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Abstract

In the United Kingdom (UK), 1 in 7 babies require specialist neonatal care after birth, with a noticeable
increase in demand. Coupled with budgeting constraints and lack of investment means that neonatal
units are struggling. This will inevitably have an impact on baby’s length of stay (LoS) and the
performance of the service. Models have previously been developed to capture individual babies’
pathways to investigate the longitudinal cycle of care. However, no models have been developed to
examine the joint analysis of LoS and babies’ pathways. LoS at each stage of care is a critical driver
of both the clinical outcomes and economic performance of the neonatal system. Using the generalized
linear mixed modelling approach, extended to accommodate multiple outcomes, the association
between neonate’s pathway to discharge and LoS is examined. Using data about 1002 neonates, we

noticed that there is a high positive association between baby’s pathway and total LoS, suggesting that
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discharge policies needs to be looked at more carefully. A novel statistical approach that examined the
association of key outcomes and how it evolved over time is developed. Its applicability can be

extended to other types of long-term care or diseases, such as heart failure and stroke.
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Introduction

In 2017-18, out of the 750,000 births in the UK, approximately 105,000 babies (1 in 7 of all births) were
admitted to neonatal services (1), up from 59,711 in 2005-6 (59% increase) (2). These babies are born
premature, under 37 weeks, have a low birth weight (under 2,500¢g) or are born at term but with medical
problems. The increasing number of babies needing neonatal care is mainly due to technological and
therapeutic advances. These advances have implied a decreasing neonatal mortality rate for very low

birth weight infants (under 1,5009) and a falling incidence of preterm prematurity (3).

Neonatal units face critical shortage of nurses, doctors and the full range of professionals needed to
deliver safe care of the quality that these vulnerable babies need and deserve (1). Staff shortages has led
to a large number of transfers of babies, putting infants at unnecessary risk and adding to their families’
stress and worry. According to the National Neonatal Audit Programme, 10% of babies in neonatal care
experience at least one transfer, of which some could be inappropriate. Of the 95,222 babies included in
their data in 2015, there were 14,308 transfers in total involving 9,523 babies (4). In another study it was
found that 10% of neonatal units exceeded their capacity in intensive care for more than 50 days over a

6-month period (5; 6).

The structure of neonatal services is made up of two layers affecting its ability to cope with the increasing
demand. The first is the three levels of care provided for babies (depending on severity), namely,
intensive care, high dependency care and special care. Babies within each level of care are subjected to
various movements between different intermediate states from admission to discharge (either by death
or alive). The second is that most babies are not discharged from neonatal services in the level of care

they initially started with, where they are subjected to transitions between states in different levels of
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care while in the unit. These two layers of complexity means that neonatal units are a multi-state, multi

care level of service in which babies spend some time in some states and care levels and then flow to

others before they are discharged from the service.

There has been limited number of research into modelling neonatal services. Understandably the

majority has focused on developing survival models predicting time to discharge (7-12). As an extension

of these studies, Seaton et al. (13) developed a Cox multistate model for neonatal care pathway, where

the three levels of care have been considered (intensive care, high dependency and special care). The

probabilities of receiving each of the levels of care or having died or been discharged from neonatal care

were estimated (adjusted for gestational age). These models have primarily focused on predicting length

of stay as an outcome variable, and very few research has been conducted around modelling individual

babies’ pathway. Note that a patient pathway is the route that a patient takes from their first contact with

the NHS to the completion of their treatment. It includes the patient’s referral, consultation, diagnosis,

treatment and discharge. For example, a baby could begin their journey in ICU for x number of days,

followed by HDU for y days, and finally in SCU for z days before discharge. This is the pathway for

this baby.

To better understand the complexity within neonatal services, Adeyemi et al. (14) developed a series of

generalized linear mixed models. A multinomial logit with exponential random effects was developed

to investigate the flow of babies within a neonatal system. It was assumed that the movement of babies

from one level of care to the other until discharge is multinomial. The approach identified interesting

pathways, such as those that resulted in high probability of death (or survival), incurring the least (or

highest) cost of care or ones with the least (or highest) length of stay. For instance, babies passing from

high dependency to special care were more likely to end with a discharge home for babies with

standardised random effects between -0.6 and 1.8.

