the surveillance data 
2015, 2016 and 2017 have fewer number of babies with BSI due to missing months 

4.4.6 Linkage over time 

I found a decline in the proportion of babies in NNU who linked to a BSI caused by clearly 

pathogenic organisms over time with an annual decrease of -7.5% (95% CI: -14.3%, -

0.1%) for the primary outcome, using deterministic and probabilistic linkage (Figure 4-12, 

Table 4-5). Whereas, using deterministic linkage alone, I found a stable trend (annual 

decrease: -4.9%, 95% CI: -12.4%, +3.1%).  The rate of any record of BSI also decreased 

over time, but more gradually than using the primary measure (annual decrease: -6.7%, 

95% CI: -12.8, -0.2). The proportion of babies with BSI identified using only clinical 

records of BSI in NNRD did not significantly change over time and was always lower 

than the BSI rate using linkage with surveillance data (Figure 4-12, Table 4-5) 
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Figure 4-12: Monthly trend in the proportion of babies admitted to NNU with at 
least one BSI caused by a clearly pathogenic organism  
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Table 4-5: Number and proportion of babies with BSI and rate ratios (representing monthly rate change) based on Poisson 
regression for BSI identified through deterministic linkage, deterministic + probabilistic linkage, clinical records of BSI in NNRD 
and any record of BSI 

 

Number of babies with BSI B (%) 

Annual rate change (95% CI) 
Whole period  
Mar 10-Jul 17 

Early period 
Jul 10- Jun 11 

Late period  
Jul 16- Jun 17 

Deterministic and 
probabilistic links A 

5,629 (1.7%) 722 (1.7%) 796 (1.5%) -7.5% (-14.3%, -0.1%) 

Deterministic links 5,011 (1.5%) 589 (1.4%) 750 (1.4%) -4.9% (-12.4%, +3.1%) 

Clinical record of BSI 3,277 (1.0%) 285 (0.7%) 450 (0.8%) -1.8% (-10.9%, +8.2%) 

Any record of BSI 7,081 (2.1%) 860 (2.0%) 1,000 (1.8%) -6.7% (-12.8%, -0.2%) 

Total babies in NNRD 340,146 45,115 56,960 
 

A deterministic, probabilistic and additional linkage step; B BSI caused by potential pathogen between seven days before admission and 14 days after 
discharge 
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4.5 Discussion 

4.5.1 Summary 

I have successfully linked records of babies in NNU from NNRD to BSI episodes reported 

to PHE’s national infection surveillance system. Through deterministic linkage I identified 

BSI in 3.0% of babies in NNU, this increased to 3.3% of babies with the addition of 

probabilistic linkage. This is higher than the BSI rate calculated using clinical records of 

BSI in NNRD alone (2.2%). When I augmented the links with unlinked clinical records of 

BSI, the percentage of babies with at least one record of BSI increased to 4.5%. Linking 

both data sources that contain information on BSI improves detection of BSI compared 

with using either source alone, but may still underestimate BSI rates in early years when 

clinical records of BSI and patient identifiers in infection surveillance  data were poorly 

completed. Augmenting linked records with unlinked clinical records of BSI increases 

ascertainment, however as reporting of BSI was very poor in early years and is not 

consistent between NNUs, inclusion of these records biases analyses of trends over time 

or variation between units. Deterministic linkage performed better in later years when 

patient identifiers were more complete. Despite improved data quality in the most recent 

years, probabilistic linkage continued to identify links that would have been missed using 

deterministic linkage on NHS number alone. The percentage of babies who linked to a 

BSI caused by a clearly pathogenic organism decreased by 7.5% per year using 

deterministic and probabilistic linkage. The trend in rate of BSI is more credible for 

deterministic plus probabilistic linkage than with deterministic linkage alone as the 

recording of NHS number improved over time. 

4.5.2 Strengths 

A major strength of this linkage is that it has increased the BSI rate from 2.2% using 

clinical records of BSI alone to 3.3% from deterministic and probabilistic linkage. The 

rate restricted to clearly pathogenic organisms was 1.7% (Table 4-5) which is similar to 
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BSI rates reported by the NeonIN surveillance network (chapter 1, section 1.6.4). NeonIN 

reported a decline in BSI rates in 30 UK NNUs from 2005 to 2014 and the BSI rate 

excluding CoNS in 2014 was approximately 2%.(5) The stable rates of BSI based on 

clinical records of BSI in NNRD alone was explained by improved recording over time of 

positive blood and CSF cultures in NNUs. In 2016, only 25 of 179 NNUs in England, 

Wales, Scotland and Northern Ireland provided assurance to NNAP that they had 

entered complete data on all BSI but this increased to 74 of 179 (41%) in 2017.(1) A 

further strength of this study is the use of probabilistic linkage that consistently increased 

the match rate across all study periods, but particularly in earlier years when the 

identifiers were less complete.  

4.5.3 Limitations 

A limitation of this study is the 4,017 babies with a clinical record of BSI in NNRD for 

which I could not find a linked BSI record in the surveillance data. I propose three 

possible mechanisms for not linking all babies with clinical records of BSI. First, I may 

have missed links due to missing identifiers in the surveillance data. I extracted data 

based on date of birth, therefore any BSI records with missing or erroneous date of birth 

(including those with no complete identifiers) would not have been selected. Second, 

true cases of BSI may have been reported to NNRD but not to the national laboratory 

infection surveillance system. Third, the clinical records of BSI in NNRD could be false 

positives due to data entry errors, or positive cultures but with erroneous identifiers or 

date of sample. It is likely that all three mechanisms were in effect, but I expect there 

were few false positives in the NNRD and therefore that most missed links were due to 

missing or wrong identifiers or sampled dates, or unreported BSI. I believe the clinical 

records of BSI in NNRD are likely true as records include dates and organism cultured. 

As I discussed in chapter 3, BSI caused by skin commensals have not always been 

reported to the infection surveillance system and this likely contributes to the unlinked 

clinical records of BSI. BSI records from the surveillance data that did not link to NNRD 
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may be explained by BSI that did not occur in NNU. For example, some of the BSI may 

belong to the 3,000 babies aged <1 month admitted to a paediatric intensive care unit 

each year.(147) BSI records in surveillance data may also represent babies in the 

postnatal maternity ward, children’s ward or A&E. Linkage to hospital episode statistics 

(HES) would provide further information on the location of young babies with BSI that 

are not in NNU. As missed links are more likely in earlier years due to higher levels of 

missing data, our ascertainment of BSI is likely to have improved over time. Therefore 

the true trend may be a steeper decline if the rate of BSI has been underestimated to a 

higher degree in earlier years. The trends I report are not adjusted for risk factors or time 

at risk and therefore caution should be used when drawing clinical conclusions from the 

data.  

In this chapter, it was difficult to evaluate linkage quality, since I did not expect all records 

from either dataset to link and therefore simple linkage (or match) rates are unhelpful. 

However, the comparison of characteristics of linked and unlinked records restricted to 

those I did expect to link (babies with a clinical record of BSI in NNRD) indicated that 

there were differences in linked and unlinked babies. This may be related to early onset 

BSI (early onset BSI is less related to gestation than late onset BSI) but it could also 

affect estimates of the relationship between gestation and BSI rates. Despite these 

limitations, this linkage enhances the data in NNRD and provides improved 

ascertainment compared to use of clinical records of BSI in the NNRD alone whilst 

placing no extra burden of data collection on staff in NNUs.   

There are some limitations of probabilistic linkage. Probabilistic linkage assumes that 

each identifier is independent to the other identifiers.(148) However, splitting postcode 

into prefix and suffix violates the assumption of independence. Furthermore, hospital-

laboratory is also associated with postcode as babies will likely be admitted to a NNU 

close to their home. In probabilistic linkage, these violations are very common as patient 
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identifiers are rarely all independent and there is little evidence of how this impacts on 

results of linkage in practice.(104)    

4.5.4 Implications for this thesis 

I have created the first data resource for evaluating national rates of BSI in NNUs in 

England. In my next chapter, I describe how I used the linked NNRD and surveillance 

data to evaluate variation in rates of BSI (caused by clearly pathogenic organisms) over 

time and between neonatal networks. I will include BSI from probabilistic and 

deterministic linkage, but not unlinked clinical records of BSI in my trend and regional 

variation analyses. I excluded the unlinked clinical records of BSI because of the change 

in recording of BSI in NNRD over time and the variation in reporting practice between 

NNUs (e.g. only 76 NNUs reported confirmed they reported all positive BSI in 2017).(1) 

Therefore, the absolute number of BSI used to estimate rates may be an 

underestimation, but the trends over time will be less affected by bias than if unlinked 

clinical records of BSI were included.  

 

 

  

Key messages 

 I have successfully linked NNRD to surveillance data for the first time. 

 Probabilistic linkage identified additional links missed in deterministic linkage 

across all years, but particularly in early years when identifier quality was poorer. 

 Rates of BSI calculated from the linked data will likely be underestimated, however 

there is a vast improvement in ascertainment compared to using the NNRD alone, 

which is the only other available option to evaluate national BSI rates in NNUs. 
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5 Variation in rates of bloodstream infection between 

regional networks and over time 

5.1 Overview 

The linked dataset that I created in chapter 4 provides a resource to evaluate risk-

adjusted rates of BSI in NNUs in England. In this chapter, I present work towards 

objective 5 “To evaluate sources of variation in BSI rates to inform fair comparisons and 

understand where to target interventions” and objective 6 “To determine how rates of 

BSI have changed over time from 2010 to 2017”. In chapter 2, I found that central line 

use and infection control practices varied by NNU. In this chapter, I evaluated variation 

in BSI rates by neonatal network. I expect NNUs within neonatal networks to share 

practices and therefore differences between networks may be due to differences in 

infection control practices. In chapter 2, I also reported changes over time in BSI risk 

factors. In this chapter, I evaluated trends in risk-adjusted BSI rates. In these models, I 

adjusted for known risk factors, such as gestational age at birth, to focus on differences 

between networks and changes over time that are due to variation in practice. 

First, I compared rates of BSI using three measures of BSI (per 100 admissions, per 

1000 days of intensive and high dependency care and per 1000 central line days) in 

different risk groups to determine how choice of BSI measure introduces variation into 

What is already known: 

 Infection control practices and central line use vary by NNU, which may result 

in regional variation in rates of BSI. 

 Distribution of clinical care and baby risk factors for BSI have changed over 

time in NNUs in England.  

 Linked data can be used to evaluate risk-adjusted rates of BSI in NNUs in 

England.  

What this chapter adds: 

 I determined whether variation in BSI rates were due to differences in baby 

and NNU characteristics or due to unmeasured differences between neonatal 

networks or NNUs within neonatal networks. 

 I determined how rates of BSI have changed over time from 2010 to 2017. 
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comparisons (section 5.4.1). Second, I compared the prevalence of baby characteristics 

in admissions with and without BSI to determine which factors are associated with BSI 

(section 5.4.2). Third, I examined variation in rates of BSI using the three measures using 

multilevel Poisson models (section 5.4.3). I quantified the amount of variation that is due 

to differences between neonatal networks versus NNUs within networks, and the amount 

accounted for by adjusting for baby and NNU characteristics. Fourth, I evaluated how 

rates of BSI have changed from 2010 to 2017 for each of the three measures of BSI 

(section 5.4.4).  

A paper on the work in this chapter is currently in preparation.  

5.2 Background 

Preventing BSI in babies is important to reduce mortality and neurodevelopmental 

impairment (chapter 1, section 1.3).(6, 7) Measuring rates of BSI and ensuring 

comparisons between treatment groups are valid are essential to evaluating BSI rates 

and effectively targeting interventions for BSI prevention. A “big picture” approach is 

needed as focussing solely on certain practices (e.g. central lines) is unlikely to reduce 

BSI associated with other risk factors, such as invasive ventilation. Ideally, we would 

measure and prevent BSI in all babies in England, but focusing on BSI in NNU is a good 

place to start because most BSI in NNU, except early onset infection, should be 

preventable through changes in clinical practice.(149)  

Care must be taken when choosing how to measure rates of BSI for comparative 

analyses as there are many potential sources of variation in BSI rates in NNU. The 

purpose of comparing BSI rates at different time points, in different treatment groups, or 

different NNUs, is to determine the effect of an intervention, to measure quality of care, 

or to identify practices that could be changed to prevent BSI. Therefore it is important to 

thoroughly account for factors that cannot be altered through a change in practice in 

NNU, but may have a substantial impact on rates of BSI. For example, a baby born at 

28 weeks gestation has a higher risk of BSI than a baby born at 37 weeks gestation. 

Additionally, NNUs that provide more specialist care (e.g. surgical NICUs) will admit 

more high-risk babies than NNUs that predominantly provide high dependency care (e.g. 

LNUs). Therefore both baby characteristics and NNU characteristics are related to the 

baseline risk of babies admitted to NNU. Differences can be minimised through risk 

stratification, comparing similar babies or risk-adjustment in models. If differences in 

baby and NNU characteristics are adequately accounted for, the remaining variation in 
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BSI rates (over time or between NNUs) is due to differences in practice, unobserved risk 

factors, or chance.  

Rates of BSI can be measured using different denominators, the most appropriate of 

which will depend on the context or research question (chapter 1, section 1.6.2). Each 

measure of BSI has advantages and disadvantages, which I will discuss in more detail 

in section 5.3.1. Denominators can take account of the size of the population (e.g. the 

number of babies or admissions) or time at risk (e.g. days of stay or days with a central 

line). Most studies of BSI rates in NNU use only one measure of BSI, therefore it is 

difficult to know how rates vary when using different measures of BSI. In this chapter, I 

compare rates of BSI using three measures in different risk groups (sections 5.3.2 and 

5.4.1). 

NNUs are organised into regional neonatal networks and babies are often transferred 

between NNUs within networks (chapter 1, section 1.4.4).(125) Networks share training 

and protocol and in general I would expect similar babies to be admitted across networks, 

but admitted to different NNUs within networks.(150) Therefore, evaluating variation in 

BSI rates between networks may identify differences due to variation in practice. 

Evaluating rates of BSI by neonatal network, rather than individual units, also avoids the 

challenges of comparing and correctly interpreting low numbers of BSI events by NNU. 

Rates of BSI may be declining in NNUs. The NeonIN infection surveillance reported a 

decrease in rates of late onset BSI from 2005 to 2014 in 30 UK NNUs (chapter 1, section 

1.6.4).(5) However, the rates were not risk-adjusted and were only stratified by level of 

NNU (LNU, NICU or surgical NICU). As I reported in chapter 2 (section 2.3.2.4), the 

prevalence of risk factors, such as gestational age at birth and use of invasive ventilation, 

has changed over time, therefore adjusting for risk factors is important to separat sources 

of changes in BSI rates.  

5.3 Methods 

5.3.1 Study population  

The study population was babies receiving intensive and high dependency care in 110 

of 122 NICUs and LNUs in England. The evaluation of variation in rates of BSI (section 

5.3.4) was restricted to the most recent 12 months (July 2016 to June 2017) to provide 

an up to date snapshot and because I expected the effect of the change in reporting 

(chapter 3, section 3.4.2.1) to have subsided by then. The evaluation of changes over 
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time (section 5.3.5) included data from March 2010 to June 2017 to evaluate time trends 

in the whole study period.  

5.3.2 Measures of BSI 

I used three measures of BSI rates (described in Table 5-1): 

1. BSI per 100 admissions 

2. BSI per 1000 days of intensive and high dependency care 

3. BSI per 1000 central line days 

In all three measures, BSI was defined as a link to a surveillance record (blood or CSF), 

as described in chapter 4. Multiple cultures of the same organism in the same patient 

within 14 days of the first sample was categorised as one episode, and only the first 

sample from each episode was included.  

Rates of BSI per 100 admissions and per 1000 days of intensive and high dependency 

care included all babies receiving intensive or high dependency care, whereas BSI per 

1000 central line days only included babies with a central line (Figure 5-1). Restricting 

BSI to babies with a central line reduced the number of included babies in 2016-17 by 

53% from 25,896 to 12,238. This focus on a high-risk period is important if an intervention 

targets solely babies with central lines, as we would expect other BSI to be unaffected. 

However, if the purpose of measuring rates is to assess risk factors throughout care, 

restricting to babies who receive central lines, and only while the central line is in place, 

may result in missing other important causes of BSI.   

Accounting for time at risk is important because it acknowledges the difference between 

a baby who is in NNU for one day and a baby who is in NNU for two weeks. Clearly, 

there is far greater opportunity for the baby with a longer NNU stay to develop a BSI. 

Without adjusting for time at risk, BSI rates may appear artificially low in NNUs with many 

short admissions in low risk babies.  
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Figure 5-1: Diagram of population included in each BSI measure 



 

184 
 

Table 5-1: Three measures of BSI rates 

Measure 
BSI included in 
numerator 

Babies included in 
denominator 

Time at risk  Advantages  Disadvantages  

      
BSI per 100 
admissions  

BSI with sample taken 
between two days after 
admissions and two 
days after discharge 

Babies receiving 
intensive and high 
dependency care in 110 
NICUs and LNUs 
(n=25,896  in 2016-17) 
 

From two days after 
admission to NNU to 
two days after 
discharge from NNU 
(aged ≥2 days) 

-Includes all babies   
-Keeps focus on 
individual babies 
-Not affected by 
whether NNU keeps 
baby in NNU for longer 
or shorter than 
necessary 

-Does not account for 
differences in time at 
risk 

      
BSI per 1000 
days of 
intensive and 
high 
dependency 
care 

BSI with sample 
between two days after 
admissions and two 
days after discharge 

Babies receiving 
intensive and high 
dependency care in 110 
NICUs and LNUs 
(n=25,896  in 2016-17)  

From two days after 
admission to NNU to 
two days after 
discharge from NNU 
(aged ≥2 days) 

-Includes all babies   
-Account for differences 
in time at risk 

-Not all days are equal 
(even if special care is 
excluded)  
-Hard for clinician’s to 
interpret in terms of 
number of babies 

      
BSI per 1000 
central line 
days 

BSI with sample 
between one days after 
central line insertion 
and two days after 
central line removal 

Babies receiving central 
lines in 110 NICUs and 
LNUs (n=12,238 in 
2016-17) 

From one day after 
central line insertion to 
two days after removal 
of central line (aged ≥2 
days) 

-Useful if evaluating 
interventions that target 
central lines 

-Focus on high risk 
period 
-Misses BSI in babies 
without central lines 
-Focuses on just one 
area of practice 
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To calculate rates of BSI per 100 admissions or 1000 days of intensive and high 

dependency care, I included BSI that occurred between two days after birth and two days 

after NNU discharge (Figure 5-2, Table 5-1). I excluded BSI occurring before two days 

of age because I considered them early onset (i.e. vertically transmitted from the mother). 

This thesis focuses on late onset BSI as it is more likely to be healthcare-acquired and 

amenable to changes in practice.  

To calculate rates of BSI per 1000 central line days, I included BSI that occurred between 

one day after central line insertion and two days after central line removal (Figure 5-2, 

Table 5-1).  I used the NNAP definition to define a central line day as any day when one 

of the following is present: PICC, surgical CVC, UVC or UAC.(1) Babies may have 

multiple types of lines inserted, for example, a UVC inserted at one day of age and then 

removed at four days of age when a PICC is inserted. I would consider this example a 

continuous presence of a central line. Whereas, if a UVC was removed at four days and 

of age a PICC was not inserted until seven days of age, it would be treated as two 

different insertions. In this example, if a BSI occurred on day six or seven, it would not 

be included in BSI per 1000 central line days but would be included in BSI per 100 

admissions or 1000 days of intensive or high dependency care.  

 

Figure 5-2: The time at risk for BSI per 1000 PICC days, BSI per 100 admissions 
and BSI per 1000 days of high dependency and intensive care 
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To examine the implications of using different denominators to measure BSI rates, and 

how they vary by NNU, I investigated the relationship between them. First, I compared 

the mean number of intensive and high dependency care days per admission, the mean 

number of central line days per admission, and the proportion of total days of intensive 

and high dependency care that were central line days. I stratified these results by level 

of NNU (LNU, NICU, and surgical NICU) and gestational age at birth (less than 32 weeks 

and greater than or equal to 32 weeks). Babies with lower gestational age at birth or who 

were admitted to NICU would be expected to have a higher risk of BSI and require a 

longer stay in NNU in comparison to babies born at a later gestation or admitted to a 

LNU (chapter 1, section 1.4). I present the minimum and maximum of each result for 

NNUs to demonstrate how denominators can vary between similar babies in different 

NNUs.  

I compared rates of BSI caused by clearly pathogenic organisms using each measure in 

each risk group (NNU level and gestation less than/ greater than or equal to 32 weeks). 

As I used data from the whole period (2010 to 2017), I restricted the rates to BSI caused 

by clearly pathogenic organisms to minimise differences due to the change in reporting 

of BSI to the infection surveillance system (chapter 3, section 3.4.2.1). 

5.3.3 BSI characteristics 

I compared the prevalence of potential risk factors for BSI according to whether or not a 

baby had a BSI. I included BSI caused by all organisms between two days of age and 

two days after discharge. I tested for a significant difference in the distribution of potential 

risk factors using the chi-squared test, where I defined significance as a p-value less 

than 0.05. I compared gestational age at birth in weeks (categories: <26, 26 to <28, 28 

to <32, 32 to <37, ≥37), sex, small for gestational age (defined as <10th centile for 

birthweight), and whether a baby was admitted for surgery.  

5.3.4 Variation in rates by neonatal network 

In this section, I explore the sources of variation in BSI rates by modelling BSI by regional 

neonatal network between July 2016 and June 2017. First, I analysed the differences 

between neonatal networks in key characteristics related to BSI. Second, I constructed 

adjusted and unadjusted multilevel Poisson models to determine the effect of risk-

adjustment on variance between networks and between NNUs within networks. Third, I 

compared the variation between NNUs in different networks, to variation between NNUs 

within the same network.  Finally, I used funnel plots to determine whether BSI rates 

varied between neonatal networks beyond that expected by chance. 
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5.3.4.1 Description of neonatal networks 

I compared key characteristics of neonatal networks to determine whether the risk of BSI 

was likely to differ between networks. First, I compared the number of babies admitted 

to each neonatal network who were born before 32 weeks gestation because these 

babies are at the highest risk of BSI (compared to babies born at 32 weeks or later). I 

compared the proportion of babies who received a central line, as central lines are 

associated with BSI risk.(40, 46) I report the number of LNUs, NICUs and surgical NICUs 

by network and the number of admissions in each NNU type. 

5.3.4.2 Model selection 

I evaluated variation in rates of BSI by neonatal network using multilevel Poisson 

models. I modelled BSI rates per 100 admissions, per 1000 days of intensive and high 

dependency care, and per 1000 central line days for BSI caused by all organisms and 

clearly pathogenic organisms. I used three-level Poisson models, with admissions 

nested within NNUs nested within networks, adjusted for baby and NNU factors (Table 

5-2). I included NNU factors as fixed effects rather than random effects because I 

expected the effect to be the same across all NNUs.  

I used forward stepwise regression to introduce additional covariates to the model that I 

expected to be associated with rates of BSI at the baby level. Covariates were added to 

the model one at a time and retained if they were significant (95% confidence intervals 

for the effect did not include one). If more than one covariate was significant in separate 

models but not together, I selected the model with the lowest Akaike’s information 

criterion (AIC) and Bayesian information criterion (BIC). I first added the variables related 

to the baby (gestational age, small for gestational age, sex and admitted for surgery). 

The only NNU covariates that I included were annual number of admissions and level of 

NNU because I do not expect these to be related to clinical practices.  
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Table 5-2: Risk factors evaluated in Poisson models 

Risk factor Variable description Rationale / evidence 

Baby level risk factors 

   
Gestational age 
at birth 

Categorised as 
<26 weeks 
26 to <28 weeks 
28 to <32 weeks 
32 to <37 weeks 
≥37 weeks 

Babies born at a lower gestation have 
higher risk of BSI than babies born 
later.(10, 11, 41) 

Small for 
gestational age 

Binary (yes or no) 
Yes = birthweight <10th 
centile for week of 
gestation 

Babies with a lower birthweight have a 
higher risk of BSI,(10, 46) but 
birthweight is highly correlated with 
gestational age so to identify those that 
will not already be accounted for in a 
model adjusting for gestation I included 
small for gestational age.  

