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ABSTRACT
Objective There is an expectation among the public 
and within the profession that the performance and 
outcome of neonatal intensive care units (NICUs) should 
be comparable between centres with a similar setting. 
This study aims to benchmark and audit performance 
variation in a regional Australian network of eight NICUs.
Design Cohort study using prospectively collected data.
Setting All eight perinatal centres in New South Wales 
and the Australian Capital Territory, Australia.
Patients All live- born infants born between 23+0 and 
31+6 weeks gestation admitted to one of the tertiary 
perinatal centres from 2007 to 2020 (n=12 608).
Main outcome measures Early and late confirmed 
sepsis, intraventricular haemorrhage, medically and 
surgically treated patent ductus arteriosus, chronic lung 
disease (CLD), postnatal steroid for CLD, necrotising 
enterocolitis, retinopathy of prematurity (ROP), surgery 
for ROP, hospital mortality and home oxygen.
Results NICUs showed variations in maternal and 
neonatal characteristics and resources. The unadjusted 
funnel plots for neonatal outcomes showed apparent 
variation with multiple centres outside the 99.8% 
control limits of the network values. The hierarchical 
model- based risk- adjustment accounting for differences 
in patient characteristics showed that discharged home 
with oxygen is the only outcome above the 99.8% 
control limits.
Conclusions Hierarchical model- based risk- adjusted 
estimates of morbidity rates plotted on funnel plots 
provide a robust and straightforward visual graphical 
tool for presenting variations in outcome performance to 
detect aberrations in healthcare delivery and guide timely 
intervention. We propose using hierarchical model- based 
risk adjustment and funnel plots in real or near real- time 
to detect aberrations and start timely intervention.

BACKGROUND
There is an increasing need for accurate patient 
quality, safety and hospital performance measures 
in healthcare. The public and health professionals 
expect the performance and outcome of neonatal 
services should be comparable between centres of 
similar settings. However, there are challenges in 
meeting these expectations.1

Centre- to- centre (CTC) variation in neonatal 
health outcomes may result from patient character-
istic differences (intrinsic factors) rather than centre 
or service differences (extrinsic factors). Outcome 
variations related to intrinsic and extrinsic factors are 
called common- cause and special- cause variations, 

respectively.2 Differentiating these sources of vari-
ability is critical to service improvement.

We previously published the risk- adjusted CTC 
variation in mortality rates for preterm infants 
admitted to New South Wales (NSW) and the 
Australian Capital Territory (ACT) Neonatal 
Network (NICUS), Australia.3 This study aims to 
report the risk- adjusted CTC variation in major 
neonatal morbidities for infants born <32 weeks 
and admitted to the eight tertiary neonatal intensive 
care units (NICUs) in NSW and the ACT Neonatal 
Network. We also assess the benefits of adjusting 
CTC variation for population characteristics using 
hierarchical model- based risk adjustment.

METHODS
Study design
This prospective population- based cohort study 
uses data from all tertiary NICUs in well- defined 
geographic regions of NSW and the ACT.

Study centres and network
A full description of the NSW and the ACT neonatal 
service organisation and networking, medical and 
nursing staffing of the collaborating NICUs is avail-
able elsewhere.4–6 In summary, there is a network of 
10 units within NSW and the ACT. These include 
eight perinatal centres (referred to as A to H in this 
study) and two children’s hospitals. Among the 
perinatal centres, three units (C, G and H) have 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ The characteristics of infants admitted 
to neonatal intensive care units differ, so 
comparing unadjusted morbidity rates should 
be avoided.

WHAT THIS STUDY ADDS
 ⇒ Variations in hospital morbidities estimates 
plotted on funnel plots provide a powerful 
visual graphical tool for presenting quality 
performance data.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Prospective and timely hierarchical model- 
based risk adjustment for centre- to- centre 
variation in morbidities is a useful method 
to inform hospitals to readily appraise their 
practices and start timely intervention. copyright.
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surgical capabilities to operate on conditions like necrotising 
enterocolitis (NEC) and diaphragmatic hernia.