Information about each baby’s pathway is utilised, such as stages of care, e.g. starting point of a baby is

ICU followed by HDU and finally SCU before discharge. This multiple information about each baby is

fed into the statistical model, instead of relying on a single piece of information. The model then allows

us to generate unique set of results for each baby, such as probability of discharge. Typically, in

regression analysis an overall average effect (or fixed effect) is estimated, whereas in longitudinal data
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analysis we are able to estimate individual babies’ deviation from the average effect, a “measure of

frailties”, known as random effects. Random effects are then standardised for ease of understanding.

This model was further extended based on the assumption that movements of babies from one level of
care to another (e.g. intensive to high dependency) is an improvement, hence the ordinal assumption
was made instead of multinomial (15). A nonproportional cumulative logit random effects modelling
framework was developed to capture individual babies experience in the care process, by relating
probabilities of transition and discharge to babies history, such as states visited in the care process with
their characteristics, including total length of stay, gender, gestation age and weight. The approach
estimated the thresholds at which babies moved from one unit of care to another. For instance, a threshold
separated babies passing through intensive care to high dependency from babies passing through

intensive to special care, which indicated whether their condition is improving or deteriorating.

So far models have being developed to capture individual babies’ pathways to investigate the
longitudinal cycle of care or length of stay (predicting time to discharge). An elegant way would be to
jointly model length of stay (LoS) and babies flow paths. The time spent in hospital at each stage of care
‘LoS’ is critical to the performance of neonatal services as it regulates the pace at which babies “flow”
in the system. This pace determines the number of babies which can be treated in a ward per unit of
time and the level of resource utilisation in these services. Furthermore, if we factor in the fact that
intensive care babies belong to the “high cost” category of care, then LoS becomes a major factor of

economic and clinical performance of neonatal services.

Given the importance of LoS as a proxy measure that determines the clinical and economic performance
of health system and patient pathways to capture individual operational and clinical pathways through
the health care system (i.e. inner workings), the current study has two objectives. First, to introduce the
joint analysis of babies’ pathways and LoS within a neonatal setting. This will enable us to measure the
association between these outcomes and how it evolves over time with the inclusion of key risk adjusting
variables. Suppose that total LoS has a positive association with flow paths, which may indicate that
increasing LoS increases the odds of a baby being discharged alive. Using this information neonatal
managers (and/or clinicians) could act accordingly, such as reassess their discharge policies, thus an

evidence-based approach for decision making.
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Second, we aim at advancing our knowledge about the application of modelling techniques to patient

pathways and LoS. By doing so, the aim is to widen the remit of applications of modelling techniques

in health care management and assess the pertinence of the insights gained from such exercises. Given

the importance of modelling patient pathways and LoS, our research can be of great interest to providers

and commissioners of care in England and other countries.

The Neonatal System

Neonatal units in hospitals specialise in the care of babies born early, with low weight or who has a

medical condition that requires specialised treatment. There are, namely special care (SC), high

dependency care (HDC) and intensive care (IC) unit. SC provides the basic level 1 to newborn babies

at low risk. They have the capabilities to perform neonatal resuscitation at delivery as well as providing

routine postnatal care of healthy newborn babies. HDC (level 2) provides care to babies who are ill with

problems that are expected to be resolved rapidly. IC (level 3) is defined as having staff continuously

available (neonatologists, neonatal nurses, respiratory therapists) and equipment to provide life support

for as long as needed. The care process is depicted in Figure 1. Discharge from each unit could be by

death, transfer to another hospital or home. In this system, there is no backward flow of babies (e.g. SC

to HDC), although this is clinically possible as a baby in SC may relapse and be returned to HDC (or

IC). From the data provided by University College London Hospital (UCLH), we notice that all the

movements are forward, hence the models proposed here do not capture backward flow.

To perform this analysis, one-year data were collected from the North Central London Peri- natal

Network (NCLPN). The Standardised Electronic Neonatal Database (SEND) was established in 2006 to

collect information from the network. The SEND system allows the evaluation of the activity across the

network and sharing of clinical information as neonates transfer between units take place.

