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Changing referral direction

Abstract

Background: Patients who seek treatment in hospitals can introduce high
risk clones of hospital-acquired, antibiotic-resistant pathogens from previous
admissions. In this manner different health care institutions become epidemio-
logically linked. All links combined form the national patient referral network,
through which high risk clones can propagate.
Aim: To assess the influence of changes in referral patterns and network
structure on the dispersal of these pathogens.
Methods: We mapped hospital admission data to reconstruct the English
patient referral network and identified 12 geographically distinct health care
collectives. The number of patients admitted and referred to hospitals out-
side their collective was measured. We used simulation models to assess the
influence of changing network structure on the spread of hospital-acquired
pathogens.
Findings: Simulations show that decreasing the number of between-collective
referrals by redirecting on average just 1.5 patients per hospital per day had
a strong effect on dispersal. By decreasing the number of between-collective
referrals the spread of high risk clones through the network can be reduced
by 36%. Conversely, by creating supraregional specialist centres that provide
specialist care at national level, the rate of dispersal can increase by 48%.
Conclusion: The structure of the patient referral network has profound im-
pact on the epidemic behaviour of high risk clones. Any changes that affect
the number of referrals between health care collectives, inevitably affects the
national dispersal of these pathogens. These effects should be taken into ac-
count when creating national specialist centres, which may jeopardise control
efforts.
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4.1 Introduction

4.1 Introduction

Hospital-acquired pathogens such as Clostridium difficile, Vancomycin-resistant
Enterococci (VRE), Methicillin-resistant Staphylococcus aureus (MRSA), and
carbapenemase-producing enterobacteriaceae (CPE) are a menace to patients and
hospitals. They are a frequent cause of hospital-acquired infections and due to their
combined resistance against many antibiotic drugs are difficult-to-treat, leading to
outbreaks and disruption of services. Moreover, most of these infections are caused
by high risk clones that can be easily transmitted between hospitals by referred
patients (Huang et al, 2010; McAdam et al, 2012; Moreno et al, 1995). In this
manner, hospitals become epidemiologically linked through the patients they share
by referral; each becoming a connection within a hospital referral network (Lee
et al, 2011a; Fabbri & Robone, 2010). National data about acute care admission
and referral showed that all hospitals within a country become connected during a
single year (Donker et al, 2010). However, national patient referral networks do not
show the properties of so called “small world networks” whereby the average degree
of separation would be so small that these clones would easily spread nationwide
within a matter of weeks. In contrast, patient referral networks are showing a
community structure, i.e. they are largely modular (Donker et al, 2010).

The structure of the patient referral network influences both the chance of
introduction and the prevalence of high risk clones in any single hospital (Donker
et al, 2010). Furthermore, closely connected hospitals share similar clones (Ke
et al, 2012), demonstrating the local influence of the community structure. This
explicit geographical signature of all national patient referral networks investigated
to date supports a concept which we tentatively call the health care collective.
These collectives consist of regional primary, secondary and tertiary health care
institutions that exchange more patients among each other than with institutions
outside. Because the hospitals within these collectives serve defined catchment
populations and influence each other’s rates of infections and clones remain rather
homogenous, the collectives have also been referred to as ’germ sheds’, in analogy
to water sheds (Outterson & Yevtukhova, 2011).

Despite the modular structure of the patient referral network, the dissemination
of high risk clones is not regionally confined. Instead, they have often been mapped
over larger geographical scales (Grundmann et al, 2010). A well-known example
is the dispersal of EMRSA-15 and 16 in the UK, which spread through the UK
in a matter of 10 years (UK Public Health Laboratory Service, 1997; Austin
& Anderson, 1999). This is evidence that the health care collectives are not
hermetic, but hierarchically interconnected. Like all other links in the hospital
referral network, these interconnections are maintained by patients moving between
hospitals of different collectives.