Sex Binary (male or female) BSI may be more common in boys than 
girls.(43) 

Admitted for 
surgery 

Binary (yes or no) 
Yes = reason for 
admission variable in 
NNRD recorded as 
“surgery” or “other 
surgery” 
No = any other reason 
for admission 

Risk of BSI is higher in babies who 
have surgery (10), however, surgery is 
not well recorded in my extract of 
NNRD. I therefore used reason for 
admission (see chapter 2, section 
2.3.1.4.2). This also is less likely to be 
affected by any clinical decisions in 
NNU as it was recorded on admission 

NNU level risk factors 

 
Level Categorised as 

LNU 
NICU 
Surgical NICU 

Rates of BSI are higher in surgical 
NICUs than NICUs and higher in NICUs 
than LNUs.(5) This is likely a 
combination of the type of babies 
admitted (higher risk babies admitted to 
surgical NICUs) and the type of care 
provided (e.g. more surgery, central 
lines used in surgical NICUs) 

Number of 
annual 
admissions  

Mean based on all data 
from 2010-17 
(continuous) 

NNUs that admit more babies may 
have lower availability of staff and 
therefore increase risk of BSI.(62, 63) 
Conversely, high volume of admissions 
could increase staff expertise, improve 
practice and reduce BSI rates.(43, 65) 
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5.3.4.3 Variation by neonatal network 

To determine the amount of variation that is accounted for by factors in the model, I 

compared the variance in the risk-adjusted model to an unadjusted model. I calculated 

the percentage of the variance that was explained by risk factors included in the model 

by dividing the variance in the risk-adjusted model by the variance in the unadjusted 

model. To determine whether variation in risk-adjusted rates of BSI was due to 

differences between neonatal networks or NNUs within networks, I compared the amount 

of variance that was attributable to variation between networks and between NNUs within 

networks. Additionally, I compared the results of models of BSI due to clearly pathogenic 

organisms with models of BSI due to all organisms for all measures of BSI. If all 

laboratories consistently reported all organisms to SGSS in 2016-17, I would expect to 

see little difference in variation in models that included all organisms compared to models 

that were restricted to clearly pathogenic organisms. 

To determine whether any neonatal networks had BSI rates higher or lower than 

expected, I compared funnel plots of crude and adjusted BSI rate for each of the three 

measures. I defined outliers as networks with a BSI rate more or less than three standard 

deviations from the overall mean (i.e. outside the 99.8% control limit).   

I used funnel plots to compare BSI rates by neonatal network rather than NNU, as fair 

comparisons cannot be made between NNUs due to over-dispersion. BSI is relatively 

rare, especially when restricted to clearly pathogenic organisms. Therefore, confidence 

intervals would be wide, making it difficult to ascertain if BSI rates in a given NNU were 

outside the expected limits. To demonstrate this, I report the annual number of BSI 

events per NNU for clearly pathogenic organisms and all organisms. Comparisons of 

variance between NNUs within networks versus between networks from the multilevel 

models was not prevented by the low number of BSI, because the measure was of 

average variance rather than for individual NNUs. 

 To identify patterns in which networks had the highest or lowest BSI rates, I repeated 

the funnel plots for 2014-15, 2013-14, 2012-13, 2011-12 and 2010-11. I did not examine 

2015-16 due to the excluded months at the end of 2015 and start of 2016. I examined 

the funnel plots to determine whether any networks consistently had BSI rates greater 

than or less than the mean, or outside the control limits.  
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5.3.5 Changes over time 

In this section, I determined how rates of BSI changed over time between March 2010 

and June 2017. First, I determined overall trends, using multilevel Poisson models. 

Additionally, I compared the variation in trends between neonatal networks. 

I used multilevel Poisson regression to model how rates of BSI changed over time 

between March 2010 and June 2017. I used forward stepwise regression and compared 

AIC and BIC to select covariates to include in risk-adjusted models, using the same 

methods as described in section 5.3.4. I included month of admission in all models to 

determine the monthly trend in BSI rates. I report trends from adjusted and unadjusted 

models as annual percentage change in rate, to aid interpretation. I restricted the 

outcome to BSI caused by clearly pathogenic organisms due to the change in reporting 

of BSI following the introduction of the new surveillance system (chapter 3, section 

3.3.2.1).  

To determine the drivers of change in rates of BSI using the three measures, I plotted 

the numerator and denominator separately for each BSI measure. Changes in BSI rate 

could be due to a change in the number of BSI, while the population at risk remained 

stable; a change in the size of the population at risk, while the number of BSI remained 

stable; or changes in both the size of the population at risk and the number of BSI. For 

example, a decreasing trend could be due to a decrease in the number of BSI in a stable 

population, or a stable number of BSI in a population that is increasing in size. Not all 

NNUs were in the data every month, as some NNUs started contributing to NNRD after 

2010, some NNUs changed level over the period (e.g. if a LNU became a SCBU), some 

NNU months were removed due to under-reporting of BSI (chapter 4, section 4.3.2). To 

determine whether changes in denominators over time were driven by an increase in 

contributing NNUs, I also evaluated how the denominator changed over time when 

restricted to the 82 NNUs included in every month of the study period. 

To determine the variation in trends between neonatal networks, I added an interaction 

term between neonatal network (categorical) and month and year (continuous) to the 

model. I defined a network as an outlier if the 95% confidence intervals for the network 

trend did not overlap with the overall trend 95% confidence interval. I present the trends 

and confidence intervals on caterpillar plots. 
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5.4 Results  

5.4.1 Measures of BSI  

The overall rate of BSI due to clearly pathogenic organisms was 2.0 (95% CI: 1.9, 2.1) 

per 100 admissions, 1.7 (95% CI: 1.7, 1.8) per 1000 days of intensive and high 

dependency care and 2.3 (95% CI: 2.1, 2.3) per 1000 central line days. In babies born 

before 32 weeks of gestation, rates of BSI caused by clearly pathogenic organisms per 

100 admissions varied by NNU type more than rates per 1000 days of intensive and high 

dependency care or rates per 1000 central line days (Table 5-3). Rates were similar 

(based on 95% CI) in babies in NICUs and surgical NICUs for rates per 1000 days of 

intensive and high dependency care and rates per 1000 central line days. Rates per 

1000 days of intensive and high dependency care were 27% lower in LNUs compared 

to surgical NICUs at 1.6 (95% CI: 1.5, 1.7) versus 2.2 (95% CI: 2.0, 2.3). The difference 

in rates per 100 admissions was larger, with rates twice as high in surgical NICUs (5.9, 

95% CI: 5.6, 6.3) compared to LNUs (2.6, 95% CI: 2.4, 2.8).   

Rates using all three measures were similar in babies born at 32 weeks or later gestation 

in LNUs and NICUs. Rates in babies born at 32 weeks or later gestation were higher in 

surgical NICUs compared to LNUs and NICUs and the differences were most 

pronounced for rates per admission, where the rate in surgical NICUs (1.1, 95% CI: 1.0 

to 1.2) was more than double the rate in NICUs (0.4, 95% CI: 0.4 to 0.5) (Table 5-3). 

The overall mean number of days of intensive and high dependency care per admission 

was highest in surgical NICUs and lowest in NICUs. However, in babies born before 32 

weeks gestation, there was greater differences between different NNUs of the same 

levels (Table 5-3).  For example the average days per admission for babies born before 

32 weeks gestation in LNUs ranged from 7.8 to 30.5 days and in surgical NICUs from 

19.7 to 36.8 days. This demonstrates that time at risk varied significantly between NNUs. 

The proportion of total days of intensive or high dependency care in which a central line 

was used was similar among all babies within the same NNU type. Babies born at 32 

weeks gestation or later had fewer days of intensive and high dependency care and 

therefore fewer central line days per baby. 

In summary, of the three measures of BSI rates caused by clearly pathogenic organisms, 

BSI per 100 admissions varied the most between risk groups. This is most likely because 

the measure did not account for time at risk. Time at risk varied substantially even 

between babies with similar gestational age at birth and same level of NNU. Risk-
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adjustment is therefore needed to ensure comparisons are fair and any observed 

differences are unrelated to baseline baby characteristics. 
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Table 5-3: Rates of BSI caused by clearly pathogenic organisms, using three measures in different risk groups 

 
<32 weeks gestation at birth ≥32 weeks gestation at birth 

 
LNU NICU 

Surgical 
NICU 

LNU NICU 
Surgical 

NICU 

Number of babies A 

Denominators  
Number of admissions 
Number of days 
Number of central line days 

18,253 
 

20,599 
332,249 
106,529 

17,895 
 

20,662 
491,810 
203,081 

15,129 
 

17,253 
473,562 
249,802 

41,236 
 

42,091 
160,577 
57,033 

27,817 
 

28,332 
129,390 
59,359 

29,964 
 

30,650 
244,597 
144,325 

Number of BSI E 
During days B at risk 
During central line days at risk 

 
534 
203 

 
983 
576 

 
1023 
724 

 
161 
62 

 
122 
61 

 
344 
219 

Rates (95% CI)  
BSI per 100 admissions  
BSI per 1000 days B  
BSI per 1000 central line days  

 
2.6 (2.4 to 2.8) 
1.6 (1.5 to 1.7) 
1.9 (1.6 to 2.1) 

 
4.8 (4.5 to 5.1) 
2.0 (1.9 to 2.1) 
2.8 (2.6 to 3.1) 

 
5.9 (5.6 to 6.3) 
2.2 (2.0 to 2.3) 
2.9 (2.6 to 3.1) 

 
0.4 (0.3 to 0.4) 
1.0 (0.8 to 1.2) 
1.1 (0.8 to 1.4) 

 
0.4 (0.4 to 0.5) 
0.9 (0.8 to 1.1) 
1.0 (0.8 to 1.3) 

 
1.1 (1.0 to 1.2) 
1.4 (1.3 to 1.6) 
1.5 (1.3 to 1.7) 

Days C per admission  
Overall mean 
Range by NNUD 

16.1 
7.8 to 30.5 

23.8 
18.5 to 35.4 

27.4 
19.7 to 36.8 

3.8 
2.6 to 7.2 

4.6 
3.6 to 5.6 

8.0 
5.0 to 10.5 

Central line days per 
admission 
Overall mean 
Range by NNUD 

 
5.2 

1.6 to 12.9 

 
9.8 

4.0 to 14.6 

 
14.5 

10.7 to 18.2 

 
1.3 

0.4 to 1.4 

 
2.1 

1.2 to 2.9 

 
4.7 

2.4 to 7.7 

Percentage of days with a 
central line 
Overall  
Range by NNUD 

 
 

32% 
13% to 69% 

 
 

41% 
21% to 55% 

 
 

53% 
38% to 65% 

 
 

36% 
13% to 71% 

 
 

46% 
29% to 62% 

 
 

59.% 
46% to 73% 

A  babies receiving intensive and high dependency care in 110 NNUs from March 2010 to June 2017, babies can be counted in more than one NNU type; B days 
of intensive and high dependency care C Days of intensive and high dependency care; D Minimum and maximum mean days for NNUs; E BSI caused by clearly 
pathogenic organisms between two days after admission and two days after admission
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5.4.2 BSI characteristics 

Between March 2010 and June 2017, BSI caused by any organism was recorded in 3.8% 

(6,015 / 159,593) of admissions. Babies with BSI were more likely to be preterm, small 

for gestational age, male, and to have been admitted for surgery compared to admissions 

without a BSI (Table 5-4).  

Table 5-4: The distribution of baby level covariates according to whether a BSI 
occurred during an admission or not 

Baby level covariates Admissions with BSIA 
Admissions without 

BSI 

Number of admissions 6,015 153,572 

Gestational age at birth 
<26 weeks 
26 to <28 weeks 
28 to <32 weeks 
32 to <37 weeks 
≥37 weeks 

 
1,873 (31%) 
1,395 (23%) 
1,555 (26%) 
649 (11%) 
543 (9%) 

 
9,553 (6%) 
11,494 (7%) 
32,644 (21%) 
51,609 (34%) 
48,272 (31%) 

P-value from chi-squared test <0.001  

Sex 
Female 
Male 

 
2,647 (44%) 
3,361 (56%) 

 
64,368 (42%) 
87,745 (58%) 

P-value from chi-squared test 0.007  

Small for gestational age 
No 
Yes (<10th centile for gestation) 

 
5,088 (85%) 
927 (15%) 

 
136,643 (90%) 
15,609 (10%) 

P-value from chi-squared test <0.001  

Admitted for surgery 
No 
Yes 

 
5,678 (94%) 
337 (6%) 

 
148,743 (97%) 
4,835 (3%) 

P-value from chi-squared test <0.001  

A BSI caused by all organisms between 2 days of age and 2 days after discharge, admissions 

with missing values for gestation (n=6) and sex (n=1,472) were excluded.  
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5.4.3 Variation by neonatal network 

5.4.3.1 Description of neonatal networks 

The number of admissions, the proportion of babies born before 32 weeks gestation, and 

the proportion of babies who received a central line, varied between neonatal networks 

from July 2016 to June 2017. The number of admissions to each network ranged from 

1,059 in network 6 to 3,834 in network 5 (Table 5-5).  Despite having the fewest number 

of admissions, network 6 admitted the largest proportion of born before 32 weeks of 

gestation. This is because no LNUs from network 6 were included in the NNRD extract 

due to no response to requests for linkage (chapter 2, section 2.3.2.2) and exclusion due 

to poor reporting from the corresponding laboratory (chapter 4, section 4.3.2).   Network 

9 used central lines most frequently (61% of admissions), compared to the fewest in 

network 8 (39% of admissions).  This is despite a similar proportion (35% vs 36%) of 

admissions involving babies born before 32 weeks gestation in the two networks.  Nearly 

three-quarters of admissions to network 9 were to the three surgical NICUs in the 

network,   which may explain the high rate of use of central lines.  
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Table 5-5: Characteristics of babies admitted to neonatal networks between July 2016 and June 2017 

 Number of admissions LNU NICU Surgical NICU 

Network All  
<32 weeks 
gestation 

(%) 

With 
central line 

(%) 

Number 
of units 

Number of 
admissions 

Number 
of units 

Number of 
admissions 

Number 
of units 

Number of 
admissions 

1 2870 859 (30%) 1320 (46%) 8 1514 (53%) 1 367 (13%) 2 989 (34%) 

2 1418 422 (30%) 629 (44%) 1 367 (26%) 2 1051 (74%) 0 0 (0%) 

3 2743 863 (31%) 1251 (46%) 5 1222 (45%) 2 1071 (39%) 1 450 (16%) 

4 1480 555 (38%) 626 (42%) 3 660 (45%) 1 371 (25%) 1 449 (30%) 

5 3834 1346 (35%) 1719 (45%) 11 1219 (32%) 6 1908 (50%) 1 707 (18%) 

6 1059 429 (41%) 553 (52%) 0 0 (0%) 3 674 (64%) 1 385 (36%) 

7 2719 722 (27%) 1161 (43%) 5 1407 (52%) 2 797 (29%) 1 515 (19%) 

8 2076 733 (35%) 803 (39%) 3 740 (36%) 3 949 (46%) 1 387 (19%) 

9 2166 771 (36%) 1316 (61%) 3 576 (27%) 0 0 (0%) 3 1590 (73%) 

10 1376 449 (33%) 608 (44%) 3 672 (49%) 2 704 (51%) 0 0 (0%) 

11 1293 467 (36%) 628 (49%) 3 604 (47%) 0 0 (0%) 1 689 (53%) 

12 1710 602 (35%) 839 (49%) 6 803 (47%) 1 384 (22%) 1 523 (31%) 

13 2092 821 (39%) 1167 (56%) 5 783 (37%) 2 618 (30%) 2 691 (33%) 

14 2546 905 (36%) 1229 (48%) 10 1309 (51%) 1 286 (11%) 2 951 (37%) 

Restricted to admissions receiving intensive or high dependency care; NICU = neonatal intensive care unit; LNU = local neonatal unit 
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5.4.3.2 Model selection 

I selected models based on forward stepwise regression and AIC and BIC. Gestational 

age at birth was the only significant risk factor for BSI per 1000 central line days for BSI 

caused by all organisms and restricted to clearly pathogenic organisms.  

Annual number of admissions and level of NNU were significant in separate models of 

BSI per 100 admissions for BSI caused by all organisms and when restricted to clearly 

pathogenic organisms. The model that included all organisms adjusted for gestational 

age at birth, sex and being born small for gestational age. In addition, the model restricted 

to clearly pathogenic organisms adjusted for sex.  For BSI caused by all organisms and 

clearly pathogenic organisms, the AIC and BIC were lower in the models that adjusted 

for annual number of admissions, therefore I selected these models (Table 5-6).  

I adjusted the model of BSI caused by all organisms per 1000 days of intensive and high 

dependency care for gestational age at birth, small for gestational age and annual 

number of NNU admissions. No other NNU-related factors were significant, so I did not 

compare AIC and BIC.  Annual number of NNU admissions and level of NNU were 

significant in separate models of BSI caused by clearly pathogenic organisms per 1000 

days of intensive and high dependency care. The models also adjusted for gestational 

age at birth. The AIC and BIC were lower in the model that adjusted for admissions per 

year, therefore I selected this model (Table 5-6).  

Table 5-6: Akaike's information criterion (AIC) and Bayesian information criterion 
(BIC) for models tested for rates of BSI in 2016-17 

Model AIC BIC 

BSI (pathogens)A per 1000 days of intensive and high 
dependency care adjusted for gestational age at birth and: 

  

Level of NNU 1781.875 1825.827 

Annual admissions to NNU C 1779.198 1817.682 

BSI (pathogens)A per 100 admissions adjusted for 
gestational age at birth, sex, small for gestational age and: 

  

Level of NNU 1820.129 1874.945 

Annual admissions to NNU C 1819.153 1868.487 

BSI (all organisms)B per 100 admissions adjusted for 
gestational age at birth, small for gestational age and: 

  

Level of NNU 3029.401 3084.379 

Annual admissions to NNU C 3018.709 3062.691 

AIC = Akaike’s information criterion; BIC = Bayesian information criterion; A BSI caused by clearly 
pathogenic organisms between two days after admission and two days after admission; B BSI 
caused by all organisms between two days after admission and two days after admission; C 
selected model  
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5.4.3.3 Variation between neonatal networks 

There was more variation in BSI rates between July 2016 and June 2017 for BSI caused 

by all organisms than when restricted to clearly pathogenic organisms. For example, in 

risk-adjusted models of BSI per 1000 days of intensive or high dependency care, the 

variation between NNUs within networks was 0.59 for all organisms, compared to 0.20 

for clearly pathogenic organisms (Table 5-7).  The percentage of variation between 

NNUs explained in risk adjustment was lower in models that included BSI caused by all 

organisms compared to clearly pathogenic organisms (Table 5-7). In models of BSI per 

1000 days of intensive or high dependency care, risk-adjustment explained 3% of 

variation between NNUs for BSI caused by all organisms, compared to 20% for clearly 

pathogenic organisms (Table 5-7). Variation in rates of BSI caused by all organisms was 

due to unmeasured factors, the most plausible is variable reporting of skin organisms to 

the laboratory infection surveillance system (chapter 3). Therefore, I only discuss 

variation in rates of BSI caused by clearly pathogenic organisms for the rest of this 

section.  

Nearly all variation in rates of BSI was due to variation between NNUs within the same 

network, rather than variation between networks (Table 5-7). The variance between 

networks was negligible (<1%) in all models. This demonstrates that the risk of BSI is 

similar across all neonatal networks but differences were observed between NNUs within 

networks.  

Risk-adjustment for baby and NNU characteristics reduced variation in BSI rates 

between NNUs within networks. Risk-adjustment reduced variation between NNUs 

within networks by 61% (from 0.57 to 0.22) for rates of BSI per 100 admissions, by 20% 

(from 0.25 to 0.20) for BSI per 1000 days of intensive and high dependency care, and 

by 4% (from 0.25 to 0.24) for BSI per 1000 central line days (Table 5-7). There was a 

smaller reduction in variation following risk-adjustment for BSI per 1000 central line days 

compared to the other measures. As the analysis was already restricted to babies who 

received central lines, BSI risk may be more homogenous in this group compared to all 

babies who received intensive or high dependency care. The risk-adjusted variance 

between NNUs was similar for all rates (0.22 vs 0.20 vs 0.24), but the unadjusted 

variance was much greater for rates of BSI per 100 admissions. This suggests that risk-

adjustment is more important when comparing rates of BSI per 100 admissions than 

when using the other measures.  



 

199 
 

Gestational age at birth had a larger effect on rates of BSI per 100 admissions compared 

to rates per 1000 days of intensive or high dependency care. For example, babies born 

before 26 weeks gestation had three times higher (IRR: 3.16, 95% CI: 2.26, 4.43) rates 

of BSI per 1000 days of intensive or high dependency care compared to a baby born at 

37 weeks or later (Table 5-7). In contrast, rates of BSI per 100 admissions were 25 times 

greater (IRR: 24.62, 95% CI: 17.58, 34.50) in babies born before 26 weeks compared to 

37 weeks or later. This is likely because rates per 1000 days of intensive and high 

dependency care already partially account for a baby’s risk, as babies with longer stays 

in NNU are probably more ill or were born at an earlier gestation.  

The mean number of BSI per NNU that occurred between July 2016 and June 2017 was 

13 for all organisms (1,414 BSI in 109 NNUs) and 5 when restricted to clearly pathogenic 

organisms (534 BSI in 109 NNUs). The median number of BSI due to all organisms in 

2016-17 in NNU was 6 (interquartile range [IQR]: 2, 18) and when restricted to clearly 

pathogenic organisms was 2 (IQR: 1, 7). These low numbers demonstrate why it was 

not feasible to evaluate rates of BSI for individual NNUs. 
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Table 5-7: Incidence rate ratios and variance from multilevel Poisson models of BSI rates between July 2016 and June 2017 
 Clearly pathogenic organisms All organisms 

BSI per 100 
admissions 

BSI per 1000 
days A 

BSI per 1000 
central line days 

BSI per 100 
admissions 

BSI per 1000 
days A 

BSI per 1000 
central line 

days 

Number of BSI 
Denominator 

534 
29,332 

534 
332,056 

340 
145,597 

1,414 
29,332 

1,414 
332,056 

949 
145,597 

Rates of BSI (95% CI) 
  Crude 
  Risk-adjusted 

 
1.82 (1.66, 1.98) 
1.75 (1.60, 1.90) 

 
1.68 (1.47, 1.75) 
1.55 (1.41, 1.69) 

 
2.34 (2.08, 2.59) 
2.23 (1.98, 2.47) 

 
4.82 (4.57, 5.07) 
4.69 (4.44, 4.94) 

 
4.26 (4.03, 4.48) 
4.14 (3.92, 4.37) 

 
6.52 (6.10, 6.94) 
6.29 (5.87, 6.70) 

IRR (95% CI) B       

Gestational age at birth 
  <26 weeks 
  26 to 28 weeks 
  28 to 32 weeks 
  32 to 37 weeks 
  ≥37 weeks 

 
24.62 (17.58, 34.50) 
12.29 (8.59, 17.59) 
5.15 (3.60, 7.37) 
1.35 (0.90, 2.05) 

1.00 

 
3.16 (2.26, 4.43) 
1.98 (1.38, 2.83) 
1.57 (1.10, 2.25) 
1.04 (0.69, 1.56) 

1.00 

 
5.39 (3.37, 8.61) 
2.66 (1.61, 4.41) 
1.67 (1.03, 2.78) 
1.39 (0.80, 2.42) 

1.00 

 
21.47 (17.44, 26.43) 
12.98 (10.45, 16.13) 

5.58 (4.50, 6.93) 
1.43 (1.12, 1.83) 

1.00 

 
2.77 (2.25, 3.41) 
2.05 (1.65, 2.55) 
1.63 (1.32, 2.03) 
1.08 (0.84, 1.39) 

1.00 

 
4.42 (3.35, 5.84) 
2.77 (2.07, 3.72) 
1.82 (1.36, 2.42) 
1.29 (0.93, 1.80) 

1.00 

Male sex  1.23 (1.03, 1.46)      

Small for gestational age 1.58 (1.24, 2.00)   1.59 (1.38, 1.84) 1.19 (1.03, 1.37)  

Annual admissions C 1.32 (1.18, 1.48) 1.16 (1.04, 1.30)  1.35 (1.12, 1.56) 1.16 (1.01, 1.34)  

Variance (95% CI)        

Adjusted model  
  Between networks  
  Between NNUs within 
networks 

 
<0.01 

0.22 (0.11, 0.44) 

 
<0.01 

0.20 (0.10, 0.40) 

 
<0.01 

0.24 (0.12, 0.51) 

 
<0.01 

0.59 (0.40, 0.87) 

 
0.01   

0.59 (0.38, 0.93) 

 
0.02  

0.73 (0.44, 1.19) 

Unadjusted model  
  Between networks 
  Between NNUs within 
networks 

 
<0.01 

0.57 (0.34, 0.94)  

 
<0.01 

0.25 (0.13, 0.47) 

 
0.02  

0.25 (0.10, 0.62) 

 
<0.01 

0.89 (0.61, 1.28) 

 
0.02 

0.61 (0.39, 0.95) 

 
0.04  

0.73 (0.44, 1.21) 

Variation between NNUs 
explained in risk 
adjustment  

61% 20% 4% 33% 3% 0% 

A days of intensive and high dependency care; B IRR = incidence rate ratio; C Effect of an additional 100 annual admissions
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Funnel plots of BSI rates by network between July 2016 and June 2017 showed no 

significant variation in risk-adjusted rates of BSI caused by clearly pathogenic organisms 

based on 99.8% control limits. There was substantial variation in BSI rates by neonatal 

network for BSI caused by all organisms. In funnel plots for each of the three measures 

of BSI including all organisms, there were neonatal networks outside the 99.8% control 

limits and this was not affected by risk-adjustment (Figure 5-3, Figure 5-5, and Figure 

5-7). Conversely, in funnel plots of BSI due to clearly pathogenic organisms, any 

neonatal networks outside the 99.8% control limits moved within the limits following risk-

adjustment (Figure 5-4, Figure 5-6, and Figure 5-8). These results suggest that reporting 

of organisms that are not clearly pathogenic (e.g. CoNS) to national laboratory infection 

surveillance was not consistent in 2016-17. 