The NCLPN is made up of five hospitals: UCLH provides the perinatal center for level 3, two level 2s,

Barnet and Whittington as well as two level 1 ones, Royal Free Hampstead and Chase Farm. There is

also the highly specialized center Great Ormond Street Hospital (GOSH) for treating very sick infants

including neonatal surgery and some other specialized services. The network was set up to deliver a

single neonatal service across London’s north central area. The underlying aim of the network is to

improve standards and achieve capacity so that 95% of neonates may be cared for within the network.
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Figure 1: Pathways within the neonatal system

Data exploration

There were around 1002 neonates admitted to UCLH, where 993 were complete cases (no-missing

information) and 9 missing. From the 1002 neonates, 830 was booked for delivery at the neonatal unit

of UCLH and 172 from other hospitals, either outside or inside the NCLPN. Generally, babies with

booked places in hospitals other than UCLH are admitted on account of their health conditions, which

often requires intensive care or high dependency treatment. This admission could also be caused by lack

of cots in the hospital initially booked. Table 1 provides the details about the reasons of admission for

all levels of care.

The reasons for admission could be classified into three categories: back transfer, specialist care and

neonatal care. Babies are generally transferred out of hospital for medical reasons or due to lack of

resources (e.g. cots, trained nurses) and they could be transferred back to the hospital where they came

from. This reason of admission is known as back transfer, which enables babies to continue receiving

their care in a hospital closer to home. At UCLH, back transfers for continuing neonatal care represent

a small proportion of admissions, about 4% (see Table 1). The second category of reasons for admission

is the need for specialist care treatment (e.g. cardiac care, surgical care) which is not provided in all the

hospitals of a particular neonatal network. The most frequent reason for admission consists in the need

for neonatal care, i.e., IC, HDC, SC and transitional care.

Roughly, there are four main types of referral: children ward, labour ward, postnatal ward and theatre.

From the 1002 neonates, 249 were referred to the postnatal ward, 223 to labor ward, 149 to theatre, 2 to

children ward, 33 other referrals and 346 missing. Most babies are discharged home (approximately

71%); only few die (1.9%); the others are referred to wards within the hospital (7.2%) or to other

hospitals (18.6%) for cardiac care, critical care, special care or surgery. Few records have missing

discharge destinations.

A particular interest of this paper is the pathway frequencies leading to discharge illustrated in Table 2.

Around 265 neonates were admitted to IC, where these births had taken place at either UCLH or back

transfers from other hospitals. One hundred and thirteen babies, about 42% of IC admissions, were later

transferred directly to SC and 78 sent to other hospitals for continuing care, while five babies
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(approximately 1.9% of total 1C admission) were discharged home. Around 49 babies experienced
movement from IC to HDC then to SC, of which 24 and 25 were discharged to other hospital and home,
respectively. Total admission into SC was 889, where 684 were direct admissions. Discharge from the
system to other hospital is 258, out of which 78 from IC, 2 babies from HDC and 178 from SC. Death

occurred in only 19 cases and are all from IC unit.

We further investigate the LoS distribution for each care unit. Figure 2 shows the distribution of LoS in
IC (IC LoS), HDC (HDC LoS), SC (SC LoS) and the total LoS (tLoS), i.e., the sum of LoS at each level
of care. The distribution of the observed LoS shows an exponential decline for the various levels of care.
According to the level of care considered, LoS varies from few hours to weeks. The mean and standard
error of IC LoS, HDC LoS, SC LoS and tLoS are 7.32 (0.41), 4.06 (0.77), 0.49 (0.08) and 11.87 (0.98)
days, respectively. We observe substantial amount of variation between levels of care, hence it will be
of an interest to examine the association between LoS and flow paths and how it evolves over time,

which is the focus of this paper.