However, patient flows change over time, because health care systems are not
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static. Notably, referral networks will be influenced by reorganisation, centralisation
and regionalisation (Schuurman et al, 2006; Iwashyna et al, 2009b), in the wake of
economic streamlining (Walshe, 2010), new policy directives, and changes in the
reimbursement systems.

We here investigate to what extend the patient referral destinations impact on
the ability of national health care networks to decelerate the dissemination of high
risk clones through hospital networks. Furthermore, we simulate the evolution of
nation-wide outbreaks under different scenarios of hospital utilization and explore
possible intervention strategies likely to reduce the epidemic potential of high risk
clones through modifications of patient referral patterns.

4.2 Methods

Health care utilization patterns, such as the effect of the patients’ place residence on
the referral destination, were mapped using admission data from the UK National
Health Service (NHS) Hospital Episode Statistics (HES) between April 2006 and
March 2007. We describe the catchment areas of NHS hospital trusts by mapping
the observed distribution of patient residences (electoral ward of home addresses)
in relation to admitting hospital for all hospital admission in England between
April 2006 and March 2007.

First, we identified the health care collectives, by reconstructing the hospital
referral network for England and assigned hospital trusts to collectives using a
network community structure algorithm (Clauset, 2005). This algorithm searches
for the partition of hospitals with the highest modularity, reflecting the difference
between the number of patients referred within and between collectives. To test
if the partitions are robust we used a bootstrapping method, randomly varying
the number exchanged patients, as described previously (Donker et al, 2012).
Subsequently, we reconstructed the catchment areas of the health care collectives.
This was done by assigning each electoral ward to the health care collective who’s
hospitals received the largest part of the ward’s admitted patients, comparable to
a “first past the post” electoral system.

We calculated the distance from the centroid of each electoral ward to the
nearest border of another health care collective’s catchment area, to assess the
effect of geographical location of patients on their health care utilization. For each
electoral ward, we calculated two proportions; the proportion of admissions of
patient residing in the ward to hospitals outside the catchment, and the proportion
of readmissions that included a switch between catchment areas. Furthermore, we
calculated the average proportion of admissions outside the collective as a function
of the distance to the border. This was used to determine the patient exchange
baseline, which was defined as the lowest proportion of outside collective admissions
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or transfers.

4.2.1 Simulations

From the NHS-HES data, we aligned all admission records per patient. Subsequently,
we created a 14-year long dataset by sampling patients from the NHS-HES data.
Each sampled patient was assigned a random day of first admission between -100
and 5110, and all readmissions were adjusted according to the true admission
histories. The period before t=0 was used as burn-in, to make sure the daily
number of admissions was at equilibrium from t=0 onwards. Any admissions before
t=0 or after t=5110 were discarded.

In the simulated dataset, we tracked the location of the patients, i.e. which
patients were admitted to each of the hospitals on a given day. These patients can
be either susceptible (S) or infected (I), with no distinction between colonized or
infected. Each patient has a probability of p(S → I) = βIi/Ni to become infected,
where Ii is the number of infected individuals in hospital i and Ni is the total
number of patients in that hospital. Patients become free of, and susceptible to,
infection again with rate γ, where 1/γ is the mean duration of colonisation. We
assume an average duration of colonisation of 365 day (γ = 1/365) and set β to
0.085 (patient day)-1. As a start of the epidemic, we infected 5% of the patients in
a given starting hospital on a random day during the first year of the simulated
dataset. We used each of the 146 hospitals 10 times as a starting point, thus
resulting in a total of 1460 runs of the model.

Furthermore, we created three theoretical scenarios that affect the referral
patterns between hospitals or between health care collectives. For these scenarios,
12 national ‘specialist centres’ were assigned. One specialist centre was assigned in
each collective; these are the largest hospital of the collectives, measured in the
number of yearly admissions.