Despite no networks with rates of BSI caused by clearly pathogenic outside the 99.8% 

control limits in 2016-17 (Figure 5-4, Figure 5-6, and Figure 5-8), there were substantial 

differences in BSI rates within the control limits. For example, for all three measures of 

BSI, network 11 was highest and had BSI rates more than double those of the network 

with the lowest rates (e.g. network 14 or 3). If BSI rates did not vary between networks, 

one would expect networks to move randomly above and below the mean but within the 

99.8% control limits, when examining different years. To test this hypothesis, I examined 

funnel plots for rates of BSI caused by pathogens for the three measures of BSI for five 

previous years (Appendix G, figures Figure 13-1 to Figure 13-15). Network 11 did not 

have the highest infection rates in the previous years, suggesting the finding for 2016-17 

was due to chance. I found some evidence of consistent differences in BSI rates by 

networks. For example, networks 1 and 3 had very low rates in nearly every year. BSI 

rates in network 9 were often high and in several years BSI rates were outside the 95% 

or 99.8% control limits.  
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Figure 5-3: Funnel plot of crude and risk-adjusted rate of BSI including all 
organisms per 100 admissions by neonatal network 

Adjusted for gestation, small for gestational age and mean annual days in NNU  
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Figure 5-4: Funnel plot of crude and risk-adjusted rate of BSI caused by clearly 
pathogenic organisms per 100 admissions by neonatal network 
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Figure 5-5: Funnel plot of crude and risk-adjusted rate of BSI including all 
organisms per 1000 days of intensive and high dependency care by neonatal 
network 
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Figure 5-6: Funnel plot of crude and risk-adjusted rate of BSI caused by clearly 
pathogenic organisms per 1000 days of intensive and high dependency care by 
neonatal network 
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Figure 5-7: Funnel plot of crude and risk-adjusted rate of BSI including all 
organisms per 1000 central line days by neonatal network 
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Figure 5-8: Funnel plot of crude and risk-adjusted rate of BSI caused by clearly 
pathogenic organisms per 1000 central line days by neonatal network 

 

 

  

Summary of variation by neonatal networks 

 Risk-adjusted rates of BSI did not vary between neonatal networks, but did vary 

between NNUs within networks. 

 Without risk-adjustment for baby and NNU characteristics, rates of BSI per 100 

admissions showed the most variation between NNUs and rates of BSI per 1000 

central line days showed the least. 

 Reporting of BSI caused by skin organisms was not consistent across regions in 

2016-17. 
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5.4.4 Changes over time 

Risk-adjusted rates of BSI due to clearly pathogenic organisms per 100 admissions and 

per 1000 days of intensive and high dependency care decreased from 2010 to 2017, but 

rates of BSI per 1000 central line days were stable. Rates of BSI per 100 admissions 

decreased annually by 3.39% (95% CI: -5.00%, -1.76%) when adjusted for gestational 

age at birth, small for gestational age, admitted for surgery and level of NNU (Figure 5-9, 

Table 5-8). Rates fell from 2.38 (95% CI: 1.54, 3.22) BSI per 100 admissions in 2010 to 

1.63 (95% CI: 1.11, 2.15) in 2017. Rates of BSI per 1000 days of intensive and high 

dependency care decreased annually by 2.59% (95% CI: -4.23%, -0.93%) when 

adjusted for gestational age at birth, small for gestational age and admitted for surgery 

(Figure 5-10, Table 5-8). Rates fell from 1.87 (95% CI: 1.21, 2.53) BSI per 1000 days of 

intensive and high dependency care in 2010 to 1.52 (95% CI: 0.99, 2.04) in 2017. Rates 

of BSI per 1000 central line days were not significantly different over time (Figure 5-11, 

Table 5-8). The risk-adjusted rate of BSI per 1000 central line days was 2.23 (95% CI: 

1.17, 3.29) in 2010 and 2.25 (95% CI: 1.31, 3.19) in 2017. 

Risk-adjustment had a far greater effect on trends in rates of BSI per 100 admissions 

than the other measures of BSI. More risk factors were significant in the model of BSI 

per 100 admissions. Without risk-adjustment the annual change in rates of BSI per 100 

admission was -6.10% (-7.65%, -4.51%), but this reduced to -3.39% (-5.00%, -1.76%) 

when adjusted for gestational age at birth, small for gestational age, admitted for surgery 

and level of NNU (Table 5-8). This suggests that risk-adjustment in rates of BSI per 100 

admissions is more important to account for case-mix. When using observational data to 

make comparisons between BSI rates in neonatal networks, it may be preferable to use 

rates of BSI per 1000 days of intensive and high dependency care. If the focus is only 

on BSI while a central line is in situ, BSI per 1000 central line days may be preferable.  

Evaluating change in denominators and numerators over time provided more information 

on what was driving the changes. The number of central line days and BSI during central 

line days increased at a similar rate across all years, which is to be expected given there 

was no change in rates of BSI per 1000 central line days (Figure 5-12). The decrease in 

BSI per 1000 days of intensive and high dependency care and per 100 admissions was 

explained by an increase in the denominator (number of days of intensive and high 

dependency care and number of admissions), as the number of BSI remained constant 

(Figure 5-12). The increase in number of admissions over time was only partly explained 

by an increase in the number of NNUs included in the NNRD data. The average monthly 
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admissions increased by 48% between the first 12 months (1,570 for March 2010 to Feb 

2011) of the study period and the last 12 months (2,323 for July 2016 to June 2017) 

when including all 110 NNUs. When restricted to the 82 NNUs included throughout the 

study period, the average monthly number of admissions increased by 37% (from 1,370 

to 1,877). The number of admissions increased at a greater rate than the number of days 

of intensive and high dependency care, indicating that as the number of admissions 

increased, the days per admission decreased. This may be related to the increase in 

term babies admitted (chapter 2, section 2.3.2.4).
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Table 5-8: Annual change in rates of BSI due to clearly pathogenic organisms for each of the three measures of BSI between 2010 and 
2017 

 BSI per 100 admissions 
BSI per 1000 days of 
intensive and high 
dependency care 

BSI per 1000 central line 
days 

Annual % change (95% CI)    

Unadjusted  -6.10% (-7.65%, -4.51%) -3.40% (-5.00%, -1.76%) -0.49% (-2.64%, +1.70%) 

Risk-adjustedA  -3.39% (-5.00%, -1.76%) -2.59% (-4.23%, -0.93%) +0.29% (-1.87%, +2.51%) 

IRR (95% CI)    

Gestational age at birth 
<26 weeks  
26 to <28 weeks 
28 to <32 weeks 
32 to <37 weeks 
37+ weeks 

 
17.01 (14.85, 19.49) 
9.62 (8.34, 11.10) 
4.21 (3.65, 4.85) 
1.38 (1.18, 1.62) 

1.00 

 
2.52 (2.20, 2.89) 
1.67 (1.45, 1.93) 
1.42 (1.23, 1.64) 
1.12 (0.95, 1.31) 

1.00 

 
4.01 (3.33, 4.82) 
2.24 (1.84, 2.74) 
1.54 (1.27, 1.87) 
1.35 (1.08, 1.67) 

1.00 

Small for gestational age 1.48 (1.39, 1.63) 1.11 (1.01, 1.23)  

Admitted for surgery 1.31 (1.13, 1.52) 1.33 (1.14, 1.55)  

Level of NNU 
LNU 
NICU 
Surgical NICU 

 
1.00 

1.50 (1.23, 1.83) 
1.91 (1.52, 2.39) 

  

ABSI per 100 admissions adjusted for gestational age at birth, small for gestational age, admitted for surgery and level of NNU, BSI per 1000 days adjusted for 
gestational age at birth and small for gestational age, BSI per 1000 central line days adjusted for gestational age at birth; restricted to clearly pathogenic 
organisms  IRR = incidence rate ratio; CI = confidence interval 
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Figure 5-9: Rate of BSI caused by clearly pathogenic organisms per 100 
admissions by year of admission 

CI = confidence interval 



 

212 
 

 

Figure 5-10: Rate of BSI caused by clearly pathogenic organisms per 1000 days 
of intensive and high dependency care by year of admission 

Days = days of intensive and high dependency care; CI = confidence interval  
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Figure 5-11: Rate of BSI caused by clearly pathogenic organisms per 1000 central 
line days by year of admission 

CI = confidence interval 
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Figure 5-12: How the numerators and denominators to calculate rates of BSI 
changed over time 
The number of central line days and BSI that occur during central line time at risk increase at 
similar (gradual) rate during study period. The number of admissions and number of days of 
intensive and high dependency care increase (admissions most sharply) but number of all BSI 
remains similar across the study period.  
IC/HDC days = number of days of intensive and high dependency care; CL days = central line 
days; All BSI = BSI with sample date between 2 days after admission and 2 days after discharge; 
BSI during CL days = BSI with sample date between one day after central line insertion and two 
days after removal 
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Trends in rates of BSI using each of the three measures were similar across all neonatal 

networks (Figure 5-13).  

 

 

Figure 5-13: Caterpillar plot showing the risk-adjusted trend for all networks 
combined (labelled overall) and each of the 14 networks for each of the three 
measures of BSI 

 

 

Summary of changes over time 

 Risk-adjusted rates of BSI per 100 admissions and per 1000 days of stay 

decreased from 2010 to 2017. 

 Risk-adjusted rates of BSI per 1000 central line days were stable from 2010 to 

2017. 

 Temporal trends in rates of BSI did not vary between neonatal networks. 
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5.5 Discussion 

5.5.1 Summary 

Rates of BSI caused by clearly pathogenic organisms were similar across neonatal 

networks in 2016-17. Rates of BSI caused by all organisms varied, but this is likely due 

to inconsistent reporting of non-clinically significant BSI to the national laboratory 

surveillance. Nearly all variation was explained by differences between NNUs within 

networks, rather than between networks. Variation in unadjusted rates of BSI between 

NNUs was largest for rates per 100 admissions and smallest for rates per 1000 central 

line days but the differences vanished when adjusted for baby and NNU characteristics. 

Rates of BSI per 100 admissions and per 1000 days of intensive and high dependency 

care decreased from 2010 to 2017. Rates were stable for BSI per 1000 central line days 

from 2010 to 2017. Temporal trends did not vary by neonatal network.  

5.5.2 Strengths  

This chapter reports the largest study of regional variation and temporal trends in rates 

of risk-adjusted BSI in NNUs in England. The large sample size is a strength of the study 

as is the longevity of the study period, with lots of data points to examine long term 

trends. This gives confidence to the results as any differences over time are less likely 

to be due to chance (as they could be if there were fewer time points).  

A strength of this chapter is that I identified sources of variation which help explain 

differences in rates of BSI between NNUs or over time. I found that baby and NNU 

characteristics contribute to variation in rates of BSI. When these are accounted for, 

unmeasured differences in BSI rates between NNUs within networks remains, but there 

is little difference between neonatal networks. The unmeasured differences could be due 

to how NNUs use high risk interventions in similar babies, for example how long different 

NNUs use central lines in babies with similar gestation and birthweight, or the infection 

control practices followed in a NNU, for example which antiseptic agent is used to clean 

the catheter hub. However, these differences are likely to be similar within networks, 

therefore the differences may be due to unmeasured differences in the types of babies 

admitted to the different NNUs within the network. Furthermore, I demonstrated how 

comparing rates of BSI caused by all organisms can lead to spurious results due to 

inconsistent reporting of skin commensals between laboratories. 

The ability to calculate different measures of BSI and to investigate why rates differed 

using different measures was a strength of the data resource. In this chapter, I have 
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highlighted the importance of evaluating BSI in all babies in NNU, not only BSI during 

central lines. If I had only examined rates of BSI per 1000 central line days, I would have 

not seen any change in rates over time. However, BSI rates per 100 admissions and 

1000 intensive and high dependency care decreased over time. As I examined how the 

number of BSI and the denominators changed over time separately, I have more 

evidence for what is driving the change. The decrease in BSI rates is likely due to an 

increase in the number of low risk admissions to NNUs, many of which were for term 

babies with short durations of intensive and high dependency care. Part of the increase 

in the number of admissions over time was due to an increase in the number of included 

NNUs, but a 37% increase remained even when restricted to NNUs included throughout 

the study period. The reason for the increase in admissions is not clear, but this 

represents more babies admitted for shorter periods of time, rather than an increase in 

capacity.  

5.5.3 Limitations  

A major limitation is that it was not possible to compare rates of BSI between individual 

NNUs because the annual number of BSI was too low. The average variance from the 

multilevel models shows that nearly all variation is due to differences between NNUs 

within networks, rather than differences between neonatal networks. It would be valuable 

to explore the drivers of the variation and to determine whether the variation differed 

outside of the expected limits by using funnel plots. However, as the number of BSI per 

NNU was low, the control limits would be wide and therefore it is unlikely any BSI rates 

would be outliers.  

Even when examining funnel plots for neonatal networks to avoid the problem of small 

numbers, interpretation must be approached with caution. For example, in Figure 5-4, 

Figure 5-6 and Figure 5-8, network 11 has the highest rates (outside or very close to the 

95% confidence limit) which could be interpreted as poor infection control or a high 

prevalence of other unmeasured risk factors in network 11. However, in the funnel plots 

for previous years (Appendix G), network 11 had BSI rates less than the mean far more 

often than rates above the mean. The high BSI rates in 2016-17 could be due to a true 

increase in BSI rates following some local change in practice, but as BSI rates were 

decreasing or stable in all networks (Figure 5-13), it is more likely this is due to random 

chance. Examining the funnel plots over time did reveal some networks that often had 

the highest or lowest BSI rates. Networks 1 and 3 appear to have consistently low rates 

and rates in network 9 are often very high. Practice in these networks should be 

compared to try to identify any helpful or harmful practices. Data from the survey is not 
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appropriate for this comparison as it is cross-sectional and date on implementation of 

interventions is not available. Practice may also have changed since the survey. 

A limitation of my evaluation of rates by neonatal network is that there are NNUs missing 

from the data. Most neonatal networks had at least one NNU missing and therefore it is 

not possible to say with certainty that there were no differences between networks as 

the missing NNUs may have had unusually high or low rates of BSI. 

There may be residual confounding due to failure to adjust for unmeasured risk factors. 

One major contributor to BSI risk is CVC use. However, I did not adjust for CVCs due to 

the difficulty in correctly accounting for time at risk (chapter 1, section 1.4.2). I discuss 

possible methods that could be used in chapter 7 (section 7.5.4). Infection control 

practices likely have a substantial effect on rates of BSI but are difficult to measure as 

they change over time and local guidelines are not always understood or followed 

consistently. Other factors that may be related to BSI but were not adjusted for are age, 

parenteral nutrition, mechanical ventilation, length of stay and congenital anomalies.(10, 

11, 40, 41, 151) Age was difficult to adjust for as most babies are admitted on the first 

day of life so if age at admission was used it would be the same for all babies, but a 

baby’s risk of BSI changes over time. I did not adjust for length of stay because length 

of stay was related to the outcome as BSI can increase length of stay.(21) However, the 

measure of BSI per 1000 days of intensive and high dependency care accounted length 

of stay within the outcome. Parenteral nutrition is highly correlated with CVC use and 

therefore has the same issues for measuring. Mechanical ventilation will be adjusted for 

in chapter 6. The NNRD extract did not include diagnostic codes, therefore I could not 

identify which babies had congenital anomalies.  

5.5.4 Implications for this thesis 

I have demonstrated that risk-adjustment is important to evaluate rates of BSI, and the 

impact of risk-adjustment depends on which measure of BSI is used. It is more important 

to adjust for risk factors when measuring rates of BSI per 100 admissions than rates per 

1000 central line days. In chapter 6, I evaluate whether BSI rates changed following the 

introduction of PICC care bundles (section 6.4.1) and whether results from the PREVAIL 

trial are generalisable and applicable to other babies receiving PICCs in NNU (section 

6.4.2). I will adjust for the same risk factors in the evaluation of how rates of BSI changed 

following the introduction of PICC care bundles as I used to determine changes over time 

in BSI rates. In the evaluation of care bundles, it is important to only include baseline risk 

factors as changes in practice (e.g. use of invasive/non-invasive ventilation) may be 
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related to the care bundles. However, in my evaluation of the generalisability of the 

PREVAIL trial I also adjusted for risk factors related to practice.     

In this chapter, I have shown how rates of BSI very between NICUs and LNUs. In next 

chapter I will separate trends by LNU and NICU (NICUs participating and not 

participating in PREVAIL) to determine whether changes over time differ between 

different levels of NNU. 

 

 

 

Key messages 

 Rates of BSI did not vary between neonatal networks, but there was variation 

between NNUs within neonatal networks. 

 Rates of BSI per 1000 days of intensive and high dependency care declined 

from 2010 to 2017 but rates per 1000 central line days were stable. 
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6 Evaluation of interventions to reduce BSI rates 

6.1 Overview 

The overall aim of this thesis was to create a system for monitoring BSI rates and for 

supporting evaluations of interventions to reduce BSI in NNUs in England by linking 

electronic health records from NNUs to national laboratory infection surveillance data. In 

chapter 4, I created the linked data resource for measuring BSI rates. In chapter 5, I 

developed models for evaluating variation in risk-adjusted BSI rates between neonatal 

networks and over time. In this chapter, I present work towards objective 7 “To 

demonstrate how the system can be used to support evaluations of interventions through 

two examples”. I applied the methods described in chapter 5 to analyses involving two 

interventions to prevent BSI in babies who receive PICCs in NNUs.  

In the first example (section 6.4.1), I evaluated whether rates of BSI changed following 

the introduction of PICC care bundles in a before and after study. I collected dates of 

bundle adoption in the survey of infection control practice in NNUs (chapter 2, section 

2.4) and determined whether rates of BSI changed following the adoption of bundles for 

PICC insertion or maintenance. In the second example (section 6.4.2), I provide 

evidence to support the interpretation of results from the PREVAIL randomised controlled 

What is already known: 

 Rates of BSI per 1000 days of intensive and high dependency care have 

declined from 2010 to 2017, but rates per 1000 central line days were stable. 

 The PREVAIL trial found no evidence of a difference in the effectiveness of 

antimicrobial-impregnated PICCs at preventing BSI in neonates in 

comparison to standard PICCs. 

What this chapter adds: 

 I determined how rates of BSI changed following the introduction of PICC 

care bundles. 

 I evaluated the generalisability and applicability of rates of BSI in babies in 

the PREVAIL trial to rates of BSI for other babies receiving PICCs in NICUs 

and LNUs in England. 

 I determined the contribution of PICCs to overall BSI by calculating the 

proportion of all BSI (early and late onset) that occurred while PICCs were 

in situ. 
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trial, by determining the generalisability and applicability of trial findings to rates of BSI 

in all babies receiving PICCs in NNUs in England.  In section 6.4.3, I determined the 

contribution of PICCs to overall rates of BSI among babies in NNUs, to estimate the 

upper limit of BSI that could be prevented in an intervention that targets only babies with 

PICCs. 

The work on the generalisability and applicability of the PREVAIL trial presented in this 

chapter formed the generalisability study of the PREVAIL report and was included as a 

chapter in the NIHR Health Technology Assessment report for the PREVAIL trial 

(currently under review).  

6.2 Background 

Interventions to prevent BSI in NNUs are a priority due to the potential to reduce 

neurodevelopmental impairment and mortality.(3, 6) However, evaluations of 

interventions in NNU are often subject to bias (chapter 1, section 1.5). Sources of bias 

in these studies included selection bias, small sample sizes, short term focus, and 

insufficient risk-adjustment.  

Selection bias can occur if the babies who were enrolled in a trial or observational study 

differ from those in whom the intervention would be used and if these differences are 

related to the risk of BSI. Babies in a trial may differ from the population due to selection 

criteria for the trial. For example, only selecting babies born before 32 weeks gestation. 

There may also be differences in which babies were approached or whose parents gave 

consent. For example, parents of young or critically ill babies may not be available to 

consent. Selection bias can also be caused by the hospitals that sign up for a trial. For 

example, NNUs that pay a lot of care to infection control practices, and therefore have 

lower rates of BSI, may be more likely to participate. Conversely, it may be NNUs that 

are struggling with high rates of BSI, that are most interested in ways to prevent BSI and 

therefore more likely to participate in a trial. These differences can result in over or 

underrepresentation of certain groups in trials.  

A limitation of studies evaluating CVC care bundles is that they are based on data from 

one NNU.(72) As BSI is relatively rare in NNUs, single centre studies may not have 

sufficient sample sizes to determine whether a change in rates of BSI is related to a 

specific intervention. For example, if a NNU had only two BSI per month before the 

intervention, and after the intervention the time at risk does not change but there is one 

fewer BSI, this would represent a 50% reduction in BSI. However, a decrease of one BSI 
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could be due to chance. This is why it is important to measure trends over a sufficient 

period before and after the intervention. If there were two BSI every month for several 

years prior to the intervention and never more than one a month following the 

intervention, we would have more confidence in the effect of the intervention. 

Risk factors must be accounted for in any evaluation of interventions. In a randomised 

controlled trial, the randomisation should negate the need to adjust for risk factors as the 

distribution of risk factors should be the same in intervention and control groups. 

However, many of the evaluations of CVC care bundles are before and after studies. In 

these studies risk-adjustment is vital to ensure any observed differences are due to the 

change in practice, rather than a change in the types of babies admitted to NNU. 

6.2.1 PICC care bundles 

In chapter 2, I found that around two-thirds of NNUs used care bundles for PICC insertion 

and maintenance in 2016 (Table 2-11). Numerous studies have reported reductions in 

BSI rates following the introduction of CVC care bundles. Many, if not all, of these studies 

are at risk of one or more of the biases I outlined above. I used data from a national 

survey of CVC care bundles (chapter 2, section 2.4) and the linked dataset (chapter 4) 

to evaluate the whether BSI rates changed following the introduction of PICC care 

bundles, while accounting for pre-existing trends and risk factors. I combined data from 

all NNUs that provided a date for introduction of PICC care bundles, therefore increasing 

sample size compared to a single centre study. However, I did not include all 110 NICUs 

and LNUs as not all used care bundles, and I do not have dates of adoption for all of 

those that did. 

6.2.2 Generalisability and applicability of results from the PREVAIL trial 

The PREVAIL trial evaluated the efficacy of antimicrobial-impregnated PICCs (AM-

PICC) for preventing BSI in neonates.(78) In PREVAIL, 861 babies in 18 NICUs were 

randomised to receive either an AM-PICC (430 babies) or S-PICC (431 babies). The 

PREVAIL trial found no difference in time to first BSI (the primary outcome) between 

babies randomised to AM-PICC compared to S-PICC.(78)  

Results from the PREVAIL trial are generalisable if babies in the trial were similar to the 

population from which they were drawn (i.e. babies who receive PICCs in the 18 

participating NICUs).(152) Results are applicable if babies in the trial were similar to all 

patients who would receive the intervention (i.e. babies who receive PICCs in other 

NICUs and LNUs). The PREVAIL trial recruited babies from 18 NICUs, but there are 46 

NICUs in England and babies also receive PICCs in 76 LNUs in England. As I 
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demonstrated in chapter 2, practice is not consistent across NNUs in England: there is 

variation between NNUs in infection control practices (section 2.4) and in central line use 

(section 2.3.1.7). Both may affect rates of BSI. In chapter 5 (section 5.3.4), I found no 

variation by neonatal network, but rates of BSI were higher in NICUs compared to LNUs. 

Therefore, the rates of BSI from the PREVAIL trial may differ from those in other NNUs 

where the AM-PICCs would be have been used, if they were found to be effective.  

Results from the PREVAIL trial may not be generalisable, if the rates of BSI differed in 

the trial compared to rates for other babies receiving PICCs in NNU.  If the intervention 

was effective, the same relative effect would prevent a greater number of BSI in 

populations with higher baseline rates of BSI. For example, if the baseline rate was 5.0 

BSI per 1000 PICC days and the intervention had a rate ratio of 0.5 (i.e. prevented half 

of the BSI), this would be a far greater absolute difference than if the baseline rate was 

1.0 BSI per 1000 PICC days. The rates could differ for two reasons. First, babies in 

PREVAIL may have been treated differently from other babies receiving PICCs in NICUs 

or LNUs due to trial participation.(153) Thereby, risk of BSI would be different in 

PREVAIL babies compared with babies who would receive PICCs in practice. For 

example, PREVAIL NICUs may have used different infection control practices, or taken 

samples more frequently. However, the PREVAIL protocol only required samples when 

clinically indicated.(154) Secondly, the characteristics of babies enrolled in PREVAIL 

may differ from other babies receiving PICCs in NNUs. For example, babies who were 

enrolled in PREVAIL may have been born at an earlier gestation than those not in 

PREVAIL and therefore had higher rates of BSI. Differences in risk of BSI in babies 

enrolled in PREVAIL, compared with those not enrolled, may be due to disparity in 

parental consent related to baby characteristics. For example, if parents of younger, 

sicker babies were not approached for consent, or if the mother was still in the maternity 

ward. Alternatively, variation in BSI risk may have been due to different admission 

policies in PREVAIL NICUs compared to other NNUs. For example, PREVAIL NICUs 

may have admitted more high risk babies.   