Figure 2: Histogram and a kernel density plot of LoS for each type of care

Method

Statistical problems where various outcomes of a mixed nature are observed have been around for about
half a century and are rather common at present (16). Perhaps the most common situation in health
service research or other fields, is that of the joint occurrence of a continuous, often normally distributed
and a binary or ordinal outcome. Emphasis can be placed on the determination of the entire joint
distribution of both outcomes or in specific aspects, such as the association in general or correlation
between both outcomes. For the problem sketched above, there are three broad approaches. The first
one postulates a marginal model for the outcome of babies’ pathway (e.g. discharged alive or by death)
and then formulates a conditional model for LoS, given the pathway. For the former, one can use logistic
regression, while for the latter conditional normal models are a straightforward choice, i.e., a normal
model with the baby’s pathway (binary outcome) used as a covariate (17). The second family starts from
the reverse factorization, combining a marginal model for LoS with a conditional one for babies’

pathway. Conditional models have been discussed by (18), (19) and (20).
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The third model family directly formulates a joint model for the two outcomes. In this con- text, one

often starts from an underlying bivariate continuous latent variable of which one component is explicitly

observed and the other one is observed in dichotomized or generally discretized version only (21).

Molenberghs and Geys (22) presented a model based on a Plackett-Dale approach, where a bivariate

Plackett distribution is assumed, of which one margin is directly observed and the other only after

dichotomization. General multivariate exponential family-based models have been proposed by (23) and

(24). Of course, these developments have not been limited to bivariate joint outcomes. One can

obviously extend these ideas and families to a multivariate continuous outcome and (or) a multivariate

categorical outcome. For the first and second families, one then starts from conditional and marginal

multivariate normal and appropriately chosen multinomial models. Such a model within the first family

has been formulated by (25). The literature on joint modelling of outcomes of various natures is diverse

and growing. A broad ranging review of hierarchical models for joint continuous and discrete models

can be found in (26).

Joint Analysis of Neonatal Pathways and Length of Stay

Let m be the dimension of the problem, that is, the number of outcomes that need to be modelled

jointly. Further, let Y,,.; denote the j—th measurement taken on the p-th baby for the r-th outcome, p=1,

..N,r=1,..m,and j=1,..,n:. Note that we do not necessarily need to assume the same number of

measurements is available for all babies, nor for all outcomes. Let Y, be the vector of

n,, Measurements taken on baby p for outcome r.

Our model assumes that each Y, satisfies a mixed model. Let f, (|65, W) be the density of Y,

conditional on a g,- dimensional vector 6,,, of random effects for the r—th outcome on baby p. The vector

w contains all fixed effects S and possibly also a scale parameter (D and X variance-covariance matrices

of both the random and fixed effects, respectively) needed in the model for the r—th outcome. We do not

necessarily need to assume the same type of model for all outcomes. A combination of linear, non-linear

and generalized linear mixed models is possible. It is also not assumed that the same number g, of

random effects is used for all m outcomes. It may be assumed that, conditionally on the random effects

01p,02p,...,0mp, the m outcomes Yy;,Y5;,..., Y, are independent. This is called the marginal
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formulation. Other assumptions can be made, such as the hierarchical formulation.

We focus on the bivariate mixed effects model for continuous and binary endpoint, i.e., pathways leading
to discharge alive (e.g. other hospital, home) or death are modelled as a binary response while total
length of stay is modelled as a continuous response. These are jointly modelled as functions of

covariates. This can be written in the form of

Yor = ”pr(npr) +€pr = h(Xprﬁr + Zprepr) + €pr
r=212; p=12.,N,i=123,...k 1)

where wuy,, is specified in terms of the unknown fixed effects fr and 2-dimensional random effects.

Xpr and Z,, are the known covariate values corresponding to patient p and €, is the residual error. The
components of the residual error structure €,,-have the appropriate distribution with variance depending
on the mean-variance relationship of the outcomes and can contain in addition a correlation matrix
R, and an overdispersion parameter.

The components of the inverse link function h(.) depend on the nature of the outcomes in Y. In this
context we propose a logistic model for pathway endpoint Y;,,; (binary) and exponential for total length
of stay Y,; (tLoS), since it came out to be the most plausible assumption (27; 6) agreeing with the

general notion that LoS is often always exponentially distributed (see Figure 2). However, other
distributions for tLoS have also been specified to investigate the sensitivity of our modelling results to

different LoS distributions.