In the first scenario, the patient flow between health care collectives was reduced
by redirecting patients who were referred between hospitals in different collectives to
the assigned specialist centre of the original collective. Because such an intervention
strategy can never be perfectly adhered to, we chose to redirect 90% of the cross-
collective referred patients. In the second scenario, we redirected 20% of the patients
with two consecutive admissions in different hospitals by redirecting the second
admission to the first hospital. This was done to assess the difference of patients
moving between hospitals and patients moving between collectives. The absolute
number of changed admissions is roughly the same as in the first scenario (changing
90% of the cross-collective admissions). In the third scenario, we selected 2% of
the readmissions and redirected these patients to a randomly selected specialist
centre, to test the effect of the creation of national specialist centres.

For all simulations, we measured the mean prevalence of infected patients in
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all hospitals, the time it took for each of the hospitals to encounter their first
infected patients, and the absolute number of infections. The number of infections
was split up in new infections occurring in hospitals within the same collective
as the starting hospital and those happening in hospitals outside this collective.
Because in two of our scenarios only admissions between collectives are altered,
the dynamics within the first collective are expected to remain largely unaffected.
To eliminate the stochastic length of the initial phase, we measured all quantities
from the moment 50 patients are infected onwards, and disregards the initial phase.
We calculated the moving average of the resulting incidence of infected patients
over 26 weeks to reduce the week-to-week stochastic noise. The scenarios were
compared by calculating (1) the rate at which the incidence increased, and (2) the
mean time to first colonised patient.

4.3 Results

During the financial year 2006, 7.4 million patients were admitted 12.9 million times
to 146 hospital trusts in England. Within the English patient referral network, 12
health care collectives were identified (figure 4.1). The catchments of the health
care collectives (Figure 4.2A) ranged between 201 (Leicester collective, consisting
of five hospitals) and 1,384 electoral wards (London South and West collective,
consisting of 25 hospitals), and between 1,990 km2 (Liverpool Hospital Collective)
and 19,742 km2 (Oxford Hospital collective). 3.5% of the admissions (455,210 out
of 12.9 million) were outside the patient’s assigned collective, while only 1.8% of
readmissions (96,330 out of 5,5 million) were across the health care collectives.

The number of patients that were admitted outside their residential health care
collective was higher close to the border of the collective’s catchment area (figures
2B & C) and declined with increasing distance from the border (figure 4.3A). On
average, 3% of all hospital admissions within an area of 50km from the border of a
collective were to a hospital outside the collective, while this is only 0.7% for the
admissions of patients living further than 50km from the border of the health care
collective. This effect is also visible is maintained for readmissions across collectives
(figures 2D & 3B), albeit less pronounced: 1.2% for all readmission against 0.5% for
the readmissions of patients living further than 50km from the collective border.

Patients having a residence near the catchment border of their own residential
health care collective were more likely to be admitted in a different health care
collective. This effect explained 78.3% of all admissions and 62.3% of readmissions
across health care collectives (figure 4.3).

When simulating the dispersal of a hospital-acquired pathogen between the
hospitals, hospitals within the same collective as the index hospital are the first
to be affected. By reducing the number of patients that cross the border between
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4.3 Results

Figure 4.1: The English patient referral network in 2006. Hospitals are grouped
into 12 health care collectives, indicated by different colours on the outer ring. Dots
represent hospital and lines (Holten, 2006) between dots depict the exchange of patients
between hospitals, strength of lines scales with the number patients exchanged per year.

health care collectives, the national spread of high risk clones can be slowed.
When reducing the number of cross-border readmissions, by diverting 90% of these
readmissions to the originating collective’s largest hospital, the maximum growth
rate of the epidemic is reduced by 32% (Table 4.1) compared to the original referral
patterns. On an annual basis, this would require the redirection of 72,500 patients
(1.4% of all readmissions) to their residential collective, corresponding to only 1.4
patients per hospital per day.

Conversely, creating super-regional specialist centres, one in each health care
collective receiving patients from all other collectives, increases the speed of dispersal
(figure 4.4) and mixing between collectives. If 2% of all (readmitted) patients were
directed to one of the 12 specialist centres for one admission (81750 admissions/year),
the speed of national dispersal increased by 51% (table 4.1).