Another reason results may not be generalisable or applicable would be if the 

effectiveness of AM-PICC differed in PREVAIL babies compared to non-PREVAIL 

babies. There are no plausible reasons to believe the effectiveness would differ by baby 

characteristics. This is supported by no difference in effectiveness of AM-PICC found in 

a post-hoc subgroup analyses of babies born before 28 weeks gestation in the PREVAIL 

trial.(78) However, the rifampicin-miconazole impregnation in the AM-PICC may have a 

differential effect depending on the type of organism causing BSI.(155) Therefore, if the 



 

224 
 

distribution of organism varies by NNU type (PREVAIL NICU vs non-PREVAIL NICU vs 

LNU), the effectiveness of the AM-PICC reported in the PREVAIL trial may not be 

applicable to babies in other NNUs.   

6.2.3 Contribution of PICCs to overall BSI rates 

Both PICC care bundles, and the AM-PICC evaluated in PREVAIL, are interventions that 

target PICCs; they are therefore likely only to reduce BSI in babies with PICCs.(72, 78) 

However, some elements of PICC care bundles may reduce other infections e.g. hand 

hygiene. There is currently no data on how PICCs contribute to overall rates of BSI. It is 

important to understand the contribution of PICCs, to determine whether they are a 

suitable target for interventions to reduce BSI. If there is a substantial proportion of BSI 

that occurs outside of the PICC time at risk, interventions that can be used in all babies 

(not just those with PICCs) may be more beneficial.  

6.3 Methods 

6.3.1 Example 1: Changes in BSI rates following the introduction of PICC care 

bundles 

In this first example, I determined whether rates of BSI in NNUs changed following the 

adoption of care bundles for PICC insertion and maintenance.  Previous studies lacked 

risk-adjustment, sufficient sample size, and did not account sufficiently for pre-existing 

trends (chapter 1, section 1.5). I conducted the survey of PICC care practices, as 

reported in chapter 2 (section 2.4). I report the linkage that created the data resource in 

chapter 4 and I developed models of risk adjusted trends in BSI rates in chapter 5 

(section 5.4.4). These methods lay the foundation for interrupted time series analyses to 

evaluate the change in BSI rates following adoption of PICC care bundles. Furthermore, 

the methods address the limitations mentioned above, but observational analyses are 

not sufficient to infer causation.  

I collected data on whether NNUs used care bundles for PICCs and when they were first 

introduced in the survey of neonatal care (section 2.4). I asked about care bundles for 

PICC insertion and maintenance separately, however I combined the two for this 

evaluation because most NNUs reported implementing them at the same time. In total, 

19 LNUs and 32 NICUs reported using a care bundle for either PICC insertion, PICC 

maintenance or both (Table 2-11). Of these, 17 LNUs and 28 NICUs were included in 

the linked dataset. I excluded responses to the survey which did not provide a date (8 

LNUs and 6 NICUs) or provided a date before September 2010 (2 LNUs AND 6 NICUs), 
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as I wanted at least six months prior to the implementation of the bundle. If the response 

only recorded a year, I set the month as June. In one case, a respondent said the bundle 

was introduced at “the end of 2014” for which I set the date as December 2014. This left 

7 LNUs and 16 NICUs with care bundles introduced between September 2010 and 

December 2015 (Table 6-1 and Table 6-2).    

Table 6-1: Number of NNUs included in the evaluation of PICC care bundles in 
NNUs in England  

 LNUs NICUs 

Reported using bundles 19 32 

In England (Wales excluded) 19 29 

Included in the linked data 17 28 

Provided a date for bundle adoption 9 22 

Date for bundle adoption was later 
than Sep 2010 (included) 

7 16 

 

Table 6-2: The dates bundles were introduced 

Month and year of bundle adoption Number of NNUs 

Sep-10 1 

Jan-11 1 

Feb-11 1 

Jun-11 3 

Jan-12 2 

Jun-12 3 

Oct-12 1 

Dec-12 1 

Jun-13 4 

Oct-13 1 

Jun-14 3 

Dec-14 1 

Dec-15 1 

Total 23 
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I used interrupted time series Poisson models to determine whether rates of BSI changed 

following the adoption of bundles. I modelled each of the three measures of BSI rates 

(Table 5-1), but BSI per 1000 central line days was the primary outcome as the 

intervention was targeting babies with PICCs. I chose to evaluate rates using the other 

two measures (per 100 admissions and per 1000 days of intensive and high dependency 

care) as care bundles may have reduced BSI in babies who did not have PICCs. This is 

because common elements of care bundles, for example hand hygiene, will affect all 

babies not only those with PICCs. I used the risk-adjusted models selected in chapter 5 

(Table 6-3). As different NNUs adopted bundles at different times, I centred the months 

on the date the bundle was adopted. I set the month the bundle was adopted as month 

0 and the months before were -1, -2 etc. and the months after were +1, +2 etc. I added 

an indicator for before/after adoption of the bundle and an interaction between month 

and bundle adoption to determine whether the trend changed following bundle adoption. 

I cut off the time period at 50 months before bundle adoption due to low numbers of 

babies in NNUs (274 babies in 17 months) and 70 months post bundle (572 babies in 6 

months).  

Table 6-3: Risk-adjustment for each measure of BSI used in the interrupted time 
series Poisson models 

Measure of BSI Risk factors in adjusted models A  

BSI per 1000 central line days Gestational age at birth 

BSI per 100 admissions 
Gestational age at birth, small for gestational 
age, admitted for surgery and level of NNU 

BSI per 1000 days of intensive and 
high dependency care 

Gestational age at birth, small for gestational 
age and admitted for surgery 

A see chapter 5, section 5.4.4 

6.3.2 Example 2: Generalisability and applicability of results from the PREVAIL 

trial 

To evaluate the generalisability of the results from the PREVAIL trial, I compared babies 

admitted to NICUs who were randomised to receive S-PICCs in PREVAIL to babies 

receiving S-PICCs who were not enrolled in PREVAIL in NICUs that participated in 

PREVAIL, and to NICUs that did not participate in PREVAIL. To evaluate the 

applicability, I also compared babies who received S-PICCs in PREVAIL to babies who 

received S-PICCs in LNUs that were not included in the trial.  
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6.3.2.1 Identification of babies in PREVAIL  

I used data linkage to identify babies in NNRD who were enrolled in the PREVAIL trial. 

The Clinical Trials Research Centre (CTRC) at University of Liverpool provided patient 

identifiers that were collected on case report forms (CRFs) and the line allocation (i.e. 

whether a baby was randomised to AM-PICC or S-PICC). This was important to 

determine which babies were enrolled in PREVAIL and exclude babies who were 

randomised to receive AM-PICC. The patient identifiers provided by CTRC were NHS 

number, postcode, sex and date of birth. There was one NICU in PREVAIL that did not 

consent to linkage of their data and therefore babies randomised in that NICU were not 

linked.  

I used two stages of deterministic linkage to link babies enrolled in PREVAIL to babies 

in NNRD. First, I searched for exact matches on NHS number. However, NHS number 

was not complete in all of the NNRD. Furthermore, two babies in PREVAIL had NHS 

numbers that failed the Modulus 11 check (i.e. were invalid). Therefore NHS number 

matches alone were not sufficient to identify all babies in PREVAIL in my data. In the 

second stage of deterministic linkage, I searched for matches on postcode, sex and date 

of birth.  

In addition to the exclusions described in chapter 2 (section 2.3.1.2) and chapter 4 

(section 4.3.2), I excluded babies who did not have a record of receiving a PICC in 

NNRD. This is because it would not be possible to determine the correct PICC days at 

risk, and because I compared babies who received S-PICC in PREVAIL to other babies 

who had a record of a PICC in NNRD.  

Due to these inclusion and exclusion criteria, not all babies who were randomised to S-

PICC in PREVAIL were included in the generalisability analysis. To evaluate whether the 

included babies were representative of all babies in PREVAIL, I compared the 

distribution of baseline baby characteristics in all PREVAIL S-PICC babies who linked to 

a record in NNRD to the included babies. The characteristics I compared were 

gestational age at birth in weeks, whether they were admitted to a surgical NICU, sex, 

and small for gestational age. I used the chi-squared test to determine whether there 

was a significant difference (p<0.05) between included and excluded PREVAIL babies 

who received S-PICC.  

6.3.2.2 Baby characteristics 

I compared characteristics of the babies receiving S-PICCs in PREVAIL with other 

babies receiving S-PICCs in NICUs and LNUs. If characteristics were significantly 
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different between babies in PREVAIL and babies not in PREVAIL, the baseline rate may 

differ. Differences in baseline rates of BSI would result in a difference in the number of 

BSI prevented, if the intervention was effective at preventing BSI. The characteristics 

that I included in the comparison were: gestational age at birth in weeks, sex, small for 

gestational age, age in days at first PICC insertion, whether the NICU provided surgery, 

and the number of days per admission with a PICC, invasive ventilation and non-invasive 

ventilation. I compared characteristics during the PREVAIL recruitment period. For 

NICUs that participated in PREVAIL, I used recruitment start and end dates specific to 

each NICU. For non-participating NICUs and LNUs, I included babies during the entire 

recruitment period (August 2015 to January 2017). I used the chi-squared test to 

determine whether there was a significant difference (p<0.05) between the distribution 

of the characteristics in the babies who participated in PREVAIL compared to those 

receiving S-PICCs in participating NICUs, non-participating NICUs and LNUs.  

6.3.2.1 Causative organisms  

I compared the prevalence of organisms that caused BSI in babies in NICUs participating 

in PREVAIL, non-PREVAIL NICUs and LNUs. If the organisms cultured differed in babies 

in PREVAIL NICUs compared to babies in non-PREVAIL NICUs or LNUs the results may 

not be generalisable or applicable, respectively, as the rifampicin-miconazole 

impregnation effectiveness differs depending on organism.(155) I combined babies in 

PREVAIL NICUs, whether or not they participated in PREVAIL, to avoid small cell sizes 

(which can lead to the identification of individuals). I used the chi-squared test to 

determine whether the distribution of organisms in babies in non-PREVAIL NICUs or 

LNUs was significantly different (p<0.05) from the distribution of organisms in babies in 

PREVAIL NICUs. 

6.3.2.2 Rates of BSI during PREVAIL 

I compared rates of BSI in babies who received S-PICCs in PREVAIL to other babies 

who received S-PICCs in PREVAIL NICUs, non-PREVAIL NICUs and LNUs. I calculated 

rates as the number of BSI per 1000 PICC days during the PREVAIL period for BSI 

caused by all organisms and BSI caused by clearly pathogenic organisms. I included 

BSI rates restricted to clearly pathogenic organisms because differences in rates of BSI 

due to all organisms by NNU may be due to differences in reporting of skin commensals 

to the surveillance system. During the PREVAIL period (August 2015 to January 2017), 

I had expected most laboratories to report to SGSS and therefore report BSI due to all 

organisms. However, in chapter 5, I found significant variation in reporting of BSI caused 

by all organisms by regional neonatal network. This variation did not occur when 
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restricted to clearly pathogenic organisms suggesting that it was due to variation in 

reporting of skin organisms. I included BSI with a sample date between one day after 

PICC insertion and two days after PICC removal.  

I calculated risk-adjusted rates of BSI to account for differences in case-mix between 

groups. For example, LNUs tend to admit lower risk babies, which will may result in lower 

risk of BSI. I used multilevel Poisson models with NNU included as a random effect to 

account for clustering of admissions within NNUs. All models included a four-level factor 

for the group: PREVAIL babies in PREVAIL NICUs, non-PREVAIL babies in PREVAIL 

NICUs, babies in non-PREVAIL NICUs, and babies in LNUs. I used forward stepwise 

regression to determine which baby characteristics were significant risk factors for BSI.  

If the 95% confidence interval (CI) for a covariate excluded one, I considered it significant 

and therefore I included the covariate in the model. If the 95% CI included one, I excluded 

the covariate. I used this approach as although covariates may have been associated 

with BSI (tested in section 5.4.2), when adding multiple covariates to a model the 

relationships can change and I only wished to include significant risk factors in my 

models to avoid over-adjustment. I tested covariates for which prior research suggested 

a relationship with BSI. The covariates I tested were: gestational age at birth in weeks, 

small for gestational age, age in days at first PICC insertion, invasive ventilation days 

per admission, non-invasive ventilation days per admission, and whether the NNU 

provided surgery.(10, 11, 41, 59)  

6.3.2.3 Changes over time in BSI rate  

I compared trends in rates of BSI in babies with PICCs in PREVAIL NICUs, non-

PREVAIL NICUs and LNUs. I calculated rates of BSI per 1000 PICC days per month of 

admission from March 2010 to June 2017 (excluding September 2015 to February 2016; 

chapter 2, section 2.3.1.2) for BSI caused by clearly pathogenic organisms. Other BSI 

were excluded as they were more likely to have been affected by the change in data 

collection when SGSS was introduced (chapter 3). I modelled the change over time using 

multilevel Poisson regression with NNU included as a random effect and an interaction 

between NNU group (PREVAIL NICU, non-PREVAIL NICU or LNU) and month to allow 

for variation in trends between the groups. I used forward stepwise regression to 

introduce covariates that were significantly associated with BSI. I used the same 

selection of potential covariates for model building as in section 6.3.2.2 but I did not 

assume that the same covariates were significant as there may be different relationships 

when looking at changes over time. I modelled trends per month, but I calculated the 

annual percentage change in BSI rate as it is easier to interpret.  
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6.3.3 Trends in all babies 

To put the PREVAIL trial in context, I extended my analyses to include all babies who 

received intensive or high dependency care in the 112 included NICUs and LNUs. I 

compared trends in BSI rate from March 2010 to June 2017 in PREVAIL NICUs, non-

PREVAIL NICUs and LNUs. I used the same methods as I used in section 6.3.2.3, but 

instead of BSI per 1000 PICC days, I modelled BSI per 1000 days of intensive and high 

dependency care and BSI per 100 admissions. For BSI per 100 admissions, I included 

only the first BSI per baby thereby measuring the percentage of admissions that had at 

least one BSI. I included this measure as in chapter 3, section 3.4.2.1, I reported that the 

number of BSI per baby had increased therefore I wanted to test trends that would not 

be affected by this.  

6.3.4 Contribution of PICCs to overall BSI rates 

To determine the contribution of PICCs to overall BSI, I calculated the proportion of total 

BSI that occurred during PICC days at risk. I categorised BSI as early onset (sample 

date before two days of age, without a PICC), during PICC days at risk (from one day 

after, and late onset (sample date at age two days or older, without PICC). BSI during 

PICC days at risk included any BSI with a sample date between one day after PICC 

insertion and two days after PICC removal. Early onset BSI included any BSI with a 

sample date before two days of age, given the BSI did not occur during PICC days at 

risk. Late onset BSI included any BSI with a sample date at two days of age or older, 

given the BSI did not occur during PICC days at risk. Early onset BSI is thought to be 

transmitted from the mother during birth and therefore unlikely to be changed by practice 

in NICU. However, early onset BSI may be reduced by other interventions, such as 

antenatal screening. Late onset BSI and BSI during PICC days at risk are both amenable 

to change but interventions that target PICCs (e.g. AM-PICCs or PICC care bundles) are 

unlikely to reduce BSI that occurs in babies without PICCs.  

I included BSI caused by all organisms for the period August 2015 to June 2017 i.e. 

PREVAIL recruitment period plus five months follow up for the last baby enrolled 

(January 2017).  I excluded the period before the start of PREVAIL (March 2010 to July 

2015) to give an up to date snapshot of recent BSI and to ensure results were not 

impacted by the change in surveillance methodology. I stratified the results by gestational 

age at birth (<32 or ≥32 weeks) as babies who are very preterm (<32 weeks) are more 

likely to have a PICC and more likely to get BSI.  
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6.4 Results 

6.4.1 Example 1: Changes in BSI rates following the introduction of PICC care 

bundles 

Trends in BSI rates were stable before the adoption of bundles for PICC insertion and 

maintenance (Table 6-4 and Figure 6-1). The trends did not significantly change following 

the adoption of PICC care bundles. This was consistent using all measures of BSI (Table 

6-4, Figure 6-3, Figure 6-2). 
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Table 6-4: Trends before and after bundle adoption and step change 

 Risk-adjusted IRR (95% CI) 

 
BSI per 1000 central 

line days 
BSI per 100 
admissions 

BSI per 1000 days A 

Trend before bundle 
adoption (month) 

1.000 (0.990, 1.011) 0.998 (0.990, 1.006) 0.998 (0.991, 1.006) 

Step change following 
bundle adoption 

0.934 (0.719, 1.213) 0.867 (0.704, 1.068) 0.876 (0.711, 1.078) 

Change in trend after 
bundle adoption  

0.999 (0.988, 1.010) 1.001 (0.992, 1.009) 1.000 (0.992, 1.009) 

A days of intensive and high dependency care; BSI per 1000 central line days adjusted for gestational age at birth; BSI per 100 admissions adjusted for gestational 
age at birth, small for gestational age, surgical admission and level of NNU, BSI per 1000 days of intensive and high dependency care adjusted for gestational 
age at birth, small for gestational age and surgical admission 
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Figure 6-1: Trend in BSI rate per 1000 central line days before and after adoption 
of PICC care bundle 
Rates adjusted for gestational age at birth 
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Figure 6-2: Trend in BSI rate per 100 admissions before and after adoption of PICC 
care bundle 
Rates adjusted for gestational age at birth, small for gestational age, admitted for surgery and 
level of NNU 
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Figure 6-3: Trend in BSI rate per 1000 days of intensive and high dependency care 
before and after adoption of PICC care bundle 
Rates adjusted for gestational age at birth, small for gestational age and admitted for surgery  

 

6.4.2 Example 2: Generalisability and applicability of results from the PREVAIL 

trial 

6.4.2.1  Identification of PREVAIL babies 

I linked 423 of 431 (98%) PREVAIL babies who were randomised to S-PICC to the NNRD 

data. All babies randomised to receive AM-PICC in PREVAIL were excluded from 

analyses in NNRD. Due to cleaning of the data and creation of a cohort (section 2.3.2.1), 

154 (36% of 423) of the babies were excluded from the generalisability and applicability 

analysis (Figure 6-4). The reasons for their exclusion were: only present in months 

excluded due to missing days between 2015 and 2016 (n=97), only present in months 

excluded due to poor BSI reporting (n=24), missing discharge dates (n=2), and no 

recording of PICCs (n=31). Only 16 babies were recorded as not receiving a PICC in the 

PREVAIL CRFs. Therefore, 15 of the 31 babies with no PICC recorded in NNRD (4% of 

total 423 babies who received a S-PICC in PREVAIL) had errors in their NNRD records. 

Eighteen NICUs participated in PREVAIL, however only 16 were included in this analysis 

as one NICU did not consent to linkage of its data and one was excluded as the 

corresponding laboratory was a poor reporter during the PREVAIL trial period. 
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I found no significant difference in distribution of gestational age at birth, small for 

gestational age, or sex between the 269 babies with S-PICC included in our analysis and 

the 154 excluded PREVAIL babies for whom baseline data was available (Table 6-5). 

However, excluded babies were significantly less likely to be in surgical NICUs.  

  

Figure 6-4: Flow diagram to show babies randomised to receive S-PICC in 
PREVAIL who were linked to NNRD and included in the generalisability analysis 

  

431 babies randomised to receive 

S-PICC

4 from a NICU not included in data                     

4 for who we were not able to find links 

423 babies  with S-PICC in Prevail 

linked to NNRD-SGSS data

269 babies randomised to receive 

S-PICC included in generalisability 

analysis

97 babies from September 2015 to February 

2016; 24 due to poor BSI reporting; 2 missing 

discharge dates; 31 without PICC recorded
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Table 6-5: Distribution of baseline risk factors in babies with S-PICC in PREVAIL 
who were included in analysis compared to those who were excluded 

 Babies in PREVAIL 

     Included in full analyses Excluded from full analyses 

Total babies 

 
269 154 

Gestational age at birth A 

   <26 weeks 

   26 to <28 weeks 

   28 to <32 weeks 

   ≥32 weeks 

 

59 (22%) 

75 (28%) 

114 (42%) 

21 (8%) 

 

38 (25%) 

36 (24%) 

67 (44%) 

13 (9%) 

  p-value (chi-squared test) 

 

0.882 

 
 

Small for gestational age 49 (18%) 25 (16%) 

  p-value (chi-squared test) 

 

0.606 

 
 

Male  141 (52%) 80 (52%) 

  p-value (chi-squared test) 

 

0.926 

 
 

In surgical NICU  144 (54%) 48 (31%) 

  p-value (chi-squared test) <0.001  
A The gestational age categories 32 to <37 weeks and ≥37 weeks were combined to suppress 
small numbers 

6.4.2.2 Baby characteristics 

S-PICCs were used for at least one day in 8,443 admissions involving 8,206 babies 

receiving intensive and high dependency care in 110 NICUs and LNUs during the 

PREVAIL period (August 2015 to January 2017) (Figure 6-5). These babies were 

included in the generalisability and applicability analysis comparing baby characteristics, 

causative organisms and rates of BSI per 1000 PICC days during the PREVAIL 

recruitment period.  
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Figure 6-5: The number of admissions and babies receiving S-PICCs according 
to NNU level and enrolment in PREVAIL for the PREVAIL period (August 2015 to 
January 2017) 

Babies who were enrolled in PREVAIL differed from other babies receiving S-PICCs in 

NICUs and LNUs (Table 6-6). There was a higher proportion of babies born before 32 

weeks gestation: 92% of babies receiving S-PICCs in PREVAIL compared to 57% in the 

same NICUs, 72% in other NICUs, and 68% in LNUs. Eighteen per cent of babies 

randomised to S-PICC in PREVAIL were small for gestational age (<10th centile of 

birthweight for week of gestation at birth), this was comparable to other babies receiving 

S-PICCs in NICUs, but significantly higher compared to LNUs. Over half of babies 

receiving S-PICCs were male in all NICUs and LNUs. Babies in PREVAIL were less likely 

to be in a NICU that provided surgery, however more excluded babies were in a NICU 

that provided surgery (section 6.4.2.1).  