Therefore, our modeling framework can be expressed as in the form

()= ) (B)= (5 ) o) (@) o
with
(o) -N©- (2 52)] ®
and
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)-N@©) (o 5] (4)

Here, 61, and 6, are the random intercepts for the binary outcome and tLoS, respectively. We are

particularly interested in the correlation structure of the data (i.e. the association between tLoS and flow

paths) (see Appendix for further mathematical formulation).

Results: Joint modelling of pathways and tLoS in a neonatal unit

In this section, a joint modelling strategy is presented for the neonatal data illustrated, to answer how

pathways to discharge (death, home, other hospital) and tLoS are associated. The evolution of tLoS is

associated with the evolution of pathways is derived using equation (12). When the numerator of

equation (12) is zero or close to zero both pathways and total length of stay are assumed to be completely

independent at any point of time. The opposite situation applies when some of the enumerated

covariance parameters lead to unit correlations. For example, the random slopes for pathways can be

perfectly correlated with the random slopes for total length of stay. We then have a so-called shared-

parameter model (29).

Parameters of the model are obtained using pseudo-likelihood (28) based inference because this

concerns models with both continuous and binary outcomes. The parameter estimates were obtained

using the SAS system. The fixed effects parameter estimates based on the exponential and log-normal

assumptions for length of stay can be found in Table 3. Judging from the loglikelihood value the

exponential assumption for LoS gives the best fit.

The variance-covariance (D) parameters for the model are transformed to a correlation matrix and p is

calculated to be 0.8322 and 0.7622 for the exponential and Log-normal LoS assumption, respectively.

This suggests that the correlation between the random intercept for the pathways and the random

intercept for total length of stay is a strong positive association between the evolution of both pathways

and total length of stay. In other words, increasing LoS increases the odds of babies passing through

higher states towards being discharged alive. Higher states refer to babies who start treatment at the

highest possible state (i.e. ICU) until discharged alive in a lower state (i.e. SCU).
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Similarly, the population average effects of pathways are statistically significant suggesting that babies
with increased length of stay and who pass through higher states (i.e. IC>HD—SC) are likely to be
discharged alive from the system with log odds = 9.3920 (p < 0.0044) and log odds = 7.1202 (p <
0.0001), respectively. Not surprisingly, passing through the SC increases the chance of being discharged
alive from the system (log odds = 0.8108, p < 0.0269). As expected, higher gestation age and birth
weight increase the chances of progression to higher states (e.g. pathway IC to SC leading to discharge
home) in the system, thereby increasing the chance of being discharged alive from neonatal care.
Furthermore, small gestation age and birth weight reduces chances of progression to higher states, confirmed
by the negative parameter estimates for gestation age and tLOS and birth weight and tLOS. This is not

surprising as some of the babies with low gestational and birth weight died shortly after admission.

This explains the negative parameter estimates for gestation age and tLOS (-0.1186, -0.0946) and birth
weight and tLOS (-0.2622, -0.2664) in Table 3, under both the exponential and log-normal models,
respectively. This isalso confirmed in Figure 3, where babies who had similar tLoS range but discharged
by death had lower average gestation age and birth weight compared to those discharged home. The
Figure also confirms the positive association of tLOS and pathways explained by the correlation

estimates, 0.8322 and 0.7622 for the exponential and Log-normal LoS assumption, respectively.

These are valuable pieces of information for senior decision makers, which may enable them to act
accordingly, such as reassessing their discharge policies and/or put in place additional support before
discharge. It will help commissioners, clinicians and managers in making informed optimal decisions about
transfer and discharge of patients (babies). Also, because babies’ frailties are modelled as random effects, it
is easier for managers to evaluate the level of frailties of discharging babies viz-a-viz some model established
thresholds. For instance, Demir et. al (30) observed for this dataset that a LoS of 31 days serves as the
threshold below which the probability of discharge by death is most probable, while babies who survive these

first 31 days have a high chance of being discharged home.