The alterations of referral patterns between hospital collectives have no effect
on the development of the initial outbreak and only minor effects on the within-
collective time course of pathogen spread (figure 4.5). Generally, redirecting more
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Figure 4.2: The geographical distribution of health-care use in England, 2006.
A) The catchment areas of the health care collectives, using the same colour coding as
in Figure 1. B) The distance to the border of the catchment areas. C) The proportion
of admissions to hospitals outside the collective and D) the proportion of readmissions
between hospitals in different collectives. These maps show that patients living close to
the borders of the health care collectives switch between collectives more often.
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Figure 4.3: The effect of place of residence on hospital admissions. The propor-
tions (%) of A) admission to hospitals outside the assigned health care collective and
B) readmission between hospitals in different health care collectives. Both are plotted
as a function of the distance to the border of the catchment area of the health care
collective. The blue line denotes the mean proportion per km; the black line shows the
mean proportion over all admissions and readmissions further than the given distance
away from the border. The red dashed line shows the exchange between collectives that
does not depend on the distance to the catchment border (“Baseline”).

patients back to their original collective increases the within collective spread.
By redirecting an equal amount of patients readmitted in different hospitals to
their original hospital, the spread was only reduced marginally. This intervention
resulted in the slowest within collective spread, albeit by a small fraction.

The results of our simulations were robust and were not influenced by changes
in the model assumptions. Although, modifications of the transmission parameters
changed the rate and equilibrium prevalence in absolute terms, the overall dynamics
remained unaltered (figure 4.6, table 4.2). When reducing the number of patients
set to be infected at the start of the simulations (seeding) only the proportion
of simulations that resulted in stochastic extinctions increased, but this did not
change the final outcome (figure 4.7).
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Figure 4.4: The effect of changing referral patterns on the spread of hospital-
acquired pathogens, shown by the time course of the mean prevalence in the hospitals.
Shaded areas show all runs between the 2.5th and 97.5th percentile. In comparison with
the observed referral patterns (black), redirecting patients to hospitals in a collective they
have already visited (blue) slows down the pathogen’s spread, while creating specialist
centres (red) accelerates the spread. Redirecting patients to their original hospital (green)
has limited effect.

Table 4.1: The effect of changes in referral patterns on the spread of a hospital-
acquired pathogen. We tested four scenarios and measured the increase incidence, and
the mean time to first colonised patient of all hospitals. The table shows the median (2.5th

and 97.5th percentile) effect for each of the scenarios. Redirecting 90% of cross-collective
readmitted patients to their original collective critically slowed the spread down, while
redirecting 2% of the readmitted patients to a specialist centre caused a much faster
spread.

Maximum increase in Mean time to Number of redirected
incidence per day first colonised patient patients

Original (reference) 4.2 (4.1-4.3) cases/day 845 days (809-885)
Redirect 90% to 2.7 (2.5-2.7) cases/day 1319 days (1264-1375) 1436/week
original collective -36% (-33%, -39%) +56% (+46%, +65%) 1.4/day hospital
Redirect 20% to 3.9 (3.8-4.0) cases/day 898 days (860-935) 1452/week
original hospital -7% (-3%, -11%) +6% (-0%, +13%) 1.4/day hospital
Redirect 2% to 6.2 (6.1-6.3) cases/day 583 days (550-617) 1571/week
Specialist center +48% (+43%, +53%) -31% (26%, 36%) 1.5/day hospital
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Table 4.2: The effect of changes in referral patterns on the spread of a hospital-
acquired pathogen shown for the standard transmission parameter choice (β = 0.085)
and lowered transmissibility (β = 0.075). The table shows the median (2.5th and 97.5th

percentile) effect for each of the scenarios. The parameter choice had little to no effect on
the relative difference between the scenarios.