Coordination of in- utero or ex- utero high- risk referrals among 
the network is assisted by an intranet bed availability bulletin 
board, redirecting referrals when any particular unit is full or 
nearly full to reduce the risk of overloading. The NSW Neonatal 
and Paediatric Emergency Transport Service (NETS) is an inte-
grated centralised transport service covering NSW and the ACT 
which coordinates the transfer of sick infants and children from 
non- tertiary to tertiary centres as well as surgical cases from non- 
surgical (A, B, D, E, F) to surgical units (C, G, H).7 Retrieved 
premature infants (outborns) are preferentially admitted to the 
eight perinatal centres instead of the two paediatric hospitals.6 8

Study participants
The study population comprised all live- born infants born 
between 23+0 and 31+6 weeks gestation who were admitted to 
one of the eight tertiary perinatal centres in NSW and the ACT 
from 2007 to 2020. As of December 2020, NSW and the ACT 
had a population of 8 599 314 and approximately 99 752 live 
births per year.9

Data source
Data for this study were obtained from The Neonatal Intensive 
Care Units' Data Registry, which is an ongoing prospective state-
wide audit of infants admitted to the 10 units (8 perinatal centres 
and 2 children’s hospitals) for one of the following reasons: 
gestation 22+0 to 31+6 weeks, birth weight ≤1500 g, assisted 
ventilation (mechanical ventilation, continuous positive airway 
pressure, high flow humidified gas), major surgery (opening of a 
body cavity), insertion of a central line, exchange transfusion for 
hyperbilirubinemia or therapeutic hypothermia. In this region 
and according to the National Health and Medical Research 
Council recommendations, wherever possible preterm birth at 
<33 weeks should occur in one of the eight perinatal centres.10 
Preterm infants <33 weeks who are born in non- tertiary hospi-
tals are transferred to tertiary centres by NETS.7

Data from the two children’s hospitals (n=24) were excluded 
from this study due to the low patient load, as retrieved prema-
ture infants (outborns) were preferentially admitted to the eight 
perinatal centres instead of the two paediatric hospitals.3 This 
means that the outcome of premature infants in these two hospi-
tals may be affected because of this policy, as shown elsewhere.6 8

Definitions
NICUS data definitions and data accuracy have been described 
elsewhere.11–13 Chronic lung disease (CLD) was defined as the 
requirement for respiratory support at 36 weeks postmenstrual 
age.14 Intraventricular haemorrhage (IVH) was graded I–IV by 
Papile’s classification;15 NEC was staged according to Bell’s clas-
sification;16 retinopathy of prematurity (ROP) was staged I–V 
according to international criteria.17 18 The details laser therapy 
for ROP ‘Surgery for ROP’ can be found elsewhere.19 Patent 
ductus arteriosus (PDA) was diagnosed in infants with ‘clin-
ical evidence of left to right shunt documented by continuous 
murmur, hyperdynamic precordium, bounding pulses, wide 
pulse pressure, congestive heart failure, increased pulmonary 
vasculature or cardiomegaly by chest x- ray and/or increased 
oxygen requirement or ECHO evidence of PDA with documen-
tation of left to right ductal shunting’.20 PDA pharmacological 
(medical) and surgical management protocols differ between 
centres.21 Proven sepsis is defined as a clinical picture consistent 
with sepsis and either a positive bacterial, viral or fungal culture 

of blood and/or cerebrospinal fluid occurring less than 48 hours 
from birth (early) or from 48 hours after birth (late).22 Infec-
tions with coagulase- negative staphylococci, and other potential 
contaminants, were included only if the baby was considered 
clinically septic and there was supporting evidence such as raised 
white cell count or thrombocytopenia.

Primary outcome measures
We selected major neonatal morbidities to be benchmarked. 
These are shown in online supplemental tables 1–12.

Statistical analysis
Statistical analyses were performed using SAS 9.4 (SAS Insti-
tute, Cary, North Carolina, USA). Categorical variables were 
described by frequencies and percentages, while continuous 
variables were presented as medians and quartiles (25th and 
75th percentile).

We used hierarchical model- based risk adjustment to estimate 
risk- adjusted CTC variation in major neonatal morbidities for 
infants born <32 weeks and admitted to the eight NICUs after 
adjusting for case- mix and the random effect of the centre using 
the steps below.