These results also point to the fact that adequate observation time for babies could help to limit early
discharge and help babies conditions positively. Though, there are always cost implication for

additional days spent in the system, however future research should be geared towards assessing
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quality of life gained by babies for any additional day(s) spent in the hospital. An assessment of this in

view of long-term health outcomes need to be investigated.

Note that for the first time, the association between levels of care and LoS is investigated simultaneously
within a single modelling framework. This can be applied to any disease area or department/specialty. The
key highlight from this modelling exercise is the importance of LoS within each level of care. Reduction in
LoS due to lack of resources (neonatal cots and staff) is a phenomenon in the NHS, not just in neonatal
services but across the board. We are emphasizing the importance of this indicator and that neonatal
services must be extra cautious in terms of how long a baby stays in each level of care before discharge.
Furthermore, the current modelling exercise is to build an explanatory model, to explain the inherent
relationships amongst the levels of care and the outcomes rather than prediction. A further research would

be to extend this into a risk-based predictive model which can be used by clinicians in practice.

Figure 3: LoS versus average gestation age and average birth weight
Discussion

Studying individual babies’ pathway in care coupled with length of stay can be highly beneficial for two
reasons, (1) LoS is regarded as a major driving factor in health care systems. It regulates the possible
number of patients that could potentially go through neonatal services, and (2) LoS is an important
indicator of health care resource consumption, including human resources (neonatologist and nurse),
and non-human resources (e.g. a cot, equipment). These have a direct impact on most of the cost

associated with care of babies and day to day running of neonatal services.

This article addresses a highly topical issue in health care, focusing on policies around patient pathways
and LoS, and how these two indicators influence patient outcomes and performance of neonatal services.
Given that demand for neonatal care is increasing with limited finances (due to budget cuts in the NHS),
the importance of this research will be highly appreciated by key decision makers (e.g. neonatal service
manager) to improve the effectiveness of services and achieve better outcomes for babies, mothers,

NHS staff and beyond.

The entire modelling landscape for neonatal care is revolved around a single variable of interest, such

as predicting LoS of neonates; a queueing model to establish the required number of cots at all care
12
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units, or individual babies movements within neonatal care to estimate probability of discharge (by death

or alive). However, no study has ever considered modelling both LoS and neonates’ pathway within a

single modelling framework. Jointly analysing neonate’s pathway and LoS provided us with some

valuable information and insight into the inner workings of neonatal services.

For instance, the high positive association between total LoS and neonate’s pathway suggests that

increasing LoS also increases the odds of a baby being discharged alive through higher states (from

intensive care to special care). Key decision makers, particularly neonatologists, may need to re-evaluate

their discharge policies more carefully. Furthermore, small gestation age and birth weight reduces length

of stay and the chances of progression to higher states (e.g. pathways leading to discharge home),

confirmed by the negative parameter estimates for gestation age and tLOS and birth weight and tLOS.

No research is ever perfect and this one is no exception. The study has a couple of limitations, (i) data

around individual pathways of neonates (full cycle of longitudinal care) with patient outcomes may not

always be available. In some cases, if the data is available on case notes (but not in a health information

system) it can be cumbersome and a laborious exercise to extract this vital piece of information, and (ii)

computational problems may arise when the number of observations (including neonate pathways and

outcomes) is very large. It could either take a long time to estimate the parameters or the maximum

likelihood estimation of the generalized linear mixed model may not converge. If this occurs, the

bootstrapping approach can be carried out using a sample of data at a time.

We have modelled a single hospital unit in London, which may not be generalizable to all neonatal

services in England and other parts of the world. As neonatal units are part of a much larger network of

providers in the NHS, critical drivers and factors could be missing, for example resources around

transportation and admission policies between neonatal units are not captured. A modelling framework

at a network level is currently been developed by the team (north central London perinatal network),

along with a discrete event simulation model for comparative purposes.

The joint modelling analysis formulated in this research offer neonatal unit managers and physicians a

statistical tool to appreciate the complexity of their system. It enables them to better understand the inner

workings and the critical drivers that affects the performance and behaviour of neonatal services. The
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methods presented in this study can be considered to be “tools for thinking”. This study will enable key
decision makers to evaluate implications of change (e.g. reduction or increase in LoS) before it is

implemented in practice, thus avoiding the trap of “doing things and hoping for the best”.