Maximum increase in incidence per day Mean time to first colonised patient
β = 0.085 β = 0.075 β = 0.085 β = 0.075

Original 4.3 (4.2-4.4) cases/day 9.4 (9.0-9.7) cases/day 845 days (809-885) 1226 days (1158-1298)
(reference)
Redirect 90% to 2.7 (2.6-2.8) cases/day 5.4 (5.2-5.7) cases/day 1319 days (1264-1375) 1794 days (1612-1912)
original collective -36% (-33%, -39%) -42% (-38%, -45%) +56% (+46%, +65%) +44% (+30%, +58%)*
Redirect 20% to 4.0 (3.9-4.1) cases/day 8.3 (8.0-8.7) cases/day 898 days (860-935) 1427 days (1342-1514)
original hospital -7% (-4%, -10%) -11% (-7%, -14%) +6% (-0%, +13%) +17% (+7%, 25%)
Redirect 2% to 6.3 (6.2-6.4) cases/day 14.3 (14.1-14.6) cases/day 583 days (550-617) 855 days (797-914)
Specialist center +48% (+43%, +52%) +52% (+47%, +58%) -31% (-26%, -36%) -30% (-27%, -36%)

*The simulations redirecting part of the patients back to their original health care collective
did not reach equilibrium level.
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4.4 Discussion

We here identified geographical constraints which limit the dispersal of hospital-
acquired pathogens by patient movements between English hospitals. Although
high risk clones can disseminate rather quickly within health care collectives by
virtue of the large number of patients shared between hospitals at that level, the
dispersal becomes much slower between collectives, because fewer patients are
exchanged. These constraints are brought about by natural choices of patients and
health care providers who choose health care facilities in the vicinity of patients’
residence or typically refer to not far off specialist centres.

By studying the residential locations of patients that cross borders of health
care collectives, we could provide realistic estimates about the possible reduction
of inter-collective referrals without studying the medical history of each patient. A
large percentage, 60-80%, of the patients shared between health care collectives
live near the border of the collective’s catchment. In these border regions, patients
who favour hospitals in their vicinity can choose between two collectives. For
patients further away from the catchment border, it is less advantageous to seek
medical treatment in another collective. The remaining 20-40% of patients may
however have switched between hospitals because the required medical specialty is
not available in their nearby hospitals, or because they had to be admitted while
they were away from home.

It is possible to reduce inter-collective contact between hospitals, and nationwide
dispersal of hospital-acquired pathogens, by redirecting at least part of patients
who were bound for an “external” admission to their own residential health care
collective. This reduction of cross-collective referrals would strengthen the modular
structure of the network, and would protract the dispersal of high risk clones. This
effect may also be attained by screening or preventive isolation of all patients who
have been admitted from hospital collectives with known outbreaks of high risk
clones.

The creation of national specialist centres would diminish the average degree of
separation between any two hospitals and moves the entire network towards a truly
small world network, because it weakens its modular structure. This small world
structure enables hospital-acquired pathogens to reach all hospitals in the network
faster. Our study shows how a relatively small percentage of patients can have a
large influence on this connectivity between distant hospitals and by implication
on the potential for nationwide spread of high risk clones.

It should be noted that preventing the spread of pathogens between different
health care collectives only reduces the growth rate of the national epidemic, while
the expected equilibrium prevalence remains the same. Interventions, controlling
cross collective movements, are thus only effective for a short time (Scalia Tomba &
Wallinga, 2008). However, the extra time can be used to put additional intervention
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measures in place and control expansions at a local level.
Although the implementation of prevention measures, such as hand hygiene

adherence campaigns, or control measures, such as screening and isolation of
patients, reduces the transmission of nosocomial pathogens in any hospital, the
effect on the course of the national epidemic differs between hospitals. A study
by Karkada et al (2011) shows how allocating most of the efforts to a subset of
hospitals has a larger effect than distributing the effort over all hospitals, if this
subset consists of large hospitals with a central position in the patient referral
network. In most cases, the candidates for enhanced interventions should be tertiary
care hospitals.