110 NICUs and LNUs

8,443 admissions involving 7,482 
babies who receive S-PICCs during 

the PREVAIL period

43 NICUs

5,958 admissions in 
5,433 babies

16 PREVAIL NICUs

1,897 admissions 
involving 1,786 babies

Babies enrolled in 
PREVAIL

290 admissions 
involving 264 babies

Babies not enrolled in 
PREVAIL

1,607 admissions 
involving 1,522 babies

27 non-PREVAIL NICUs

4,061 admissions 
involving 3,754 babies

67 LNUs

2,485 admissions in 
2,381 babies
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PICCs were first used at older ages in PREVAIL babies compared to other babies (Table 

6-6). PICCs were used for longer in NICUs compared to LNUs. The mean duration of 

PICC use in PREVAIL babies was 8 (interquartile range [IQR]: 5, 15) days compared to 

6 (IQR: 4, 9) days in LNU. Both invasive and non-invasive ventilation was used for longer 

in babies randomised to S-PICC in PREVAIL compared to other babies receiving S-

PICCs. In LNUs less than half of babies with S-PICCs received invasive ventilation, 

compared with 67-83% in NICUs.  
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Table 6-6: Comparison of baby characteristics in babies who received S-PICCs in NICUs and LNUs according to enrolment in 
PREVAIL during the PREVAIL period 

 NICUs (n=16) participating in PREVAIL  NICUs (n=27) and LNUs (n=67) not 
participating in PREVAIL 

     Admissions in 
PREVAIL  

Admissions not in 
PREVAIL  

Admissions to NICU Admissions to LNU 

Total babies 269 1,608 3,745 2,358 

Total Admissions 325 1,522 4,051 2,460 

Total PICC days 3,809 18,115 49,902 17,187 

Gestational age at birth 

   <26 weeks 

   26 to <28 weeks 

   28 to <32 weeks 

   32 to <37 weeks 

   ≥37 weeks 

 

73 (22%) 

91 (28%) 

136 (42%) 

17 (5%) 

8 (2%) 

 

235 (15%) 

195 (12%) 

488 (30%) 

378 (24%) 

312 (19%) 

 

776 (19%) 

804 (20%) 

1,320 (33%) 

614 (15%) 

536 (13%) 

 

40 (2%) 

253 (10%) 

1,374 (56%) 

610 (25%) 

183 (7%) 

    p-value (chi-square test) A  <0.001 <0.001 <0.001 

Small for gestational age 62 (19%) 251 (16%) 640 (16%) 358 (15%) 

   p-value (chi-square test) A  0.245 0.278 0.032 

Male sex 170 (52%) 920 (57%) 2,203 (55%) 1,361 (55%) 

   p-value (chi-square test) A  0.094 0.423 0.283 

Surgical NICU 144 (54%) 1,037 (65%) 2,056 (51%) Not applicable 

   p-value (chi-square test) A  <0.001 0.025  
A Chi-square test comparing distribution of risk factors in each group to babies enrolled in PREVAIL; IQR = interquartile range; Period for NICUs that participated in PREVAIL 

depends on NICU start and end date of recruitment, Period for other NICUs and LNUs is August 2015 to January 2017 (whole PREVAIL recruitment period)  
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Table 6-7: Comparison of clinical care characteristics in babies who received S-
PICCs in NICUs and LNUs according to enrolment in PREVAIL during the 
PREVAIL period 

 
Admissions to NICUs 
(n=16) participating in 

PREVAIL 

Admissions to NNUs not 
participating in PREVAIL 

 
in 

PREVAIL 
not in 

PREVAIL 
to NICUs 

(n=27) 
to LNUs 
(n=67) 

Age at first PICC  
   0 days 
   1 to 2 days 
   3 to 5 days 
   6 to 11 days 
   ≥ 12 days 

 
19 (6%) 
56 (17%) 
104 (32%) 
77 (24%) 
69 (21%) 

 
115 (7%) 

410 (26%) 
482 (30%) 
318 (20%) 
283 (18%) 

 
398 (10%) 

1,144 (28%) 
1,249 (31%) 
707 (17%) 
553 (14%) 

 
171 (7%) 

857 (34%) 
773 (31%) 
385 (16%) 
274 (11%) 

    Median (IQR) 5 (3, 9) 4 (2, 7) 3 (1, 7) 3 (2, 6) 

    p-value A  0.013 <0.001 <0.001 

     

PICC days per admission 
 1 to 4 days 
 5 to 6 days 
 7 to 8 days 
 9 to 12 days 
 ≥13 days 

 
72 (22%) 
59 (18%) 
37 (11%) 
59 (18%) 
98 (30%) 

 
461 (29%) 
199 (12%) 
217 (14%) 
281 (17%) 
450 (28%) 

 
905 (22%) 
571 (14%) 
575 (14%) 
786 (19%) 

1,214 (30%) 

 
863 (35%) 
497 (20%) 
445 (18%) 
409 (17%) 
246 (10%) 

   Median (IQR) 8 (5, 15) 8 (4, 14) 8 (5, 14) 6 (4, 9) 

   p-value A  0.015 0.249 <0.001 

     

IV days per admission 
    

 0 days 
 1 to 4 days 
 5 to 8 days 
 9 to 12 days 
 ≥13 days 

75 (23%) 
107 (33%) 
37 (11%) 
23 (7%) 
83 (26%) 

456 (28%) 
523 (33%) 
229 (14%) 
116 (7%) 

284 (18%) 

1,045 (26%) 
1,428 (35%) 
520 (13%) 
282 (7%) 

776 (19%) 

1,368 (56%) 
904 (37%) 
129 (5%) 
30 (1%) 
29 (1%) 

  Median (IQR) 3 (1, 14) 3 (0, 8) 3 (0, 9) 0 (0, 2) 

  p-value A  0.010 0.089 <0.001 

     

NIV days per admission 
    

 0  days 
 1 to 5 days 
 6 to 15 days 
 16 to 49 days 
 ≥50 days 

54 (17%) 
59 (18%) 
63 (19%) 
107 (33%) 
42 (13%) 

528 (33%) 
397 (25%) 
267 (17%) 
320 (20%) 

96 (6%) 

878 (22%) 
1,034 (26%) 
783 (19%) 

1,035 (26%) 
321 (8%) 

520 (21%) 
783 (32%) 
622 (25%) 
466 (19%) 

69 (3%) 

  Median (IQR) 14 (3, 34) 3 (0, 16) 6 (1, 24) 5 (1, 13) 

  p-value A  <0.001 <0.001 <0.001 
A p-value from chi-square test comparing distribution of risk factors in each group to babies 
enrolled in PREVAIL; IV = invasive ventilation; NIV = non-invasive ventilation; IQR = interquartile 
range; Period for NICUs that participated in PREVAIL depends on NICU start and end date of 
recruitment, Period for other NICUs and LNUs is August 2015 to January 2017 (whole PREVAIL 
recruitment period) 
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6.4.2.3 Causative organisms 

I found no difference in the distribution of organisms causing BSI between PREVAIL 

NICUs, non-PREVAIL NICUs and LNUs (Table 6-8). Coagulase-negative staphylococci 

(CoNS) was the most prevalent organism in all NICUs and LNUs. 

Table 6-8: The distribution of causative organisms of the first BSI during PICC 
days at risk per admission in PREVAIL NICUs, non-PREVAIL NICUs and LNUs 
during the PREVAIL period (August 2015 to January 2017) 

Organism 
PREVAIL 

NICUs (n=16) 
Non-PREVAIL 
NICUs (n=27) 

LNUs (n=67) 

Number of babies 5,433 3,754 2,381 

Number of admissions 5,958 4,061 2,485 

Number of admissions with BSI 189 338 92 

Clearly pathogenic organisms    
 

E.coli 
Group B Streptococcus 
Other gram negative 
Other gram positive 
S. aureus 

22 (8%) 
8 (3%) 

29 (11%) 
17 (6%) 
20 (8%) 

62 (11%) 
20 (4%) 

55 (10%) 
19 (4%) 
45 (8%) 

10 (5%) 
11 (5%) 
21 (10%) 
9 (4%) 

14 (7%) 

Other organisms     

CoNS 
Other 

151 (57%) 
17 (7%) 

322 (58%) 
20 (4%) 

135 (64%) 
11 (5%) 

 p-value from chi-square test A   0.593 0.238 

 
CoNS= Coagulase negative Staphylococcus; Fungi were excluded from the table due to small 
cell counts; if a baby had more than one BSI only the first organism was included; A comparing to 
PREVAIL NICUs 

 

6.4.2.4 Rates of BSI during PREVAIL 

Crude and risk-adjusted rates of BSI per 1000 PICC days were similar in PREVAIL 

babies compared to non-PREVAIL babies in PREVAIL or non-PREVAIL NICUs (Figure 

6-6 and Figure 6-7).  BSI rates were lower in LNUs, however the difference between 

babies in LNUs and babies enrolled in PREVAIL was not significant. This is likely due to 

the small number of PREVAIL babies included in the analysis. The analysis is likely 

under-powered but it was not possible to include more PREVAIL babies in this 

comparison due to incomplete data (section 6.3.2.1). The risk factors included in the risk 

adjusted model were gestational age at birth, age at fist PICC, days with invasive and 
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non-invasive ventilation. Results from all models tested in forward stepwise regression 

are presented in the appendix ( 

Appendix H: Model selection for the PREVAIL generalisability study). 

 

Figure 6-6 Crude and risk-adjusted rates of BSI (for all organisms) per 1000 PICC 
days in babies who received S-PICCs in NICUs and LNUs according to enrolment 
in PREVAIL during the PREVAIL period 
Adjusted for gestational age at birth, age at first PICC and days of invasive and non-invasive 
ventilation days; P-value for effect of group (PREVAIL babies in NICU, babies in non-PREVAIL 
NICUs, babies in LNUs) on BSI rate in comparison to babies in PREVAIL; Period for NICUs that 
participated in PREVAIL depends on NICU start and end date of recruitment; Period for other 
NICUs and LNUs is August 2015 to January 2017 (whole PREVAIL recruitment period)  
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Figure 6-7 Crude and risk-adjusted rates of BSI (clearly pathogenic organisms) 
per 1000 PICC days in babies who received S-PICCs in NICUs and LNUs 
according to enrolment in PREVAIL during the PREVAIL period 
Adjusted for gestational age at birth, age at first PICC and days of invasive and non-invasive 
ventilation days; P-value for effect of group (PREVAIL babies in NICU, babies in non-PREVAIL 
NICUs, babies in LNUs) on BSI rate in comparison to babies in PREVAIL; Period for NICUs that 
participated in PREVAIL depends on NICU start and end date of recruitment; Period for other 
NICUs and LNUs is August 2015 to January 2017 (whole PREVAIL recruitment period) 
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Table 6-9 Crude and risk-adjusted rates of BSI per 1000 PICC days for babies in PREVAIL NICUs, non-PREVAIL NICUs and LNUs 
during the PREVAIL period (August 2015 to January 2017)  

BSI per 1000 PICC days NICUs (n=16) participating in PREVAIL B 
NICUs (n=27) and LNUs (n=67) not 

participating in PREVAIL 

 
Admissions in 

PREVAIL 
Admissions not in 

PREVAIL 
Admissions to 

NICU* 
Admissions to 

LNU* 

Babies 264 1,607 3,754 2,381 

Admissions 290 1,522 4,061 2,485 

PICC days 3,809 18,115 49,902 17,187 

All organisms     

  Number of BSI 31 185 379 96 

  Crude BSI rate (95% CI) 8.1 (5.3, 11.0) 10.2 (8.7, 11.7) 7.6 (6.8, 8.4) 5.6 (4.5, 6.9) 

  Adjusted BSI rate A  (95% CI) 7.8 (5.0, 10.6) 9.9 (8.5, 11.4) 7.4 (6.6, 8.1) 5.0 (3.9, 6.0) 

  p-value C      

Clearly pathogenic organisms     

  Number of BSI 10 64 151 27 

  Crude BSI rate (n) 3.2 (1.4, 4.9) 3.3 (2.5, 4.1) 3.2 (2.7, 3.7) 1.5 (0.9, 2.1) 

  Adjusted BSI rate A (n) 2.5 (0.9, 4.1) 3.4 (2.6, 4.3) 2.9 (2.4, 3.4) 1.5 (0.9, 2.0) 

  p-value C  0.225 0.642 0.379 
A Adjusted for gestational age at birth, age at first PICC and days of invasive and non-invasive ventilation days; B Admissions to PREVAIL NICUs are restricted 
to NICU specific trial recruitment period, whereas admissions to other NICUs and LNUs include whole recruitment period, August 2015 to January 2017; C P-
value comparing difference in rate compared to PREVAIL babies
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6.4.2.5 Changes over time in BSI rate in babies with PICCs 

From March 2010 to June 2017, there were 55,058 admissions involving 47,669 babies 

who received PICCs (Figure 6-8). There was no significant change in risk-adjusted rates 

of BSI per 1000 PICC days in PREVAIL NICUs, non-PREVAIL NICUs or LNUs (Table 

6-10, Figure 6-9). The trend in non-PREVAIL NICUs was not significantly different at the 

5% level from the trend in PREVAIL NICUs or LNUs. The selected model adjusted for 

gestational age at birth, days of invasive and non-invasive ventilation. 

 

Figure 6-8: The number of admissions and babies who received PICCs from 
March 2010 to June 2017 who were included in analysis of changes over time in 
BSI during PICC days at risk 

 

110 NICUs and LNUs

55,058 admissions involving 47,669 
babies who receive S-PICCs from 

March 2010 to June 2017

43 NICUs

39,464 admissions in 
35,304 babies

16 PREVAIL NICUs

15,927 admissions 
involving 14,667 babies

27 non-PREVAIL NICUs

23,537 admissions 
involving 21,267 babies

67 LNUs

14,892 admissions in 
15,594 babies



 

247 
 

 

Table 6-10: The unadjusted and risk-adjusted annual percentage change in rate of BSI due to clearly pathogenic organisms per 1000 
PICC days in PREVAIL NICUs, non-PREVAIL NICUs and LNUs from March 2010 to June 2017 

Clearly pathogenic BSI per 
1000 PICC days A 

PREVAIL NICUs 

(n = 16) 

Non- PREVAIL NICUs 

(n =27) 

LNUs 

(n = 67) 

Babies 14,667 21,267 15,594 

Admissions 15,927 23,537 14,892 

Number of PICC days 195,360 296,824 121,750 

Number of BSI 495 736 211 

Unadjusted    

BSI rate (95% CI) 2.53 (2.31, 2.76) 2.48 (2.30, 2.66) 1.73 (1.50, 1.97) 

Annual % change (95% CI) +2.33% (-1.98%, +6.82%) +2.14% (-1.32%, +5.72%) -5.14% (-11.10%, +1.22%) 

p-value B  0.972 0.093 

Risk-adjusted C    

BSI rate (95% CI) 2.50 (2.28, 2.72) 2.44 (2.26, 2.62) 1.64 (1.41, 1.87) 

Annual % change (95% CI) +2.73% (-1.62%, +7.27%) +2.63% (-0.86%, +6.25%) -2.19% (-8.37%, +4.40%) 

p-value B  0.969 0.202 
A BSI with a sample date between one day after PICC insertion and two days after PICC removal; B p-value comparing trend to PREVAIL NICUs; C Adjusted for 
gestational age at birth, days of invasive and non-invasive ventilation  
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Figure 6-9: Risk adjusted rate of BSI (clearly pathogenic organisms) during PICC 
days at risk per 1000 PICC days by year of admission in PREVAIL NICUs, non-
PREVAIL NICUs and LNUs.  

Adjusted for gestational age at birth, days of invasive and non-invasive ventilation 
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6.4.2.6 Trends in rates of BSI in all babies in NICUs and LNUs 

From March 2010 to June 2017, there were 161,117 admissions (Figure 6-10) of babies 

who were at least two days old or had a PICC inserted on their day of birth; 2.4% (3,798) 

of these admissions had at least one total late onset BSI caused by clearly pathogenic 

organisms. The overall rate of BSI was 2.3 (4,170 / 1,849,611) per 1000 days of intensive 

and high dependency care.  

Risk-adjusted rates of total late onset BSI (clearly pathogenic organisms) per 1000 days 

of intensive and high dependency care were stable in PREVAIL and non-PREVAIL 

NICUs, but decreasing in LNUs (Table 6-11, Figure 6-11). The model of BSI per 1000 

intensive and high dependency care days selected in forward stepwise regression 

adjusted for gestational age at birth, days with invasive and non-invasive ventilation. 

Risk-adjusted rates of admissions with at least one late onset BSI (clearly pathogenic 

organisms) declined in PREVAIL NICUs and LNUs (Table 6-11, Figure 6-12). Rates were 

stable in non-PREVAIL NICUs and the trend was significantly different from PREVAIL 

NICUs at the 5% level. The model of BSI per 100 admissions selected in forward 

stepwise regression adjusted for gestation, days with invasive and non-invasive 

ventilation. 

There are a similar number of admissions in LNUs and non-PREVAIL NICUs, but LNU 

admissions are shorter with fewer days of intensive and high dependency care (477,532 

in LNUs compared to 813,776 in NICUs) (Table 6-11). There are also fewer BSI in LNUs 

compared to NICUs. Therefore, BSI rates in NICUs and LNUs are more similar when 

comparing rates at rates of BSI per 1000 high dependency and intensive care days than 

comparing rates per 100 admissions.  
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Figure 6-10: The number of babies and admissions who received intensive or 
high dependency care from March 2010 to June 2017 and were included in 
analysis of changes over time in late onset BSI 

110 NICUs and LNUs

161,117 admissions involving 140,110 babies 
who receive high dependency or intensive care 

from March 2010 to June 2017

43 NICUs

99,632 admissions in 90,118
babies

16 PREVAIL NICUs

40,787 admissions involving 
37,497 babies

27 non-PREVAIL NICUs

58,845 admissions involving 
53,967 babies

67 LNUs

61,485 admissions in 58,320
babies
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Table 6-11: The annual change in rate of late onset BSI (clearly pathogenic organisms) per 1000 days of intensive and high 
dependency care in PREVAIL NICUs, non-PREVAIL NICUs and LNUs from March 2010 to June 2017 

Late onset BSI 
PREVAIL NICUs 

(n = 16) 
Non- PREVAIL NICUs 

(n =27) 
LNUs 

(n = 67) 

Babies 37,497 53,967 58,320 

Admissions 40,787 58,845 61,485 

Number of days 558,303 813,776 477,532 

Number of BSI 1,329 1,791 1,050 

Admissions with BSI 1,190 1,612 996 

Late onset BSI per 1000 intensive and high dependency care days 

Unadjusted    

  BSI rate (95% CI) 2.38 (2.25, 2.51) 2.20 (2.10, 2.30) 2.20 (2.07, 2.33) 

  Annual % change (95% CI) -1.87% (-4.46%, 0.80%) +1.68% (-0.58%, +3.99%) -4.44% (-7.21%, -1.59%) 

  p-value A  0.036 0.233 

Risk-adjusted B    

  BSI rate (95% CI) 2.30 (2.18, 2.43) 2.18 (2.08, 2.28) 2.11 (1.98, 2.24) 

  Annual % change (95% CI) -1.40% (-4.01%, +1.29%) +2.20% (-0.07%, +4.52%) -2.91% (-5.73%, 0.00%) 

  p-value*   0.035 0.342 

Late onset BSI per 100 admissions C 

Unadjusted    

  BSI rate (95% CI) 2.92 (2.75, 3.08) 2.74 (2.61, 2.87) 1.62 (1.52, 1.72) 

  Annual % change (95% CI) -4.84% (-7.48%, -2.12%) -0.60% (-2.90%, +1.75%) -7.12% (-9.88%, -4.28%) 

  p-value A  0.015 0.565 

Risk-adjusted D    

  BSI rate (95% CI) 2.83 (2.67, 2.99) 2.66 (2.53, 2.79) 1.56 (1.46, 1.65) 

  Annual % change (95% CI) -2.86% (-5.57%, -0.08%) +1.44% (-0.93%, +3.86%) -3.28% (-6.16%, -0.32%) 

  p-value A   0.015 0.774 

A p-value comparing trend to PREVAIL NICUs; B Adjusted for gestational age at birth, days with invasive and non-invasive ventilation; C Only one BSI counted 
per admission; D Adjusted for gestational age at birth, days with invasive and non-invasive ventilation 
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Figure 6-11: The risk adjusted rate of total late onset BSI (clearly pathogenic 
organisms) per 1000 intensive and high dependency care days of stay by year of 
admission in PREVAIL NICUs, non-PREVAIL NICUs and LNUs.  
Rates are adjusted for gestational age at birth, days of invasive and non-invasive ventilation. 
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Figure 6-12: The risk adjusted rate of late onset BSI (clearly pathogenic 
organisms) per 100 admissions by year of admission in PREVAIL NICUs, non-
PREVAIL NICUs and LNUs.  
Rates are adjusted for gestational age at birth, days of invasive and non-invasive ventilation; Only 
first BSI per admission included 
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6.4.3 Contribution of PICCs to overall BSI rates 

There were a total of 2,476 BSI in 40,008 admissions receiving intensive and high 

dependency care in NICUs and LNUs during the PREVAIL recruitment and follow up 

period (August 2015 to June 2017): 18% (456) were early onset (without a PICC), 46% 

(1,143) were late onset during PICC days at risk, and the remaining 35% (877) were late 

onset (without a PICC) (Table 6-12).  Early onset BSI was the most frequent type of BSI 

in babies born at 32 weeks gestation or later, whereas BSI during PICC days at risk was 

most frequent in babies born before 32 weeks gestation. 
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Table 6-12: The BSI rate and proportion of total BSI (all organisms) per 100 admissions for babies receiving intensive or high 
dependency care in 110 NICUs and LNUs from August 2015 to June 2017 

 

Early onset A 
During PICC 
days at risk B 

Late onset C All BSI  

All admissions     

Number of admissions 31,107 12,291 26,969 40,008 

Number of BSI (% of total BSI) 456 (18%) 1,143 (46%) 877 (35%) 2,476 

BSI per 100 admissions (95% CI) 1.5 (1.3, 1.6) 9.3 (8.8, 9.8) 3.3 (3.0, 3.5) 6.2 (6.0, 6.4) 

Admissions born before 32 weeks gestation      

Number of admissions 8,891 8,373 11,145 13,237 

Number of BSI (% of total BSI) 130 (8%) 939 (55%) 631 (37%) 1,700 

BSI per 100 admissions (95% CI) 1.5 (1.2, 1.7) 11.2 (10.5, 11.9) 5.7 (5.2, 6.1) 12.8 (12.3, 13.4) 

Admissions born at 32 weeks gestation or later     

Number of admissions 22,161 3,918 15,824 26,771 

Number of BSI (% of total BSI) 326 (42%) 204 (26%) 246 (32%) 776 

BSI per 100 admissions (95% CI) 1.5 (1.3, 1.6) 5.2 (4.5, 5.9) 1.6 (1.4, 1.7) 2.9 (2.7, 3.1) 
A BSI with sample date before two days of age (without a PICC); B BSI with sample date between one day after PICC insertion and two days after PICC removal; 
C BSI with sample date at two days of age or later (without a PICC); Admissions who were counted in early onset   received intensive or high dependency care 
before two days of age;  admissions who were counted in PICC days at risk received PICC;  admissions counted  in late onset received intensive or high 
dependency care at two days of age or older 
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6.5 Discussion 

6.5.1 Summary 

I found no significant change in rates of BSI following the introduction of PICC care 

bundles. PREVAIL trial findings were generalisable to babies receiving S-PICCs in 

NICUs and applicable to babies receiving S-PICCs in LNUs in England. This conclusion 

was based on finding no significant differences in BSI rates or causative organisms 

between babies enrolled in PREVAIL compared with other babies receiving PICCs in 

NICUs.   

I found stable trends in rates of BSI per 1000 PICC days (for clearly pathogenic 

organisms) in PREVAIL NICUs, non-PREVAIL NICUs and LNUs from 2010 to 2017. 

However, the BSI rate per 1000 days of intensive and high dependency care decreased 

in LNUs and the percentage of babies with at least one late onset BSI declined from 

March 2010 to June 2017 in LNUs and PREVAIL NICUs. 

Overall, early onset BSI accounted for 18%, BSI during PICC days at risk for 46%, and 

late onset BSI during non-PICC days for 35% of BSI in babies admitted to NICUs or 

LNUs who received intensive or high dependency care (Table 6-12). In babies born at 

32 weeks gestation or later, 42% of BSI were early onset, 26% during PICC days at risk 

and 32% late onset BSI (during non-PICC days). The prevalence of early onset BSI was 

1.5 BSI per 100 admissions in both babies born before 32 weeks of gestation and babies 

born at 32 weeks of gestation or later. Rates of BSI during PICC days at risk were higher 

than BSI rates without a PICC (9.3 vs 1.5 early onset vs 3.3 late onset) and represented 

55% of all BSI in babies born before 32 weeks gestation, highlighting that while babies 

have a PICC is a high risk period. However, it is unlikely all BSI that occurs during this 

time is directly related to the PICC. BSI may be more prevalent in babies with PICCs due 

to age, gestational age at birth, or surgery (chapter 1, section 1.4).  

6.5.2 Strengths 

A strength of the evaluation of PICC care bundles was the long term data, with at least 

six months before and after the intervention. Risk-adjustment was another strength to 

ensure differences were not due to changes over time in the type of babies admitted to 

NNU. These methods reduced the likelihood of bias in the evaluation of PICC care 

bundles. The analysis demonstrates how use of surveys to collect important information 

that is not routinely collected, such as data on infection control practices, combined with 
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the linked data resource can be used to determine whether BSI rates have changed 

following the introduction of interventions. This analysis could be adapted to other 

interventions to prevent BSI in NNU, if data was collected on when they were introduced. 

A strength of the generalisability study for the PREVAIL trial was the inclusion of all 

babies who received PICCs in 90% (110/122) of NICUs and LNUs in England. The use 

of electronic health records reduces selection bias by including nearly all babies admitted 

to NNU in England. Participation in trials can be associated with characteristics related 

to the outcome, for example in PREVAIL there was a greater proportion of very preterm 

babies in the PREVAIL trial compared to babies who received S-PICCs but were not 

enrolled in the trial (Table 6-6). By using routinely collected data for most (or all) of a 

population, I was able to identify these differences and determine whether it is likely that 

they affected the generalisability or applicability of results from the trial. These methods 

could be used to determine the generalisability and applicability of future trials that 

evaluate interventions to prevent BSI in NNUs. 

A further strength of this analysis was the ability to identify targets for interventions to 

prevent BSI that could have the most impact on overall numbers of BSI. Early onset BSI 

was the most prevalent type of BSI for babies born at 32 weeks gestation or later. This 

suggests that interventions to prevent early onset BSI, such as maternal screening for 

Group B Streptococcus, have the potential to prevent more BSI than interventions 

targeting PICCs. Consequences of BSI may be more severe in babies born before 32 

weeks and therefore preventing these BSI may be more important. Interventions in these 

babies that focus on PICCs, could prevent up to 55% of BSI, but interventions that target 

all babies in NNU could prevent up to 92% (55% + 37%). Previous studies have identified 

the contribution of CVCs as 43-48% of late onset BSI.(62, 156) These studies excluded 

early onset BSI; if I had done the same, 57% (1,143/2,020) of BSI would have been in 

babies with PICCs. Differences in our findings may be because one study was restricted 

to VLBW infants (62) and the other only included data from one NICU with total of 52 

BSI.(156)  

 

6.5.3 Limitations 

The evaluation of care bundles was dependent on dates when the bundles were adopted 

as reported to the survey of NNUs. Many respondents gave approximate answers (e.g. 

several years ago), these were excluded but responses that specified a year were 

included. There is a reasonable possibility that these included answers were also rough 
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guesses, therefore the dates that I used in the analysis may not have been accurate. 