First, we used a multivariable Poisson model to control for 
antenatal and perinatal variables other than intermediate vari-
ables (eg, CLD, IVH, NEC, ROP), as these may be related, 
directly or indirectly, to the quality of the hospital management 
and might thus act as intermediate comorbidities through which 
the effect of the ‘hospital’ is mediated.23 For each outcome/
morbidity, the model was used to estimate the expected and 
predicted risk of morbidity for each patient. The level of statis-
tical significance for model selection was based on a 5% level 
of significance through a stepwise variable selection approach. 
The calibration of the model was determined by the Hosmer- 
Lemeshow goodness- of- fit χ2 test.24 The ability of the model 
to discriminate between those who had versus those who did 
not have the morbidity was summarised using the C- statistic. A 
C- statistic of 0.5 indicates that the model discriminates no better 
than chance alone, whereas a value of 1.0 indicates perfect 
discrimination.25 26

Second, risk- adjusted standardised ratios (RAR) for each 
outcome/morbidity within each hospital were then computed as 
the ratio of predicted- to- expected hospital morbidity multiplied 
by the network’s observed rate.

Third, a risk- adjusted standardised incidence ratio (RSIR) was 
produced by dividing the hospital crude rate by RAR. The 95% 
CI for RSIR were computed using Monte Carlo simulation as 
described elsewhere.27

Last, we used funnel plots to provide a visual indication to 
differentiate between common- cause and special- cause varia-
tion in risk- adjusted hospital morbidity among NICUs.28 These 
plots indicate whether morbidity rates in a NICU differ signifi-
cantly from the average network rate, assuming only random 
sampling variation influences the NICU’s rate. A solid hori-
zontal line represents the overall network morbidity rate while 
the 95% (2.5th percentile represents the lower control limit and 
97.5th percentile represents the upper control limit) and 99.8% 
(0.1th percentile represents the lower control limit, and 99.9th 
percentile represents the upper control limit) control limits are 
represented by the curved dotted lines. Assuming differences 
arise from random sampling variation alone, the chance of the 
hospital being within limits is 95% for the inner funnels and 
99.8% for the outer funnel.
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RESULTS
Study population
A total of 12 608 live- born infants <32+0 weeks gestation were 
admitted to one of the eight tertiary perinatal centres during 
the study period. The maternal and neonatal characteristics of 
the study group stratified by admitting hospital are presented 
in tables 1 and 2. There is variation in patient characteristics 
(intrinsic factors) between the admitting hospitals. The median 
(25th and 75th percentile) age of mothers in this study was 31.0 
(26.0–35.0) years. The percentage of Indigenous Australians 
was 7.3% and ranged from 3% (hospital F) to 14.3% (hospital 
G) (table 1). Three of the eight hospitals have onsite surgical 
support (table 2). The median (25th and 75th percentile) length 
of hospital stay among neonatal centres was relatively homog-
enous, ranging from 51.2 (37.5–71.8) in hospital G to 58.9 
(42.9–83.1) in hospital C.

Major neonatal morbidities
Table 3 presents the observed (unadjusted) and hierarchical 
model- based risk- adjustment estimates of twelve major neonatal 
morbidities across eight hospitals.

The risk- adjusted estimates presented in table 3 were plotted 
as funnel plots (online supplemental figures 1–12) to visualise 
the unadjusted and adjusted estimates. Centres above and below 
the limits likely indicate special- cause variation, whereas centres 
within limits indicate common- cause variation. The unadjusted 
morbidities indicate an apparent variation between the hospi-
tals, especially for NEC, postnatal steroids for CLD, ROP grade 
III to V, surgery for ROP, hospital mortality and home oxygen. 
The estimates for these health outcomes were outside the 99.8% 
control limits of the network values. With 6.35%, hospital H 
recorded the highest prevalence rate among the network of 
hospitals in the study for NEC, which is above the upper 99.8% 
control limit (online supplemental figure 6A). While the overall 
prevalence of postnatal steroid administration for CLD was 
6.96%, hospitals C (9.68%) and F (9.75%) recorded estimates 
higher than the upper 99.8% control limit of the network preva-
lence rate (online supplemental figure 8A). There was an overall 
prevalence of 3.2% for surgery for ROP, with hospital F having 
a prevalence rate of 4.79%, which is above the upper 99.8% 
control limit (online supplemental figure 9A).