Our study has a number of limitations that need to be addressed. Firstly, we
assume that patients can be redirected to other hospitals while we don’t know
anything about their medical condition or treatment requirements. We labelled
their cross border admissions as “not inevitable”, because of their proximity to the
border of the collective catchment area. It is possible that we redirected patients
to hospitals that cannot offer the required care in real life. However, the clear
effect of the distance to the border of the catchment areas on the cross-collective
admissions indicates a degree of choice.

Measuring both the admissions and the readmissions that cross the health
care collective’s border may seem redundant. However, while the percentage of
admissions gives an intuitive measure of the amount of movement between hospital
collectives, the patients are not necessarily exchanged between collectives. For
instance, a patient can be admitted a number of times to one hospital in a health
care collective, which was not assigned to the electoral ward he lives in. He would,
however, not be able to transfer any pathogen from that collective to his assigned
collective, because he was never admitted to one of its hospitals. We therefore also
calculated the percentage of readmissions across collectives, because these patients
are able to transfer pathogens between the collectives.

We assume that the topology of the patient referral network is stable over
time. This is not necessarily the case, because hospital reorganizations, or even
closing of hospitals, can change both the properties of the catchment areas and the
connections between hospitals. For simplicity, however, we need a stable patient
referral network as reference to compare with the changed networks.

We use data at the level of the hospital trusts and have no information on the
individual hospital locations within the trusts. Splitting the trusts up into hospital
location may slightly alter the dynamics, because the pathogen needs to reach more
hospitals. However, their inherent intensive collaboration means they will still be
closely connected. They will therefore rarely or never belong to different health
care collectives, and thus would not affect our analysis. Furthermore, we use data
from England, and do not take Scotland and Wales into account. Some health
care collective catchment areas may cross the borders of the countries, depending
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on the distances to the hospitals on the other side of the border. Conversely,
Scottish or Welsh hospitals, not included into our analysis, may have catchment
areas crossing into England. However, the area that could potentially be affected
by these cross-border catchment areas is relatively small compared to the rest of
the country.

We have shown how the structure of the patient referral network affects the
rate of spread of high risk clones. Pathogen can easily spread within health care
collectives, yet slowly spread nation-wide, hindered by the small percentage of
patients exchanged between collectives. This small fraction also offers a poten-
tial intervention strategy; by reducing the cross-collective transfers, nation-wide
dispersal can be delayed, buying time to implement other intervention measures.
Conversely, the creation of national specialist centres, currently favoured in many
European countries for economic reasons, will receive patients from all collectives
and facilitate the nation-wide spread, and may ultimately stifle infection control
measures.
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Figure 4.5: The increase in incidence is faster when patients are referred to
specialist centres and slower when patients are referred to their own collectives. A) The
growth rate for the hospitals in other collectives than the initially infected hospital. B)
The growth rate for the hospitals in the initial collective. The creation of specialist centres
results in the highest growth rate, while redirecting patient to their original collective
has a dampening effect. All proposed interventions have only marginal effect within the
initial collective, while the effect between collectives is larger.
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Figure 4.6: The model results with a
lower transmission parameter show that
the relative difference between the referral
scenarios is robust to choices in the trans-
mission parameter. A) The prevalence of
infected patients over time, B) the increase
in incidence as a function of the incidence
outside the index collective and C) inside
the index collective.

Figure 4.7: The choice of seeding of
the epidemic does not affect the model
results. The original model results, seed-
ing by colonising 5% of the patients, are
shown in black. The results from seeding by
colonising a single patient are show in red.
The shaded area and the area between the
dashed lines show all runs between the 2.5th

and 97.5th percentile. During the original
simulations, 6% of runs resulted in stochas-
tic extinction of the pathogen, while the
simulations based on a single colonised pa-
tient resulted in 85% extinctions.
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