However, as BSI rates did not appear to change significantly across the period at all for 

those NNUs, more specific dates most likely would not have changed the results. 

 A further limitation of the evaluation of bundles was that I excluded CoNS BSI from the 

analyses, due to the change in reporting. As CoNS is the most prevalent organism 

cultured in NNUs, it is possible that there was a reduction in BSI rates but only in CoNS 

and therefore I was unable to identify the change in my analysis. A major limitation of 

interrupted time series analysis as a method is the inability to infer causation as there 

may be other unmeasured factors that change over time and affect BSI rates. I did not 

find evidence of a difference, but this may be because other factors increased BSI risk 

as PICC care bundles decreased risk therefore stabilising BSI rates. However, this is 

unlikely given the evidence I presented in chapters 2 and 4, which suggested that BSI 

risk is decreasing in babies admitted to NICUs and LNUs. Other studies that have 

observed differences (often large) in BSI rates following adoption of care bundles did not 

make any adjustments for other factors.(72)  

A limitation of the generalisability analysis is the large number of babies who were 

enrolled in PREVAIL who were not included due to the exclusion criteria that I applied 

e.g. excluding September 2015-March 2016 (chapter 2, section 2.3.1.2). I compared 

baseline characteristics of the included and excluded PREVAIL babies (Table 6-5) and 

found little difference therefore I do not expect that this biased the results. However, 

these exclusions reduced the number of PREVAIL babies and therefore reduced the 

power to detect differences between BSI rates in PREVAIL and non-PREVAIL babies. It 

is possible that the BSI rates in babies who received PICCs in LNUs were significantly 

lower than those in PREVAIL babies but the comparison did not have a sufficient sample 

size to detect the difference.  

In this chapter (and chapter 5), I have performed multiple tests of trends in BSI rates. 

Multiple testing can result in chance findings of significance.(157) However, there are 

some consistencies in my trends which I believe suggest they are not due to chance. I 

found a significant decline in rates of BSI per 100 admissions for all NNUs (Table 5-8) 

that was consistent when looking at LNUs and PREVAIL NICUs (Table 6-11). Trends 

were stable (not significant) in all models that evaluated BSI during central line/PICC 

days at risk (Table 5-8, Table 6-4 and Table 6-10). Overall, 9 (30%) of the 30 trends (6 

in section 5.4.4, 6 in section 6.4.1, and 6 in section 6.4.2.5 and 12 in section 6.4.2.6) that 

I tested were significant, which is higher than would be expected by chance.  
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Key messages 

 I found no evidence of a change in rates of BSI following the adoption 

of PICC care bundles. 

 Rates of BSI from the PREVAIL trial were generalisable and 

applicable to rates of BSI in other babies receiving PICCs in NICUs 

and LNUs. 

 Around half of BSI occurred in babies with PICCs, therefore 

interventions could have a bigger impact on number of BSI if they 

targeted all babies in NNU rather than only those with PICCs. 
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7 Discussion 

7.1 Aims and objectives of PhD 

The overall aim of this thesis was to create a system for monitoring bloodstream infection 

rates and for supporting evaluation of interventions to reduce BSI in NNUs in England 

by linking electronic health records from NNUs to national laboratory infection 

surveillance data. 

The specific objectives of this research were: 

1. To determine changes in BSI risk factors over time among babies admitted 

to NNUs using electronic health records; 

2. To determine variation in infection control practices between NNUs using a 

survey of NNUs in England; 

3. To determine the effect of changes in reporting to the national laboratory 

infection surveillance system on the number of BSI reported, in order to 

determine consistency in ascertainment of BSI over time; 

4. To link electronic health records from NNUs to national laboratory infection 

surveillance data and validate linkage methods; 

5. To evaluate sources of variation in BSI rates to inform fair comparisons and 

understand where to target interventions; 

6. To determine how rates of BSI have changed over time from 2010 to 2017; 

7. To demonstrate how the system can be used to support evaluations of 

interventions through two examples.  

7.2 Student contribution 

The work in this thesis was carried out as part of the generalisability study for the 

PREVAIL trial. My primary supervisor, Dr Harron, was a member of the PREVAIL trial 

management group and one of my secondary supervisors, Prof Gilbert, was the co-chief 

investigator for the PREVAIL trial. I was the research assistant for the generalisability 

study. The work presented in this thesis is my own, but below I outline sections for which 

I had support from others, beyond the advice of my supervisors. 

As I outline in chapter 2 (section 2.4.1), the survey of infection control practices for PICCs 

in NNUs was developed before I started working on PREVAIL by Dr Laura Dalton and 

Dr Sam Oddie (Bradford Neonatology, Bradford Royal Infirmary). I re-designed the 
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survey and collected and analysed the data with help from Dr Oddie in distribution of the 

survey to NNU staff.  

The idea to link the NNRD to SGSS to measure BSI rates in NNUs came from my 

supervisors Prof Gilbert and Dr Harron for the PREVAIL generalisability study. 

Permission for linkage and arrangements with NDAU at Imperial and PHE organised by 

the PREVAIL team (led by Prof Gilbert) before I started. Data managers at NDAU 

(Kayleigh Ougham and Eugene Statnikov) were responsible for extraction and transfer 

of NNRD data. Data at PHE was managed by Mehdi Minaji (Data Manager, PHE) and 

overseen by Berit Muller-Pebody (Senior Scientist, PHE). I received raw data which I 

prepared and cleaned myself. My supervisors and Berit Muller-Pebody were involved in 

development of the linkage methods but the final decisions were mine and I carried out 

the linkage and subsequent analyses. 

7.3 Key findings 

7.3.1 Objective 1: To determine changes in BSI risk factors over time among 

babies admitted to NNUs using electronic health records 

The prevalence of risk factors in babies receiving intensive and high dependency care in 

NICUs and LNUs changed from 2010 to 2017 (chapter 2, section 2.3.2.4). The proportion 

of babies receiving intensive and high dependency care in NNU who were born at term 

increased (Table 2-7). In LNUs, many risk factors for BSI decreased from 2010 to 2017 

(Figure 2-3 to Figure 2-8). Despite more days of intensive and high dependency care for 

extremely preterm babies (born before 28 weeks gestation) in 2017 compared to 2010, 

babies in LNU had fewer days with a central line including PICCs and there was a shift 

from invasive ventilation to non-invasive ventilation. In NICUs, risk also changed. PICCs 

were inserted in younger babies in NICUs in 2017 compared to 2010. Extremely preterm 

babies in NICUs had more days with a central line including PICCs in 2017 compared to 

2010, whereas babies born at 32 weeks or later had fewer central line days in NICUs. 

Overall, changes in most BSI risk factors suggested decreasing risk of BSI.  

7.3.2 Objective 2: To determine variation in infection control practices between 

NNUs using a survey of NNUs in England 

I collected data on infection control practices for PICC insertion and maintenance from 

90% (44/49) of NICUs and 58% (34/85) of LNUs in England and Wales (chapter 2, 

section 2.4). Adoption of infection control practices for PICC insertion and maintenance 

varied, particularly for use of antiseptic agents (Table 2-11). Few NNUs reported 
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routinely removing or replacing PICCs or using chlorhexidine-impregnated foam 

dressing. Approximately two-thirds of NNUs reported using a care bundle for PICC 

insertion or PICC maintenance. NNUs differed in the antiseptics used for skin preparation 

before insertion, 49% of NICUs and 41% of LNUs reported using an aqueous solution of 

chlorhexidine with a concentration less than 1%. A further 44% of NICUs, but only 21% 

of LNUs reported using 2% chlorhexidine in alcohol (Figure 2-17). Other aqueous or 

alcoholic preparations of chlorhexidine were also reportedly used in NNUs for skin 

preparation. For cleaning of catheter ports, 2% chlorhexidine in alcohol was the most 

common, reported by 58% of NICUs and 48% of LNUs. The second most common was 

70% isopropyl alcohol, reported by 28% of NICUs and 34% of LNUs (Figure 2-18).  

The survey demonstrated that practice was not consistent across all NNUs. This is likely 

due to a lack of high quality studies and no available guidelines for PICC infection control 

practices in neonates (chapter 1, sections 1.4.5 and 1.5).(66) Inconsistencies in infection 

control practices have also been reported in other surveys of clinical practice in 

NNUs.(67, 68) Information on infection control practices are not collected in the NNRD 

and changes over time therefore are difficult to measure, but the survey highlights an 

important source of potential variation in rates of BSI that cannot be adjusted for using 

information captured in electronic health records.  

7.3.3 Objective 3: To determine the effect of changes in reporting to the national 

laboratory infection surveillance system on the number of BSI reported, in 

order to determine consistency in ascertainment of BSI over time 

An update in the national laboratory infection surveillance system in 2014 resulted in a 

change from collection of data on clinically significant BSI to automatic reporting of all 

BSI (chapter 3, section 3.2.2.1). I used interrupted time series Poisson regression to 

determine the step change and change in trend in the number of BSI reported following 

the update to the surveillance system (chapter 3, section 3.4.2.1). The number of BSI 

caused by clearly pathogenic organisms reported to the surveillance system increased 

by 29% and the number of BSI caused by other organisms (including skin commensals) 

increased by 49% (chapter 3, Table 3-8).  

Restricting my analyses of BSI trends to clearly pathogenic organisms reduced the 

impact of the system change on trends, but even by 2016-17, when the system had been 

in place for some time, reporting of skin organisms was not consistent across England. 

Due to the change in reporting, I decided to restrict all trend analyses to clearly 

pathogenic organisms to minimise the impact of the change in surveillance system on 

trends. If I had included all organisms, I may have found a spurious increasing trend (or 
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stable trend masking a decrease) which reflected a change in reporting practice rather 

than a true change in BSI rate in NNUs. I had planned to include all organisms when 

evaluating BSI in 2016-17 as I had assumed that all laboratories had adopted the new 

system and therefore there would no longer be differences in reporting practices. 

However, when exploring variation between networks in chapter 5 (section 5.4.3.3), I 

found substantial variation between regions in rates of BSI due to all organisms that 

disappeared when I restricted the analyses to clearly pathogenic organisms. Thus 

highlighting that even in 2016-17 (over two years after the introduction of the new 

system), reporting of organisms is not consistent across regions. Inclusion of all 

organisms when making such comparisons can bias results as variation may be due to 

differences in reporting of non-clinically significant BSI to the surveillance system, rather 

than true differences in rates of BSI.  

7.3.4 Objective 4: To link electronic health records from NNUs to national 

laboratory infection surveillance data and validate linkage methods 

I linked electronic health records from NNUs to national laboratory infection surveillance 

(chapter 4). Through linkage, I created a data resource bringing together clinical 

information on babies in NNU with microbiological data on positive blood and CSF 

cultures. I linked electronic health records (the NNRD) to national laboratory infection 

surveillance (SGSS) using deterministic and probabilistic linkage. First, in deterministic 

linkage I matched babies to BSI records through exact matches on NHS numbers 

(chapter 4, section 4.3.4). This was a relatively simple first step that produced a set of 

links that I used as a training dataset for probabilistic linkage. The NHS number is a 

unique identifier given to babies born in England at birth and therefore was a good 

identifier to use in deterministic linkage. However, not all babies had a complete NHS 

number and some NHS numbers failed the Modulus11 check (i.e. were invalid) so 

probabilistic linkage was needed for babies who could not be linked on NHS number. In 

probabilistic linkage (chapter 4, section 4.4.3), I first used blocking to only compare 

babies and BSI records if they agreed on at least one of postcode prefix, postcode suffix 

or date of birth. This reduced the number of records to compare and ensured I was only 

comparing records that could reasonably be identified as a link (although due to poor 

completion of identifiers some true links may have been excluded at this stage). I then 

selected an upper and lower threshold above which all record pairs were considered to 

be true links and below which all were considered to be non-links (chapter 4, Figure 4-6). 

I manually reviewed those pairs between the thresholds following a set of rules (chapter 

4, Table 4-1). I combined linked records from deterministic and probabilistic records to 
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produce a set of links where each BSI was only linked to one baby, but a baby could 

have more than one BSI. Overall, 3% of babies linked to at least one BSI.  

 I evaluated the accuracy of the linkage by comparing linked and unlinked records. As 

only babies with BSI should link, I compared babies with a clinical record of BSI in NNRD 

who linked to a BSI record in the surveillance data with those who did not link (chapter 

4, Table 4-4). I found no significant differences in variables of interest which suggests 

that BSI estimates may not result in bias (as discussed in chapter 1, section 1.7.3). For 

unlinked babies with a clinical record of BSI, I looked up all BSI during the same month 

at the corresponding laboratory, but I found very few potential links (chapter 4, section 

4.4.3.5). This suggests that not all BSI were reported to the surveillance system. I also 

found that the number of pairs that could not link due to high levels of missing identifiers 

declined over time, as identifier completeness improved over time (chapter 4, Figure 

4-3). Deterministic linkage on NHS number found a greater proportion of the total links 

in later years also likely due to improved completeness of identifiers (chapter 4, Table 

4-5). However, probabilistic linkage still found additional links in later years therefore 

highlighting the benefit of probabilistic linkage even in periods of improved identifiers. 

Overall, linkage improved ascertainment compared to using NNRD clinical records of 

BSI alone but likely is still underestimating rates of BSI. I describe methods that could be 

used to further improve the quality of linkage in section 7.5.1. 

7.3.5 Objective 5: To evaluate sources of variation in BSI rates to inform fair 

comparisons and understand where to target interventions 

I found that the majority of variation in rates of BSI was due to differences between NNUs 

in the same neonatal network, rather than differences between neonatal networks for 

three measures of BSI (chapter 5, section 5.4.3.3). The measures of BSI that I evaluated 

were BSI per 100 admissions, BSI per 1000 days of intensive and high dependency care, 

and BSI per 1000 central line days. There were neonatal networks with unadjusted rates 

of BSI outside of the 99.8% control limits, however after risk-adjustment, rates for all 

networks were within the control limits (Figure 5-3 to Figure 5-8). This indicates that 

variation in rates of BSI were likely due to higher baseline risk in some neonatal networks, 

rather than differences in practice. Some networks did appear to have consistently high 

or low BSI rates relative to the other networks but within the control limits, when 

examining funnel plots for previous years (Appendix G). This could reflect differences in 

practice, or other unmeasured factors. Although these were not significant in 2016-17, 

the magnitude of difference in BSI rates is stark and further investigation of how practice 

differs in these networks could identify practices that can increase or decrease BSI rates.  
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Previous studies have reported variation in BSI rates by NNU.(65, 158) I did not compare 

rates for individual NNUs due to low event numbers which would result in extremely wide 

confidence intervals and therefore make identification of any outliers unlikely.  However, 

results from multilevel Poisson regression indicated that when averaging across NNUs, 

there was substantial variation between NNUs within networks. 

Variation in BSI rates between NNUs within networks was lower in risk-adjusted models 

and differed by denominator used to measure BSI. In unadjusted models, rates of BSI 

per 100 admissions had the greatest variation between NNUs and BSI per 1000 central 

line days had the least variation (Table 5-7). However, after risk-adjustment the variation 

between all NNUs was similar. Risk-adjustment reduced variation between NNUs by 

61% for BSI per 100 admissions but only 4% for BSI per 1000 central line days, 

highlighting how much more important it is to adjust for risk factors in BSI per 100 

admissions. The reason for this is likely because BSI per 1000 central line days already 

accounts for time at risk and because it is restricted to a more homogenous group (babies 

with central lines vs all babies receiving intensive and high dependency care). It is 

important to account for differences due to baseline characteristics (e.g. gestation, NNU 

level) to draw out differences that are not related to the characteristics of babies 

admitted, and could be due to clinical practices that can be changed through 

interventions.   

7.3.6 Objective 6: To determine how rates of BSI have changed over time from 

2010 to 2017 

Risk-adjusted rates of BSI per 100 admissions and per 1000 days of intensive and high 

dependency care decreased from 2010 to 2017 (chapter 5, section 5.4.4). Rates of BSI 

per 1000 central line days were stable during the same period. To determine why rates 

of BSI changed, I examined how the denominators and number of BSI during all intensive 

and high dependency care days and during central line days changed over time (Figure 

5-12). I found a slight increase in the number of BSI during days of intensive and high 

dependency care and central line days, however there was a very steep increase over 

time in the number of days of intensive and high dependency care and the number of 

admissions. This suggests that the number of admissions / days of stay increased but 

they were lower risk. This is likely related to the shift from invasive to non-invasive 

ventilation and a higher proportion of babies admitted are born at 37 weeks gestation or 

later in 2017 compared to 2010 (chapter 2, section 2.3.2.4). Gestation was adjusted for, 

so the shift from invasive to non-invasive ventilation may be a contributor to the change 

in rates of BSI.   
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Other studies have reported similar declines in rates of BSI. The NeonIN surveillance 

network (chapter 1, section 1.6.4) reported a decline in rates of BSI per admission 

between 2005 and 2014. 

7.3.7 Objective 7: To demonstrate how the system can be used to support 

evaluations of interventions through two examples 

I demonstrated how the system I created can be used to evaluate interventions in two 

examples (chapter 6). First, I evaluated the impact of the adoption of PICC care bundles 

on rates of BSI in NNU using data from the survey (section 6.4.1). Second, I assessed 

the generalisability and applicability of results from the PREVAIL randomised controlled 

trial to prevent BSI to other babies receiving PICCs in NICUs and LNUs (section 6.4.2). 

I found no evidence of a change in BSI rates following the introduction of PICC care 

bundles. PICC care bundles are a package of interventions that aim to reduce BSI during 

PICC insertion and/or maintenance (chapter 1, section 1.5).(72) Features of the care 

bundles vary but often include hand hygiene, daily review of lines, and disinfection of 

skin prior to insertion. I collected data on when PICC care bundles were first introduced 

in NNUs through the survey of neonatal infection control practices (chapter 2, section 

2.4). I had valid dates provided by 23 NNUs (seven LNUs and 16 NICUs) which I included 

in the analysis. I used interrupted time series Poisson regression to model whether there 

was a step change or a change in trend of rates of BSI following the introduction of care 

bundles. I found no change in rates of BSI per 1000 central line days (primary analysis) 

or BSI per 100 admissions or BSI per 1000 days of intensive and high dependency care 

(Table 6-4). This differs from reported reductions in rates of BSI following the adoption 

of care bundles that have been reported elsewhere.(72) There are several potential 

reasons for the difference. First, care bundles may work in some NNUs and not others, 

furthermore NNUs may be more likely to publish their results when bundles reduced BSI 

rates, resulting in publication bias. One reason care bundles may not work the same in 

all NNUs is that different bundles have different components, some of which are likely 

more effective than others. Second, the reduction in BSI rates reported elsewhere may 

have been the result of biased studies, for example many studies only report rates before 

and after the intervention rather than long term trends so any difference could be due to 

chance, or a short term change that returns to normal.  Furthermore, studies were rarely 

risk-adjusted. Third, my findings of no change in rates of BSI may be incorrect. The 

findings may be wrong due to incorrect dates of bundle implantation or due to improved 

ascertainment of BSI over time masking a true decline in BSI rates. The improved 

ascertainment could be related to improved linkage success due to increasing identifier 



 

267 
 

quality (chapter 4, Figure 4-3) or due to increased reporting of BSI to the infection 

surveillance system (chapter 3, Table 3-8).  

Rates of BSI in the PREVAIL trial were generalisable to rates of BSI in other NICUs and 

LNUs (section 6.4.2). There were no differences in causative organisms, so I have no 

reason to expect that the efficacy of the AM-PICC would differ in babies in PREVAIL 

compared to those not in PREVAIL (Table 6-8). If the intervention had been effective, I 

would have applied the rate ratio from the trial to the baseline BSI rate in all babies 

receiving PICCs to predict the number of BSI that could be prevented if the intervention 

were adopted.(117) This method could be used in future interventions found to be 

effective at reducing BSI rates. I found no change in rates of BSI per 1000 PICC days 

over time. Rates of BSI per 100 admissions decreased in PREVAIL NICUs and LNUs, 

but not in non-PREVAIL NICUs. BSI during PICC days at risk contributed to 55% of BSI 

in babies born before 32 weeks gestation and 26% of BSI in babies born at 32 weeks or 

later. These are the upper limits of BSI that could be prevented for interventions that only 

target babies who receive PICCs (e.g. AM-PICCs), this highlights the importance of 

identifying interventions that target all babies in NNUs, not just those receiving PICCs.  

7.4 Strengths 

I have presented a novel way to measure BSI rates in NNUs and support evaluation of 

interventions through linkage of routinely collected data. The linked data represents the 

largest data resource to evaluate rates of BSI in NNUs and can be used for a range of 

analyses. The system that I have created reduces selection and information bias in 

several ways compared to existing ways of measuring BSI rates (chapter 1, section 

1.6.4). First, recording of BSI in this system is less likely to be related to clinical factors 

that may be confounders of BSI (e.g. severity of illness, prematurity) compared to 

recording by clinicians. This is because the laboratory reporting the data likely does not 

have access to a baby’s clinical records, whereas recording by clinicians may be less 

likely if it is a very ill baby as the baby’s care is prioritised, or perhaps less likely if the 

baby is NNU for a shorter period of time, or if the baby is showing fewer clinical symptoms 

of infection. Second, the system is national, with 96% (44/46) of NICUs and 89% (68/76) 

of LNUs included in the dataset. This provides a large sample size which allows for the 

identification of small effects. Furthermore, it reduces the effect of selection bias 

compared to a surveillance system with only a handful of NNUs, which may find that only 

the best performing NNUs volunteer to sign up. Third, it enables adjustment for baseline 

risk factors which helps disentangle effects that are attributable to interventions or 

changes in practice from effects that are due to changes in case-mix. Fourth, it is possible 
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to account for pre-existing trends when evaluating the effect of interventions, for example 

care bundles. This is important as there may be a change following the introduction of a 

new intervention but it could be by chance or part of an existing change that was 

happening before the intervention, so accounting for trends before and after an 

intervention rather than just static rates the month/year before and after allows us to 

understand whether a change is really related to the intervention of interest. 

Another strength of using the linked data resource to evaluate rates of BSI is that it 

enables flexibility in analysis of rates of BSI that can be tailored to different needs. The 

data includes dates for birth, blood/CSF sample, admission, discharge, central line use, 

ventilation and more. Therefore different BSI definitions can be used, for example early 

vs late onset or during central line days at risk. Different denominators can be used as it 

is possible to count the number of babies, admissions, central line days, PICC days etc. 

It allowed me to tailor my definition to match that used in PREVAIL to evaluate the 

generalisability and applicability of the PREVAIL trial, to compare trends in BSI rates 

using different measures of BSI, and to quantify the amount of BSI that occurs during 

different at risk periods.  

I have demonstrated how the linked data resource that I have created can be used to 

provide context to clinical trials. Randomised controlled trials are often thought of as the 

“gold standard” or “top tier” evidence (other than systematic reviews) because the 

randomisation procedure removes confounding factors in comparison to observational 

studies and any observed differences can be attributed to the intervention.(159) 

However, questions have been raised over whether trials represent “normal practice” 

and therefore whether they can be generalised and or applied to the normal patient 

population.(160) In the case of PREVAIL, all babies who required a PICC were eligible 

(unless they had an allergy) so selection bias was reduced.(78, 154) Also the trial was 

pragmatic and asked clinicians to take blood samples when clinically necessary not at a 

given time point, thereby more closely reflecting normal practice. However, differences 

may still exist. For example, clinical staff may unconsciously treat babies enrolled in 

PREVAIL differently, which is hard to measure, or risk may differ in babies whose parents 

did not provide consent, or who were not approached compared to those who were 

enrolled in the trial.(153, 161) In the generalisability and applicability study of PREVAIL 

(chapter 6, section 6.4.2), I compared babies enrolled in PREVAIL to those who were 

not in the trial but in whom the intervention would likely be used, if found to be effective. 

The generalisability and applicability analysis can be replicated for future trials using the 

linked data resource in any similar studies (where effective interventions have been 
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identified) to determine whether babies who participated in a trial are sufficiently similar 

to the population from which they were drawn and/or the population in which the 

intervention will be used. 

A further strength of the work I present in this thesis is that it adds value to an existing 

system (the NNRD) in an efficient manner without the need to collect new data, which 

uses up resources. Linkage of the data is relatively low-cost compared to setting up a 

new surveillance system or a study. It also puts less burden on staff in NNUs or 

laboratories as it does not require any additional data entry from them. Available 

resources should be spent on improving the quality of existing data systems (NNRD and 

SGSS) rather than developing new systems.  

I have presented well thought out methods for dealing with data quality issues that may 

always be a problem as systems will continue to be updated/improved, which poses a 

problem when studying trends. By investigating the impact of a change, such as the 

change in data collection methodology (chapter 3, section 3.4.2.1), I was able to plan 

analyses to reduce the impact of the change through restricting trends to only clearly 

pathogenic organisms. When evaluating rates by network in 2016-17 (chapter 5, section 

5.4.3.3), calculating rates for all organisms and by clearly pathogenic organisms allowed 

me to identify that the differences in rates of BSI caused by all organisms were due to 

changes in reporting, whereas if I had only studied differences by all organisms I may 

have incorrectly attributed the differences to differences in clinical practice.  