This research primarily focused on the association between baby’s pathway and length of stay, and the
evolution of these two outcomes over time, adjusted with the inclusion of variables (e.g. gestation age
and weight). Additional variables related to quality of care and its influence on the quality of life of
neonates could have been investigated, particularly the impact on readmission of babies and their
different care states (i.e. IC, HDC and SC). Patient readmission is a huge concern and better
understanding the root causes (and risk factors) might prevent readmissions, thus reduce the burden on
hospital services, patient and parents. Furthermore, it will be immensely interesting to determine the
effect of integration of services, policies around admission and allocation of resources, and the impact

of restructuring of neonatal services on key performance metrics.

Budgeting constraints in the NHS due to tough economic conditions in England are expected to be with
us for a while. Against this background, the increasing demand for the NHS along with the introduction
of new procedures & technologies, means that a paradigm shift is needed in the decision-making process
in order to deal with this reality. In this respect, healthcare modelling is well positioned to play a greater
role in influencing and shaping these processes and policies. Modelling will also enable healthcare
systems around the world to face up to the challenges and inform better decision making to improve the
quality of care, thus better patient outcomes, and the opportunity for providers to achieve all the

necessary targets set by their Governments.

Appendix

A first order approximate expression for the variance-covariance matrix of ¥, (equation 2 above) can

be derived as (28)
V,r = var(Yy,) = ApyZyrDZ)r Ay + @ (5)
with

Oupr
Apr - (aﬂpr | epr
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and

~ =l/2 41/2 1/2-1/2
q)pr - “pr Apr Rpr (a)Apr “pr

where A, is a diagonal matrix containing the variances following from the generalized linear model
specification of Y., given the random effects 6,,,, = 0. Similarly, Z, is a diagonal matrix with the over-
dispersion parameters along the diagonal. The first term on the right-hand side of equation (5)
corresponds to the random effects structure of equation (1); the second term on the right-hand side of

equation (5) captures the variance-covariance in the residual error €, .

Using equation (2) and the correlation structure in equation (5) we will jointly model tLoS (continuous)

and pathways (binary) by means of a generalized linear mixed effects model, that is:

Yipi Bio + B11X11 + B12X1z2 + -+ B1gXiqg + O0p1 €i1p
<Y2 ) = eXp(Bzo+321X21+Bszzz+"'+BZqX2q+epz) +( . ) (6)
bt 1+eXp(Bzo+321X21+Bszzz+"'+BZqX2q+epz)

where the random effects in equation (3) are normally distributed as

9120) 0 L5 PT1T:

~N , 7
<92P [(O) PT1T2 T% (7)
where €;1,, and €;,,, are independent. The random effects 8,, and 6,,, are used to accommodate the

longitudinal structure in the data. The variances of Y;,,; and Y,,; can be derived from equation (5), in

which
1 0 _ (1 0
Zpi (0 1)’ Api_ Ap - (0 vp2i> (8)
2
71 pPT1T2\ o> 0
D= = 9
<PT1T2 T3 >’ P (0 1) ©
where

Up2; = “PZi(ePZ = 0)[1 - npzi(epz = 0)]

with
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I exp(Bao + P2aXz1 + PozXaz + - + B2qX2q + 9192)
2; —
P 1+ exp(Bzo + P21 Xo1 + PazXoz + -+ + B2qX2q t+ 9192)

As a result, the approximate variance-covariance matrix of the two measurements for baby p at pathway

i is equal to
12, 0% PT1T2Vps
+ .
vpi=< P > (10)
pTl‘fzvpzi vpziTz + vpzi

The correlation py,y, between the tLoS (continuous) and pathways (binary) is induced by the incorporation

of a correlation p between the two random effects and is approximately equal to

PT1T2Vy2;i
Py v, = =L (11)
\/‘t%+0‘2 vlz,zl-t§+vp2,-
This could be further approximated by
PT1T2 (12)

Py vy, = T7———
13 +02 /T%+ﬂ2/3

where 1 /3 is the variance of the standard logistic density.
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