To accurately estimate various morbidities, it is essential to 
consider each hospital’s patient profile and adjust accordingly. 
Online supplemental tables 1–12 present the patient character-
istics incorporated into the hierarchical model- based risk adjust-
ment for models. After accounting for differences in patient 
characteristics, the resulting risk- adjusted estimates are presented 
in table 3 and online supplemental figures 1–12 (panel B). In 
contrast to unadjusted rates, discharge home with oxygen is the 
only outcome for which some hospitals lie above the 99.8% 
control limits after adjusting for hospital- level patient character-
istics (online supplemental figure 12B). For hospitals B and G, 
the estimates were above the upper 99.8% control limit, while 
for hospitals A, E and F, the estimates were below the lower 
99.8% control limit.

DISCUSSION
We have presented benchmarking for major neonatal morbid-
ities in NSW and the ACT. We used hierarchical model- based 
risk adjustment rather than the traditional logistic regression for 
case- mix adjustment. Hierarchical model- based risk adjustments 
have been shown to have the additional benefit of adjusting 
for centre sample size and clustering issues and avoiding Ta
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overestimation of intercentre variability and consequent false 
outlier classification.27 29

Of note is that hierarchical and other statistical models do not 
provide direct guidance on improving quality despite flagging 
areas for further investigation.30 However, combining this robust 
statistical modelling with funnel plots is helpful in providing a 
systematic structure for quality improvement, as discussed below.

From the adjusted funnel plots with the upper and lower 
control limits, the eight perinatal centres could be divided into 
three categories with guidance for appropriate action:2 31 32

 ► Category 1, positive special- cause variation: performance of 
these centres is below the lower control limit. Lessons could 
be learnt from these centres to improve the performance of 
other centres.

 ► Category 2, common- cause variation: performance is within 
the control limits. This is most likely the result of factors 
intrinsic to the centres. The reduction of common- cause 
variation requires a fundamental change in the underlying 
process.22 This should be informed by lessons learnt from 
Category 1. There are no grounds for acting in individual 
centres in this group.

 ► Category 3, negative special- cause variation: performance is 
above the upper control limit. This is most likely the result 
of factors extrinsic to the centres, and its reduction requires 
identification of and action on the special causes.22 These 
centres need to identify and eliminate the special causes 
of their poorer results. Again, this should be informed by 
lessons learnt from Category 1.

Generally, variations in outcome rates among hospitals may 
be caused by measurement inaccuracy in assessing the outcome, 
differences in case mix, sampling variability or differences in 
hospital clinical practices.25 26 Our hierarchical model- based risk- 
adjusted approach adjusts for variation arising from differences 
in the case- mix. In our data, we used prospectively collected 
statewide data using standardised definitions to preclude any 
data inaccuracy and sampling variations.

A proposed strategy to examine the special- cause variation is 
the pyramid investigation model.33 This model checks five vari-
ables: data accuracy, patient case mix, structure and the process 
of care and carers.2 33 Identifying the exact causes of common- 
cause and special- cause variation between NICUs in NSW and 
the ACT needs further research.

Our study is not without limitations. We adjusted for selected 
variables, but there may be others that were not collected in the 
database. The transfer pattern of outborn infants may disad-
vantage certain hospitals with a higher proportion of outborns. 
However, our hierarchical model adjusted for 'outborn' and 
other factors.

Our analysis demonstrated the utility of adjusted funnel 
plots for effectively identifying NICUs with high morbidity 
rates that may require intervention. Similar applications have 
been shown to improve quality and detect aberrations else-
where in healthcare settings.2 34 These methods have been in 
use in the manufacturing industry since the mid- 1900s and 
have greatly improved the quality of products.22 Adjusted 
funnel plots have two major advantages. First, they focus on 
the centre that fails relative to the best centre so, enabling a 
systematic approach to guide improvement.2 34 35 Second, they 
can be employed in real or semi- real- time to detect aberrations 
early and act promptly. The method is generalisable for eval-
uation and performance improvement for NICUs and other 
similar healthcare settings.
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