7.5 Limitations and future direction 

7.5.1 Underestimation of BSI rates 

The quality and completion of patient identifiers is a major limitation of this work and has 

likely resulted in an underestimation of rates of BSI (chapter 4). The unlinked clinical 

records of BSI in NNRD demonstrate that the linkage has missed links (Table 4-4) and 

as patient identifiers were less complete in earlier years (Figure 4-3), I expect that missed 

links were more likely in earlier years. This would introduce bias when evaluating how 

rates of BSI have changed over time. It may be that BSI per 1000 central line days was 

decreasing if all true BSI were included, or that BSI per 100 admissions or per 1000 days 

of intensive and high dependency care were declining at a steeper rate than I reported. 

In the future, improving the quality of identifiers and the ascertainment of BSI to both 

systems would reduce the missed links and therefore improve accuracy of the rates of 

BSI calculated from the linked data. This would not improve the accuracy of historic 

temporal trends.  
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One method to reduce the number of missing links would be imputation. If it is possible 

to know some pairs are definite links (e.g. NHS number links) and some are definitely 

not (e.g. a baby who did not have any identifiers in common with any BSI records), this 

could be used to impute the likelihood that a baby had a BSI using data on whether a 

BSI was recorded in NNRD, BSI risk factors (gestation, CVC use), and agreement on 

patient identifiers.(115, 116) To evaluate the quality of linkage, gold standard data would 

be required. As there are now NNUs which report recording all positive BSI results in the 

NNRD, one (or more) of these could be used as a gold standard.(1) 

Imputation may also be used to circumvent the need for manual review. Manual review 

in probabilistic linkage was time intensive and could limit continuing linkage. Alternatives 

that could be used to remove the need for manual review would be prior-informed 

imputation or cluster partition as described in chapter 1 (section 1.7.4).(115, 122) The 

partition clustering may be more difficult due to the differences in identifiers that were 

available in the datasets. Names and hospital number were available in SGSS but not 

the NNRD. Therefore the only data available for an exact match would be NHS number 

and possibly concatenation of postcode, date of birth and sex.  

7.5.2 Reporting of skin commensals 

The inconsistent reporting of skin commensals (including CoNS) resulted in excluding 

more than half of BSI from trend analyses. It was not feasible to include these organisms 

in my estimates of BSI as any true differences between NNUs/networks or over time 

would be dwarfed by the differences due to changes in reporting (chapter 3, section 

3.4.2.1). As CoNS was the most prevalent organism isolated in blood cultures from NNUs 

(chapter 3, Figure 3-10), its exclusion has a substantial impact on BSI rates. 

Furthermore, CoNS is often a true BSI (rather than contaminant) and is associated with 

adverse outcomes.(6, 21, 141) Trends in BSI caused by CoNS could be increasing even 

while rates for other BSI are decreasing. This could have serious consequences, given 

that CoNS is the most frequently cultured organism from babies in NNU.(141) A push 

towards consistent reporting of all positive cultures from all laboratories that report to 

SGSS is needed with an emphasis on consistent reporting of CoNS cultures.  

7.5.3 Data on clinical practices 

An important factor missing from the data is infection control practices. The system 

provides information on other sources of variation in BSI, but without any data on clinical 

practices such as infection control measures it can be difficult to attribute variation to the 

correct source. The data I collected through the survey provides a snapshot of reported 
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practice at a fixed point in time. However, practice is difficult to measure due to changes 

over time or uncertainties by staff regarding their local protocols. Practice does not 

change at the same time across all NNUs, as demonstrated by the range in dates of 

bundle adoption (chapter 6, section 6.2.1), and the third of NNUs who reported not using 

bundles in the survey (chapter 2, section 2.4.2.3). Regular surveys of key infection 

control practices could be added as a supplement to the dataset, for example an annual 

audit of practice or a PPS. This would be considerably time consuming and it can be 

difficult to get neonatal staff with a high workload to provide the necessary information.  

An example of this was reported by Wang et al., using international data from the NeonIN 

network combined with a survey of healthcare practices to evaluate enterococcal 

infections.(97) However, this study highlights the problem with gathering this data 

through a survey as only 40% (24/60) of the NNUs in the network responded, many of 

whom provided unusable answers. More work must be done to investigate how to collect 

accurate data on clinical practices in NNUs without placing undue burden on neonatal 

staff. A potential issue in collecting the data through PPS would be selecting a 

representative sample of NNUs as infection control practices vary by NNU (chapter 2, 

section 2.4.2).  

7.5.4 Time varying risk factors 

For correct and fair risk-adjustment, the time-varying nature of risk factors such as central 

line and ventilation should have been accounted for. Without this approach, adjusting for 

the number of central line or ventilation days may be incorrect as having a BSI could 

influence for how long a baby has a central line or ventilation. The alternative would be 

censoring after the first BSI, but this may distort results if we are comparing the number 

of central line or ventilation days in the first three days of an admission before a baby 

develops a BSI with all the central line or ventilation days in a two weeks stay of a baby 

who did not develop BSI.  

Several studies have modelled risk of BSI accounting for time-varying nature of CVC 

use. In one study using data from the NEO-KISS surveillance system (chapter 1, section 

1.6.4), Cox proportional hazard regression analysis was used to evaluate time varying 

risk factors for BSI.(162) The model included variables for whether a CVC (or other 

device) was used one or two days previously. This presents a useful way of including 

whether presence of a CVC is associated with BSI, however it does not account for 

duration of CVC (beyond two days). A study of 3,985 babies with UVC and/or PICCs in 

10 NICUs in Australia used Cox logistic regression models to evaluate the relationship 

between CVC duration and BSI.(53) Risk of BSI was measured in two-day intervals from 
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CVC insertion. However, the study included 10 different NICUs and the models did not 

account for which NICU a baby was admitted to which likely has a significant effect due 

to variation in infection control practices.  A single-centre study of babies with PICCs 

used linear spline terms in a Poisson model to evaluate non-linear changes in CLABSI 

risk.(55) First, risk of BSI over time was assessed using a continuous hazard function 

and by calculating incidence rates for every 10 days with PICC. From these analyses, 

day 18, 35 and 55 with PICC were selected as points when BSI risk changed. Few babies 

had PICCs in place past 55 days and therefore BSI risk was modelled with data censored 

at 60 days and splines at 18 and 35 days. This study is limited because it only included 

21 BSI events. As the data was from only one NICU, it may not be generalisable if PICCs 

are used differently, in the NICU in this study the median duration was 12 days which is 

higher than 8 days reported elsewhere.(53, 163)  

Multilevel discrete survival models provide a method to evaluate the effect of time-

varying risk factors.(133, 164, 165) In these models, each day would be the level one 

unit, nested within babies within NNUs, so that the probability of a BSI each day would 

be calculated depending on the risk factors present that day and previous exposures. 

Data would be censored at discharge home, death, or transfer to a NNU not included in 

the data. Therefore it would only be possible to include the first BSI. I will briefly describe 

methods that could be used to evaluate BSI in NNUs adjusted for static and time-varying 

risk factors. Stat-JR can be used to evaluate data using multilevel discrete survival 

models.(166) 

The discrete time model of hazard of BSI is shown in Equation 7-1. In the model, ℎ𝑖𝑗 is 

the hazard of BSI in time interval t for baby i in NNU j. The covariates 𝑥𝑖𝑗 can be time-

varying (e.g. CVC use) or defined at the baby level (e.g. gestation) or NNU level (e.g. 

neonatal network). Several variables representing CVC use could be included, for 

example CVC use on that day, previous day and days since CVC insertion. The random 

effect of NNU is represented by  𝑢𝑗 representing unobserved differences between NNUs, 

for example different infection control protocols.  

Equation 7-1: Discrete time model of hazard of BSI 

𝑙𝑜𝑔𝑖𝑡[ℎ𝑖𝑗(𝑡)] = 𝛼(𝑡) + 𝛽𝑥𝑖𝑗(𝑡) + 𝑢𝑗 

𝑢𝑗 ~ 𝑁(0, 𝛿𝑢
2) 

Equation 7-2: Discrete time dependency of the hazard of BSI 

𝛼(𝑡) = 𝛼1𝐷1 + 𝛼2𝐷2 + ⋯ 𝛼𝑞𝐷𝑞 
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Changes in the hazard over time are represented by 𝛼(𝑡). Time would be treated as a 

categorical variable with a category for each time interval as shown in Equation 7-2. 

Where D1, D2, Dq are dummies for time intervals t=1, 2, q where q is the maximum 

observed event time. 

The time intervals should be consistent for all babies, but do not have to all be the same 

length. For example, including days individually for the first two weeks could account for 

the large amount of change in the first few days of a baby’s care (e.g. UVC used for first 

few days, before CVCs) and avoid grouping early and late onset infections together. By 

day 14 65% of BSI have occurred and 75% of babies without BSI have been discharged 

from NNU and therefore censored (percentages based on analysis of the NNRD). Using 

the linked data, all admissions would be censored at age 365 as there are very few 

babies that would be in NNU for that long and linkage only included BSI in babies aged 

up to one year.  

Analysing the linked dataset I have created using discrete multilevel survival models 

represents an improved way to measure risk of BSI due to CVCs (or other time-varying 

risk factors) compared to the examples I gave above for several reasons. First, the 

models account for unmeasured differences between NNUs (e.g. infection control 

practices) by including NNU as a random effect. Second, duration on each day can be 

measured (rather than just whether CVC was in place on each day/the previous day). 

Third, the linked dataset contains nearly all NICUs and LNUs in England and therefore 

is more representative and has a higher number of events.  

7.6 Implications  

7.6.1 Implications for future research 

The methods that I have presented to evaluate the generalisability and applicability of 

the PREVAIL trial can be used to evaluate future interventions. One of the potential 

reasons that the PREVAIL trial did not find the AM-PICC to be effective, despite the 

effectiveness of AM-CVCs in children was the difference in antimicrobials used for 

impregnation.(27, 78) In PREVAIL, impregnation used rifampicin-miconazole (antibiotic 

and antifungal), whereas rifampicin-minocycline (two antibiotics) was used in CATCH. If 

a rifampicin-minocycline impregnated PICC is developed for use in NNUs and evaluated 

in a trial, the methods of evaluating the generalisability and applicability could be applied. 

The methods could be used similarly for other interventions that target PICCs, or adapted 

to evaluate the generalisability and applicability of other interventions. The 

generalisability analysis could also be extended to predict the number of BSI that would 
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be prevented if an intervention were adopted, and if an economic evaluation determined 

the cost of BSI, to predict the reduction in cost if the intervention were adopted.(117) 

My findings of no evidence of a change in BSI rates following the introduction of PICC 

care bundles (section 6.4.1) differed from results reported in a systematic review of 

observational studies which found significant reduction in BSI associated with care 

bundles.(72). It is unclear whether the reason for this is publication bias (null effect not 

reported), bias in existing studies, or errors in my evaluation (e.g. incorrect dates). 

Therefore, a randomised controlled trial (RCT) of care bundles for PICCs would be 

advantageous.  If a PICC care bundle was found to be effective in a sufficiently powered 

and robust RCT, it would be possible to infer causation, which is difficult using 

observational data due to unmeasured factors. If a PICC care bundle for use in NNUs 

were evaluated and found to be effective in a robust RCT this may result in adoption of 

the bundle across all NNUs and result in more uniform practice.  

Future research should attempt to identify interventions that can prevent BSI in all babies 

in NNU rather than only those who receive PICCs. If we assume that every BSI that 

occurs while a PICC is in situ is due to the PICC (which is highly unlikely), then an 

intervention that prevented all BSI in babies with PICCs (again highly unlikely) could only 

prevent 55% of BSI in babies born before 32 weeks gestation in NNU. However, an 

intervention that targeted all late onset BSI in babies born before 32 weeks gestation in 

NNU could prevent up to 92% of BSI.  

The system could be further expanded to link to hospital episode statistics (HES).(106, 

167) HES collects data on NHS admissions for England for costing purposes. This would 

allow help locate the corresponding babies for BSI records in young infants from the 

surveillance data which did not link to the NNRD. Mother and baby records from HES 

have been linked previously.(168) Linkage of NNRD-SGSS data to mother-baby HES 

data would also enable evaluation of early onset BSI including some maternal risk 

factors. If rates of early onset BSI were reduced, fewer antibiotics would be administered 

which may reduce antimicrobial resistance. Although antimicrobial resistance is lower in 

early onset than late onset BSI in NNUs in the UK, resistance is still observed in early 

onset BSI.(169) Despite the importance of reducing antimicrobial resistance (chapter 1, 

section 1.3.4), vertical transmission of antimicrobial resistance is an understudied 

area.(170) A key ambition outlined in the UK government’s report on tackling 

antimicrobial resistance is to optimise surveillance using existing data.(171) As data 

owners of HES and SGSS, Public Health England are in a prime position to link these 
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data (with NNRD) to evaluate vertical transmission of antimicrobial resistance and 

identify targets for interventions to reduce resistance in this high risk group.  

if fewer antibiotics are administered and the important but less tangible benefits of 

reducing selection pressure which could lead to antibiotic resistance. 

7.6.2 Implications for policy and practice 

Linkage of NNRD to national laboratory infection surveillance data should continue and 

become a routine linkage, ideally with HES as outlined above. Data should be fed back 

to both the NNRD and the surveillance system to account for missed BSI in both 

datasets. Furthermore, surveillance of infection in NNUs should focus on improving 

quality of the existing systems rather than developing new systems that duplicate data 

entry and represent additional burden on neonatal staff e.g. ICCQUIP (chapter 1, section 

1.6.4).(98) If data is well completed, linkage of electronic health records will likely 

improve quality of BSI surveillance in comparison to mandatory surveillance due to 

reduction in human error.(121) Efforts should be made to gain consent from remaining 

NNUs not included in this thesis to achieve 100% coverage from NNUs in England. 

The national infection laboratory surveillance system may benefit from guidance 

provided to laboratories on which organisms should be reported. It is clear that at least 

for BSI in neonates that even in 2017, what was reported by laboratories across England 

was not consistent. Therefore, the current system is not sufficiently well harmonised to 

support regional comparisons in all BSI. Going forward, the system may benefit from all 

laboratories being instructed to report all BSI and decisions on which BSI are clinically 

significant or should be included can be made for individual studies and research 

questions. For example, annual reports by PHE on BSI could include all organisms and 

a sensitivity analysis of clinically significant BSI. Asking laboratories to report all BSI 

would likely be the easiest option for them and allow the greatest flexibility in research 

using the data.  

Routine measurement or a recurring PPS (chapter 1, section 1.6.3) should be 

implemented to understand how practice (e.g. infection control measures) contributes to 

rates of BSI. Without this last piece of the puzzle, it is difficult to determine what is 

causing variation in rates of BSI between NNUs or over time. The survey that I used to 

collect data on infection prevention practices provides some lessons (chapter 2, section 

2.4). First, the length of the questionnaire and method of completion will affect chances 

of response. Second, a personalised approach may be more useful than a newsletter or 

other impersonal contact. Third, inconsistent responses from the same NNU are likely 
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and must be investigated (chapter 2, section 2.4.2.2). This could be the responsibility of 

PHE to supplement their infection data or form a part of the NNAP.  

The change from invasive to non-invasive ventilation appears to have contributed to the 

reduction in rates of BSI in LNUs. Previous studies have identified invasive ventilation 

as a risk factor for BSI.(10, 40, 59) This change should be investigated further to 

determine why it has happened (i.e. are babies who previously received invasive 

ventilation now receiving non-invasive ventilation) and whether switching babies from 

invasive ventilation to non-invasive ventilation is practical and could reduce rates of BSI 

in NNUs. 

7.7 Concluding remarks 

Linking electronic health records from NNUs to national laboratory infection surveillance 

data provides a data resource to support evaluation of interventions to prevent BSI in 

NNUs in England. Rates of BSI vary between NNU, but are similar across regional 

neonatal networks. Further data on infection control practices is required to determine 

the sources of variation. Linkage should become routine to allow for continued monitoring 

of BSI in NNUs, supplemented by data on infection control practices. The quality of 

patient identifiers should be improved to allow for more accurate linkage and therefore 

more accurate analysis. 
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10 Appendix B: Lab reporting graphs 
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11 Appendix C: Organism classification 

Table 11-1: List of other organisms 

Other organisms reported to the infection surveillance data 

ABIOTROPHIA OTHER NAMED 
PAENIBACILLUS 
AMYLOLYTICUS 

ACIDOVORAX TEMPERANS 
PAENIBACILLUS 
GLUCANOLYTICUS 

ACINETOBACTER 
CALCOACETICUS  

PARABACTEROIDES 
DISTASONIS 

ACINETOBACTER 
HAEMOLYTICUS PARACOCCUS SP 

ACINETOBACTER JOHNSONII PARACOCCUS YEEII 

ACINETOBACTER PARVUS 
PEDIOCOCCUS 
ACIDILACTICI 

ACINETOBACTER 
RADIORESISTENS PEPTOCOCCUS SP 
ACINETOBACTER 
SCHINDLERI PEPTONIPHILUS SP 

ACINETOBACTER URSINGII 
PHIALOPHORA OTHER 
NAMED 

ACTINOMYCES 
CARDIFFENSIS 

PROPIONIBACTERIUM 
ACNES 

ACTINOMYCES MEYERI PSEUDOCLAVIBACTER SP 

ACTINOMYCES NEUII 
PSEUDOMONAS 
ALCALIGENES 

ACTINOMYCES ORIS 
PSEUDOMONAS 
FLUORESCENS 

ACTINOMYCES SP PSEUDOMONAS KOREENSIS 

ACTINOMYCES VISCOSUS PSEUDOMONAS LUTEOLA 

AEROCOCCUS SP 
PSEUDOMONAS 
OLEOVORANS 

AEROCOCCUS URINAE 

PSEUDOMONAS 
ORYZIHABITANS 
(FLAVIMONAS 
ORYZIHABITANS) 

ALCALIGENES FAECALIS 
PSEUDOMONAS OTHER 
NAMED 

ALCALIGENES OTHER NAMED 

PSEUDOMONAS 
PAUCIMOBILIS 
(SPHINGOMONAS 
PAUCIMOBILIS) 

ALCALIGENES SP PSEUDOMONAS PUTIDA 
ALCALIGENES 
XYLOSOXIDANS 
XYLOSOXIDANS 

PSEUDOXANTHOMONAS 
KAOHSIUNGENSIS 

BACILLUS CIRCULANS RAHNELLA NAMED 

BACILLUS LICHENIFORMIS RAHNELLA SP 
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BACILLUS OTHER NAMED RALSTONIA PICKETTII 

BACILLUS SILVESTRIS 

RHIZOBIUM RADIOBACTER 
(AGROBACTERIUM 
TUMEFACIENS) 

BACILLUS SPHAERICUS 
RHODOCOCCUS OTHER 
NAMED 

BACILLUS SUBTILIS RHODOCOCCUS SP 
BIFIDOBACTERIUM 
ADOLESCENTIS ROTHIA AERIA 
BIFIDOBACTERIUM 
CATENULATUM RUMINOCOCCUS GNAVUS 

BIFIDOBACTERIUM LONGUM 
SACCHAROMYCES 
CEREVISIAE 

BIFIDOBACTERIUM NAMED 

SHEWANELLA 
PUTREFACIENS 
(PSEUDOMONAS 
PUTREFACIENS) 

BIFIDOBACTERIUM SP 
SPHINGOBACTERIUM 
MULTIVORUM 

BREVIBACILLUS PARABREVIS SPHINGOMONAS SP 

BREVUNDIMONAS DIMINUTA STAPHYLOCOCCUS LENTUS 
BURKHOLDERIA 
MULTIVORANS 

STAPHYLOCOCCUS 
VITULINUS 

CAPNOCYTOPHAGA OTHER 
NAMED 

STENOTROPHOMONAS 
ACIDAMINIPHILA 

CAPNOCYTOPHAGA SP STEPHANOASCUS CIFERRII 
CHRYSEOBACTERIUM 
INDOLOGENES 

STOMATOCOCCUS 
MUCILAGINOSUS 

CHRYSEOBACTERIUM SP STOMATOCOCCUS SP 

CHRYSEOMONAS LUTEOLA 
STREPTOCOCCUS 
CRISTATUS 

CHRYSEOMONAS SP 
STREPTOCOCCUS 
GORDONII 

COLLINSELLA AEROFACIENS STREPTOCOCCUS INFANTIS 

COMAMONAS OTHER NAMED 
STREPTOCOCCUS 
INTERMEDIUS GROUP 

COMAMONAS SP 
STREPTOCOCCUS 
LUTETIENSIS 

COMAMONAS TESTOSTERONI 
STREPTOCOCCUS OTHER 
GROUP (NOT A-D F G) 

CORYNEBACTERIUM 
AFERMENTANS STREPTOCOCCUS PERORIS 

CORYNEBACTERIUM AURIS 
STREPTOCOCCUS 
SACCHAROLYTICUS 

CORYNEBACTERIUM 
MUCIFACIENS 

STREPTOCOCCUS 
SOBRINUS 

CORYNEBACTERIUM 
PROPINQUUM 

STREPTOCOCCUS 
THERMOPHILUS 

CORYNEBACTERIUM 
PSEUDODIPHTHERITICUM 
(CORYNEBACTERIUM 
HOFFMANNII) 

STREPTOCOCCUS 
VESTIBULARIS 
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CORYNEBACTERIUM 
SIMULANS WEEKSELLA VIROSA 
DELFTIA ACIDOVORANS 
(COMAMONAS 
ACIDOVORANS) ABIOTROPHIA DEFECTIVA 

DERMABACTER HOMINIS 
ACHROMOBACTER 
XYLOSOXIDANS 

DERMACOCCUS SP ACINETOBACTER JUNII 
EGGERTHELLA LENTA 
(EUBACTERIUM LENTUM) ACINETOBACTER LWOFFII 

ELIZABETHKINGIA MIRICOLA 
ACINETOBACTER OTHER 
NAMED 

ELIZABETHKINGIA SP ACINETOBACTER SP 
EUBACTERIUM OTHER 
NAMED ACTINOMYCES NAESLUNDII 

EXOPHIALA DERMATITIDIS 
ACTINOMYCES 
ODONTOLYTICUS 

GEMELLA HAEMOLYSANS 
ACTINOMYCES OTHER 
NAMED 

GEMELLA SP 
AEROCOCCUS OTHER 
NAMED 

GEOTRICHUM SP AEROCOCCUS VIRIDANS 

GLOBICATELLA SANGUIS 
AGGREGATIBACTER 
(HAEMOPHILUS) SEGNIS 

GORDONIA BRONCHIALIS 
(RHODOCOCCUS 
BRONCHIALIS) 

ARCANOBACTERIUM 
HAEMOLYTICUM 

GORDONIA SP BACILLUS CEREUS 
GRANULICATELLA ADIACENS 
(ABIOTROPHIA 
ADJACENS)(STREP 
ADJACENS) BACILLUS PUMILUS 

GRANULICATELLA ELEGANS BACILLUS SP^ 

HAEMATOBACTER SP BIFIDOBACTERIUM BREVE 

HAEMOPHILUS APHROPHILUS BREVIBACTERIUM CASEI 
HAEMOPHILUS 
HAEMOLYTICUS 

BREVIBACTERIUM OTHER 
NAMED 

HAEMOPHILUS OTHER 
NAMED BREVIBACTERIUM SP 
HAEMOPHILUS 
PARAPHROHAEMOLYTICUS BREVUNDIMONAS SP 

HELICOBACTER PYLORI 
BREVUNDIMONAS 
VESICULARIS 

KINGELLA DENITRIFICANS BURKHOLDERIA CEPACIA 

KINGELLA KINGAE BURKHOLDERIA GLADIOLI 

KINGELLA SP 
CHRYSEOBACTERIUM 
MENINGOSEPTICUM 

KOCURIA ROSEA 
CORYNEBACTERIUM 
AMYCOLATUM 

LACTOBACILLUS CRISPATUS 
CORYNEBACTERIUM 
AURIMUCOSUM 

LACTOBACILLUS 
FERMENTUM 

CORYNEBACTERIUM 
COYLEAE 
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LACTOBACILLUS GASSERI 
CORYNEBACTERIUM 
JEIKEIUM (JK) 

LACTOBACILLUS JENSENII 
CORYNEBACTERIUM 
MINUTISSIMUM 

LACTOBACILLUS LACTIS 
CORYNEBACTERIUM OTHER 
NAMED 

LACTOBACILLUS OTHER 
NAMED 

CORYNEBACTERIUM 
PSEUDODIPHTHERITICUM 

LACTOBACILLUS 
RHAMNOSUS CORYNEBACTERIUM SP 

LACTOCOCCUS CREMORIS 
CORYNEBACTERIUM 
STRIATUM 

LACTOCOCCUS GARVIEAE DIPHTHEROIDS 

LACTOCOCCUS SP EIKENELLA CORRODENS 

LYSINIBACILLUS SP GEMELLA MORBILLORUM 

METHYLOBACTERIUM SP 
HAEMOPHILUS 
PARAHAEMOLYTICUS 

MICROBACTERIUM AURUM 
HAEMOPHILUS 
PARAINFLUENZAE 

MICROBACTERIUM LACTICUM HAEMOPHILUS SP 
MICROBACTERIUM 
PARAOXYDANS HANSENULA SP 

MICROCOCCUS LYLAE KOCURIA KRISTINAE 
MICROCOCCUS VARIANS 
(KOCURIA VARIANS) KOCURIA RHIZOPHILA 

MICROSPORUM SP KOCURIA SP 

MORAXELLA LACUNATA LACTOCOCCUS LACTIS 
MORAXELLA 
NONLIQUEFACIENS 

LACTOBACILLUS 
PARACASEI 

NEISSERIA CINEREA LACTOBACILLUS SP 

NEISSERIA ELONGATA LEUCONOSTOC SP 

NEISSERIA LACTAMICA MASSILIA TIMONAE 

NEISSERIA MUCOSA MICROBACTERIUM SP 

NEISSERIA OTHER NAMED 
MICROCOCCUS LUTEUS 
(SARCINA) 

NEISSERIA PERFLAVA 
MICROCOCCUS OTHER 
NAMED 

NEISSERIA 
POLYSACCHAREAE MICROCOCCUS SP 

NEISSERIA SUBFLAVA MORAXELLA CATARRHALIS 

NOCARDIA SP MORAXELLA OSLOENSIS 
OCEANOBACILLUS 
PROFUNDUS MORAXELLA SP 

OCHROBACTRUM SP NEISSERIA FLAVESCENS 

OLIGELLA URETHRALIS NEISSERIA SICCA 

PSEUDOMONAS SP NEISSERIA SP 

PSEUDOMONAS STUTZERI OCHROBACTRUM ANTHROPI 

ROSEOMONAS GILARDII PAENIBACILLUS PABULI 

ROSEOMONAS MUCOSA PAENIBACILLUS SP 

ROSEOMONAS SP 
PROPIONIBACTERIUM 
FREUDENREICHII 
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ROTHIA DENTOCARIOSIA 
PSEUDOMONAS 
PAUCIMOBILIS  

ROTHIA SP STENOTROPHOMONAS SP 
STAPHYLOCOCCUS 
COAGULASE NEGATIVE 

STOMATOCOCCUS 
MUCILAGINOSUS 

STAPHYLOCOCCUS OTHER 
NAMED 

STREPTOCOCCUS 
ALACTOLYTICUS 

STAPHYLOCOCCUS 
PETTENKOFERI 

STREPTOCOCCUS ALPHA 
AND NON-HAEMOLYTIC 

STAPHYLOCOCCUS SP 
STREPTOCOCCUS 
INFANTARIUS SUBSP NOV 

STENOTROPHOMONAS 
MALTOPHILIA 

STREPTOCOCCUS OTHER 
NAMED 

STREPTOCOCCUS 
STREPTOCOCCUS 
PSEUDOPORCINUS 

 SP 

 

 

Table 11-2: List of excluded (not plausible) organisms 

 

 

 

 

 

 

 

 

 

Organisms excluded as they are not 
possible to culture from blood or CSF 

BORDETELLA BRONCHISEPTICA 

BORDETELLA SP 

BORRELIA BURGDORFERI 

CLOSTRIDIUM DIFFICILE 

MYCOBACTERIUM BOVIS 

MYCOBACTERIUM CHELONAE 

MYCOBACTERIUM FLAVESCENS 

MYCOBACTERIUM OTHER NAMED 

MYCOBACTERIUM SP 

MYCOBACTERIUM TUBERCULOSIS 

NEISSERIA GONORRHOEAE 

SPOROTHRIX SP 

BORDETELLA PARAPERTUSSIS 

BORDETELLA PERTUSSIS 

TREPONEMA PALLIDUM 

TREPONEMA SP 
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12 Appendix D: Paper on linkage methods 



 

319 
 



 

320 
 



 

321 
 



 

322 
 



 

323 
 



 

324 
 



 

325 
 



 

326 
 



 

327 
 



 

328 
 



 

329 
 



 

330 
 



 

331 
 



 

332 
 



 

333 
 



 

334 
 



 

335 
 



 

336 
 



 

337 
 



 

338 
 



 

339 
 



 

340 
 



 

341 
 

 

  



 

342 
 

 

13 Appendix E: Documents on ethics and governance of 

linkage 

Appendix E1: Ethics approval  
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Appendix E2: Confirmation of CAG exemption 
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14 Appendix F: Laboratory hospital mapping from linkage 

Table 13-1: The laboratories that each NNU was mapped on to 

NNU Lab 1 Lab 2 

AIREDALE GENERAL 
HOSPITAL 

AIREDALE GENERAL 
HOSPITAL (KEIGHLEY) 

 

ARROWE PARK HOSPITAL 
CHESTER 
MICROBIOLOGY 
LABORATORY 

CLATTERBRIDGE 
HOSPITAL (WIRRAL) 

BARNET HOSPITAL BARNET HOSPITAL  

BARNSLEY DISTRICT 
GENERAL HOSPITAL 

BARNSLEY DISTRICT 
GENERAL HOSPITAL 

 

BASILDON HOSPITAL 
BASILDON HOSPITAL 
(BASILDON; ESSEX) 

PATHOLOGY FIRST 
(ESSEX HUB) 

BASINGSTOKE & NORTH 
HAMPSHIRE HOSPITAL 

NORTH HAMPSHIRE 
HOSPITAL 
(BASINGSTOKE) 

 

BIRMINGHAM 
HEARTLANDS HOSPITAL 

HPA WEST MIDLANDS - 
BIRMINGHAM LAB 

PHE WEST MIDLANDS - 
BIRMINGHAM LAB 

BIRMINGHAM WOMEN'S 
HOSPITAL 

BIRMINGHAM WOMEN'S 
HOSPITAL 

 

BRADFORD ROYAL 
INFIRMARY 

BRADFORD ROYAL 
INFIRMARY 

LEEDS GENERAL 
INFIRMARY 

BROOMFIELD HOSPITAL 
CHELMSFORD 
MICROBIOLOGY 
LABORATORY 

 

CALDERDALE ROYAL 
HOSPITAL 

HUDDERSFIELD ROYAL 
INFIRMARY 

 

CHELSEA & 
WESTMINSTER HOSPITAL 

CHARING CROSS 
HOSPITAL MICRO 
(LONDON) 

CHELSEA AND 
WESTMINSTER 
HOSPITAL 
MICROBIOLOGY 

CHESTERFIELD & NORTH 
DERBYSHIRE ROYAL 
HOSPITAL 

CHESTERFIELD & 
NORTH DERBYSHIRE 
ROYAL HOSPITAL NHS 
TRUST 

 

CITY HOSPITAL, 
BIRMINGHAM 

SANDWELL AND WEST 
BIRMINGHAM 
HOSPITALS NHS 
TRUST 

 

COLCHESTER GENERAL 
HOSPITAL 

COLCHESTER 
GENERAL HOSPITAL 
(ESSEX) 

 

COUNTESS OF CHESTER 
HOSPITAL 

CHESTER 
MICROBIOLOGY 
LABORATORY 

 

CROYDON UNIVERSITY 
HOSPITAL 

CROYDON UNIVERSITY 
HOSPITAL 

 

DERRIFORD HOSPITAL 
DERRIFORD HOSP. 
(PLYMOUTH) 

 

DIANA PRINCESS OF 
WALES HOSPITAL 

DIANA PRINCESS OF 
WALES H (GRIMSBY) 

 

DONCASTER ROYAL 
INFIRMARY 

DONCASTER ROYAL 
INFIRMARY 
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DORSET COUNTY 
HOSPITAL 

DORCHESTER 
MICROBIOLOGY 
LABORATORY 

 

EAST SURREY HOSPITAL 
CRAWLEY HOSPITAL 
(WEST SUSSEX) 

 

FRIMLEY PARK HOSPITAL 
FRIMLEY PARK 
HOSPITAL (SURREY) 

 

GLOUCESTERSHIRE 
ROYAL HOSPITAL 

GLOUCESTERSHIRE 
ROYAL HOSPITAL 

 

GUY'S & ST THOMAS' 
HOSPITAL 

ST THOMAS' HOSPITAL 
(LONDON) 

 

HILLINGDON HOSPITAL 
HILLINGDON HOSPITAL 
(MIDDLESEX) 

 

HOMERTON HOSPITAL 
HOMERTON HOSPITAL 
(LONDON) 

HOMERTON HOSPITAL 
MICROBIOLOGY 
(LONDON) 

HULL ROYAL INFIRMARY 
HULL ROYAL 
INFIRMARY 

 

JAMES COOK UNIVERSITY 
HOSPITAL 

JAMES COOK 
UNIVERSITY HOSPITAL 

 

KETTERING GENERAL 
HOSPITAL 

KETTERING GENERAL 
HOSPITAL 

 

KING'S COLLEGE 
HOSPITAL 

KINGS COLLEGE 
HOSPITAL 

 

LANCASHIRE WOMEN & 
NEWBORN CENTRE 

ROYAL BLACKBURN 
HOSPITAL 

 

LEEDS NEONATAL 
SERVICE 

LEEDS GENERAL 
INFIRMARY 

 

LEICESTER NEONATAL 
SERVICE 

LEICESTER 
MICROBIOLOGY 
LABORATORY 

 

LEIGHTON HOSPITAL 
MACCLESFIELD 
DISTRICT GENERAL 
HOSPITAL 

 

LINCOLN COUNTY 
HOSPITAL 

GRANTHAM & DISTRICT 
HOSPITAL 
(GRANTHAM) 

PILGRIM HOSPITAL 
(BOSTON; 
LINCOLNSHIRE) 

LISTER HOSPITAL 
LISTER HOSPITAL 
(STEVENAGE) 

 

LIVERPOOL WOMEN'S 
HOSPITAL 

ROYAL LIVERPOOL 
UNIVERSITY HOSPITAL 

 

LUTON & DUNSTABLE 
HOSPITAL 

GREAT ORMOND 
STREET HOSPITAL FOR 
SICK CHILDREN 
(LONDON) 

LUTON MICROBIOLOGY 
LABORATORY 

MANOR HOSPITAL 
MANOR HOSPITAL 
(WALSALL) 

 

MEDWAY MARITIME 
HOSPITAL 

MEDWAY HOSPITAL 
(GILLINGHAM) 

 

MILTON KEYNES 
FOUNDATION TRUST 
HOSPITAL 

MILTON KEYNES 
GENERAL HOSPITAL 

 

NEW CROSS HOSPITAL 
NEW CROSS HOSPITAL 
(WOLVERHAMPTON) 

 

NORFOLK & NORWICH 
UNIVERSITY HOSPITAL 

NORWICH 
MICROBIOLOGY 
LABORATORY 
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NORTH BRISTOL NHS 
TRUST (SOUTHMEAD) 

SEVERN PATHOLOGY  

NORTH MANCHESTER 
GENERAL HOSPITAL 

ROYAL OLDHAM 
HOSPITAL 

 

NORTH MIDDLESEX 
UNIVERSITY HOSPITAL 

GREAT ORMOND 
STREET HOSPITAL FOR 
SICK CHILDREN 
(LONDON) 

NORTH MIDDLESEX 
HOSPITAL (EDMONTON; 
LONDON) 

NORTHAMPTON GENERAL 
HOSPITAL 

GREAT ORMOND 
STREET HOSPITAL FOR 
SICK CHILDREN 
(LONDON) 

LEICESTER 
MICROBIOLOGY 
LABORATORY 

NORTHWICK PARK 
HOSPITAL 

LONDON NORTH WEST 
HEALTHCARE TRUST 
(EALING AND 
NORTHWICK PARK) 

 

NOTTINGHAM CITY 
HOSPITAL 

NOTTINGHAM 
MICROBIOLOGY 
LABORATORY 

 

NOTTINGHAM UNIVERSITY 
HOSPITAL (QMC) 

NOTTINGHAM 
MICROBIOLOGY 
LABORATORY 

 

ORMSKIRK DISTRICT 
GENERAL HOSPITAL 

SOUTHPORT & 
FORMBY DISTRICT 
GENERAL HOSPITAL 

WHISTON HOSPITAL 
(PRESCOT) 

OXFORD UNIVERSITY 
HOSPITALS, JOHN 
RADCLIFFE HOSPITAL 

OXFORD JOHN 
RADCLIFFE 

 

PETERBOROUGH CITY 
HOSPITAL 

PETERBOROUGH 
MICROBIOLOGY 
LABORATORY 

 

PINDERFIELDS GENERAL 
HOSPITAL 

PINDERFIELDS 
GENERAL HOSP 
(WAKEFIELD) 

 

POOLE HOSPITAL NHS 
FOUNDATION TRUST 

POOLE MICROBIOLOGY 
LABORATORY 

 

PRINCESS ANNE 
HOSPITAL 

HPA SOUTH EAST  
SOUTHAMPTON 
LABORATORY 

 

QUEEN ALEXANDRA 
HOSPITAL 

PORTSMOUTH 
MICROBIOLOGY 
LABORATORY 

 

QUEEN CHARLOTTE'S 
HOSPITAL 

CHELSEA AND 
WESTMINSTER 
HOSPITAL 
MICROBIOLOGY 

 

QUEEN ELIZABETH 
HOSPITAL, KING'S LYNN 

QUEEN ELIZABETH 
HOSPITAL (KING'S 
LYNN) 

 

QUEEN'S HOSPITAL, 
BURTON ON TRENT 

QUEEN'S HOSPITAL 
(BURTON UPON 
TRENT) 

 

QUEEN'S HOSPITAL, 
ROMFORD 

QUEENS HOSPITAL 
(ROMFORD) 

 

ROSIE MATERNITY 
HOSPITAL, 
ADDENBROOKES 

HPA EAST OF 
ENGLAND CAMBRIDGE 
LAB 
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ROTHERHAM DISTRICT 
GENERAL HOSPITAL 

ROTHERHAM GENERAL 
HOSPITAL 

 

ROYAL ALBERT EDWARD 
INFIRMARY 

HOPE HOSPITAL 
(SALFORD) 

 

ROYAL BERKSHIRE 
HOSPITAL 

READING 
MICROBIOLOGY 
LABORATORY 

 

ROYAL BOLTON HOSPITAL 
ROYAL BOLTON 
HOSPITAL 

 

ROYAL CORNWALL 
HOSPITAL 

TRURO 
MICROBIOLOGY 
LABORATORY 

 

ROYAL DERBY HOSPITAL 
DERBY CITY GENERAL 
HOSPITAL 

DERBYSHIRE ROYAL 
INFIRMARY (DERBY) 

ROYAL DEVON & EXETER 
HOSPITAL 

EXETER 
MICROBIOLOGY 
LABORATORY 

 

ROYAL HAMPSHIRE 
COUNTY HOSPITAL 

NORTH HAMPSHIRE 
HOSPITAL 
(BASINGSTOKE) 

ROYAL HAMPSHIRE 
HOSPITAL 
(WINCHESTER) 

ROYAL LANCASTER 
INFIRMARY 

ROYAL LANCASTER 
INFIRMARY 

 

ROYAL OLDHAM 
HOSPITAL 

ROYAL OLDHAM 
HOSPITAL 

 

ROYAL PRESTON 
HOSPITAL 

PRESTON 
MICROBIOLOGY 
LABORATORY 

 

ROYAL SHREWSBURY 
HOSPITAL 

SHREWSBURY 
MICROBIOLOGY 
LABORATORY 
(SHREWSBURY) 

 

ROYAL STOKE 
UNIVERSITY HOSPITAL 

BIRMINGHAM WOMEN'S 
HOSPITAL 

WORCESTERSHIRE 
ROYAL HOSPITAL 

ROYAL SUSSEX COUNTY 
HOSPITAL 

BRIGHTON 
MICROBIOLOGY 
LABORATORY 

 

ROYAL UNITED HOSPITAL 
ROYAL UNITED 
HOSPITAL (BATH) 

SEVERN PATHOLOGY 

ROYAL VICTORIA 
INFIRMARY 

FREEMAN HOSPITAL 
(NEWCASTLE UPON 
TYNE) 

 

RUSSELLS HALL 
HOSPITAL 

RUSSELLS HALL 
HOSPITAL (DUDLEY) 

 

SALISBURY DISTRICT 
HOSPITAL 

SALISBURY 
MICROBIOLOGY 
LABORATORY 

 

SCUNTHORPE GENERAL 
HOSPITAL 

DIANA PRINCESS OF 
WALES H (GRIMSBY) 

 

SOUTHEND HOSPITAL 
SOUTHEND GENERAL 
HOSPITAL (ESSEX) 

 

ST GEORGE'S HOSPITAL 
ST GEORGES 
HOSPITAL TOOTING 

 

ST HELIER HOSPITAL 
ST HELIER HOSPITAL 
(CARSHALTON) 

 

ST MARY'S HOSPITAL, IOW 
ST MARY'S HOSPITAL 
(NEWPORT; ISLE OF 
WIGHT) 
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ST MARY'S HOSPITAL, 
LONDON 

CHELSEA AND 
WESTMINSTER 
HOSPITAL 
MICROBIOLOGY 

 

ST MARY'S HOSPITAL, 
MANCHESTER 

HPA NORTH WEST  
MANCHESTER 
LABORATORY 

 

ST MICHAEL'S HOSPITAL 
HPA SOUTH WEST  
BRISTOL LAB 

SEVERN PATHOLOGY 

ST PETER'S HOSPITAL 
FRIMLEY PARK 
HOSPITAL (SURREY) 

ST PETER'S HOSPITAL 
(CHERTSEY) 

ST RICHARD'S HOSPITAL 
ST RICHARDS 
HOSPITAL 
(CHICHESTER) 

 

STEPPING HILL HOSPITAL 
STEPPING HILL HOSP 
(STOCKPORT) 

 

STOKE MANDEVILLE 
HOSPITAL 

STOKE MANDEVILLE 
HOSPITAL MICRO 
(AYLESBURY) 

STOKE MANDEVILLE 
HOSPITAL VIRO 
(AYLESBURY) 

SUNDERLAND ROYAL 
HOSPITAL 

SUNDERLAND ROYAL 
INFIRMARY 

 

TAMESIDE GENERAL 
HOSPITAL 

TAMESIDE GENERAL 
HOSPITAL (ASHTON-
UNDER-LYNE) 

 

TAUNTON & SOMERSET 
HOSPITAL 

TAUNTON 
MICROBIOLOGY 
LABORATORY 

 

THE ROYAL LONDON 
HOSPITAL 

BARTS HEALTH MICRO  

TUNBRIDGE WELLS 
HOSPITAL 

MAIDSTONE HOSPITAL  

UNIVERSITY COLLEGE 
HOSPITAL 

UNIVERSITY COLLEGE 
HOSPITAL (LONDON) 

 

UNIVERSITY HOSPITAL 
COVENTRY 

COVENTRY 
MICROBIOLOGY 
LABORATORY 

UNIVERSITY HOSPITAL 
COVENTRY 

UNIVERSITY HOSPITAL 
LEWISHAM 

LEWISHAM HOSPITAL  

UNIVERSITY HOSPITAL OF 
NORTH TEES 

UNIVERSITY HOSP. OF 
NORTH TEES 

 

VICTORIA HOSPITAL, 
BLACKPOOL 

VICTORIA HOSPITAL 
(BLACKPOOL) 

 

WARRINGTON HOSPITAL 
WARRINGTON 
DISTRICT GENERAL 
HOSPITAL 

 

WATFORD GENERAL 
HOSPITAL 

WEST HERTS 
HOSPITAL TRUST 

 

WHIPPS CROSS 
UNIVERSITY HOSPITAL 

BARTS HEALTH MICRO 
WHIPPS CROSS 
HOSPITAL (LONDON) 

WHISTON HOSPITAL 
WHISTON HOSPITAL 
(PRESCOT) 

 

WHITTINGTON HOSPITAL 
WHITTINGTON 
HOSPITAL (LONDON) 

 

WILLIAM HARVEY 
HOSPITAL 

ASHFORD 
MICROBIOLOGY 
LABORATORY (KENT) 

 

YORK DISTRICT HOSPITAL 
YORK DISTRICT 
HOSPITAL 
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15 Appendix G: Funnel plots 

 

Figure 13-1: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 100 admissions by neonatal network for July 2010 to June 2011 
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Figure 13-2: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 100 admissions by neonatal network for July 2011 to June 2012 

 

Figure 13-3: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 100 admissions by neonatal network for July 2012 to June 2013 
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Figure 13-4: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 100 admissions by neonatal network for July 2010 to June 2011 

 

Figure 13-5: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 100 admissions by neonatal network for July 2014 to June 2015 
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Figure 13-6: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 1000 days of intensive and high dependency care by neonatal network for July 
2010 to June 2011 

 

Figure 13-7: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 1000 days of intensive and high dependency care by neonatal network for July 
2011 to June 2012 
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Figure 13-8: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 1000 days of intensive and high dependency care by neonatal network for July 
2012 to June 2013 

 

Figure 13-9: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 1000 days of intensive and high dependency care by neonatal network for July 
2013 to June 2014 
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Figure 13-10: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 1000 days of intensive and high dependency care by neonatal network for July 
2014 to June 2015 
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Figure 13-11: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 1000 central line days by neonatal network for July 2010 to June 2011 

 

Figure 13-12: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 1000 central line days by neonatal network for July 2011 to June 2012 
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Figure 13-13: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 1000 central line days by neonatal network for July 2012 to June 2013 

 

Figure 13-14: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 1000 central line days by neonatal network for July 2013 to June 2014 
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Figure 13-15: Funnel plot of rates of BSI caused by clearly pathogenic organisms 
per 1000 central line days by neonatal network for July 2014 to June 2015 
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16 Appendix H: Model selection for the PREVAIL 

generalisability study 

Table 16-1: Incidence rate ratios and 95% confidence intervals (CI) for BSI per 
1000 PICC days (outcome) and risk factors added to forward stepwise multilevel 
Poisson regression 

 IRR (95% CI)  
Model 1 Model 2 Model 3 Model 4 Model 5 

BSI by group 
PREVAIL babies 
NP in PNICUs 
NP NICUs 
LNUs 

 
1.00 
1.29 (0.66, 2.54) 
1.14 (0.57, 2.26) 
0.58 (0.27, 1.24) 

 
1.00 
1.55 (0.78, 3.06) 
1.16 (0.58, 2.31) 
0.87 (0.40, 1.89) 

 
1.00 
1.60 (0.81, 3.17) 
1.20 (0.59, 2.41) 
0.93 (0.42, 2.03) 

 
1.00 
1.60 (0.81, 3.17) 
1.20 (0.60, 2.42) 
0.93 (0.43, 2.04) 

 
1.00 
1.59 (0.80, 3.16) 
1.20 (0.60, 2.42) 
0.96 (0.42, 2.15) 

NNU variance 0.13 (0.04, 0.40) 0.13 (0.04, 0.40) 0.15 (0.06, 0.43) 0.15 (0.05, 0.43) 0.82 (0.50, 1.34) 

Gestation 
 <26 
   26 to <28 
   28 to <32 
   32 to <37 
   ≥37 

 
 
1.00 
0.52 (0.37, 0.74)* 
0.40 (0.28, 0.55)* 
0.27 (0.17, 0.43)* 
0.32 (0.18, 0.56)* 

 
1.00 
0.53 (0.38, 0.75)* 
0.42 (0.30, 0.58)* 
0.28 (0.17, 0.45)* 
0.33 (0.18, 0.58)* 

 
1.00 
0.53 (0.38, 0.75)* 
0.41 (0.30, 0.58)* 
0.28 (0.17, 0.45)* 
0.32 (0.18, 0.58)* 

 
1.00 
0.53 (0.38, 0.75)* 
0.42 (0.30, 0.58)* 
0.28 (0.17, 0.45)* 
0.32 (0.18, 0.57)* 

Age at first PICC    
   0 
   1-2 
   3-5 
   6-8 
   9-11 
   12-29 
   30+ 

  
 
1.00 
0.50 (0.31, 0.79)* 
0.62 (0.40, 0.96)* 
0.81 (0.50, 1.33) 
0.85 (0.44, 1.64) 
0.75 (0.43, 1.30) 
0.91 (0.54, 1.55) 

 
1.00 
0.50 (0.31, 0.79)* 
0.62 (0.40, 0.96)* 
0.82 (0.50, 1.34) 
0.85 (0.44, 1.66) 
0.75 (0.43, 1.30) 
0.91 (0.53, 1.55) 

 
1.00 
0.50 (0.31, 0.79)* 
0.62 (0.40, 0.96)* 
0.82 (0.50, 1.34) 
0.85 (0.44, 1.65) 
0.75 (0.43, 1.30) 
0.91 (0.53, 1.55) 

SGA 
   

1.03 (0.73, 1.45) 
 

Surgery 
   

 1.05 (0.72, 1.54) 

IV days 
0 
1 
2-4 
5-6 
7-8 
9-12 
13-21 
22+ 

     

NIV days 
0 
1 
2-5 
6-9 
10-15 
16-49 
50+ 

     

P NICUs = PREVAIL NICUs, NP NICUs = Non-PREVAIL NICUs, SGA = Small for gestational 
age, IV = invasive ventilation, NIV = non-invasive ventilation; * = significant (confidence intervals 
do not cross 0)  
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