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Uncharted Paths*

Hospital Networks in Critical Care

Clinical Commentary

Theodore |. Iwashyna, MD, PhD; Jason D. Christie, MD, MSCE;
Jeremy M. Kahn, MD, MS; and David A. Asch, MD, MBA

Wide variation between hospitals in the quality of critical care lead to many potentially avoidable
deaths. Regionalization of critical care is a possible solution; regionalization has been implemented
for trauma and neonatal intensive care, and it is under active discussion for medical and cardiac critical
care. However, regionalization is only one possible approach to reorganizing critical care services. This
commentary introduces the technique of network analysis as a framework for the following: (1)
understanding how critically ill patients move between hospitals, (2) defining the roles hospitals play
in regional care delivery, and (3) suggesting systematic improvements that may benefit population
health.

We examined transfers of critically ill Medicare patients in Connecticut in 2005 as a model system. We
found that patients are systematically transferred to more capable hospitals. However, we find the
standard distinction of hospitals into either “secondary hospitals” or “tertiary hospitals” poorly
explains observed transfer patterns; instead, hospitals show a continuum of roles. We further examine
the implications of the network pattern in a simulation of quarantine of a hospital to incoming
transfers, as occurred during the severe acute respiratory syndrome epidemic.

Network perspectives offer new ways to study systems to care for critically ill patients and provide
additional tools for addressing pragmatic problems in triage and bed management, regionalization,
quality improvement, and disaster preparedness. (CHEST 2009; 135:827-833)
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Abbreviation: SARS = severe acute respiratory syndrome

S ome hospitals provide better outcomes to their
critically ill patients than others. One way to
improve critical care is to identify and export ele-
ments of care that characterize the best performing
ICUs to elevate the practices of other hospitals,
through training or telemedicine. A complementary
approach is to move critically ill patients from lower
quality to higher quality centers, perhaps following a
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model similar to the regionalization of trauma care.
Formal plans to regionalize portions of adult critical
care are under active discussion.!-2 In this commen-
tary, we suggest, first, that variation between hospi-
tals in quality presents an important opportunity to
improve outcomes for patients with critical illness;
second, that transfer of patients between hospitals is
a feasible way to improve care; and third, that the
tools of network analysis are revealing and persuasive
when applied in this arena.
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The Problem: Wide Variation Between Hospitals in
the Quality of Critical Care Leads to Large
Numbers of Potentially Avoidable Deaths

Critical care quality varies widely across hospitals.
Hospital ICUs vary in their compliance with standards
of care for the prevention of ventilator-associated pneu-
monia, catheter-related bloodstream infections, and
thromboembolic disease.>* Caring for patients in more
experienced hospitals rather than less experienced hos-
pitals is associated with 25 to 50% reductions in the
adjusted odds of death for many critical ilnesses (Table 1).

Large relative differences in quality are important
given the high absolute mortality seen in critical care
settings: 18% of Medicare beneficiaries died within
30 days of hospitalization for myocardial infarction.>6
A third of nonpostoperative mechanically ventilated
patients died prior to hospital discharge.” There
were 20.7 million critical care patient-days in 2000,
up 28.7% vs 1985.% The combination of large scale
and high stakes means that even small improvements
in the quality of critical care might save many lives.
In eight large states, we estimated that every year
4,000 mechanically ventilated patients die who might
have been saved had they been in another hospital.®
Half of those patients died in a low-volume hospital
within 5 miles of a high-volume center. Krumholz
and colleagues!'® have estimated that an additional
10,000 acute myocardial infarction patients might be
saved annually if they received the same quality of
care as provided by better hospitals. Of note, these
lives might be saved using existing technology and
knowledge without discovering new therapies.!!

Centralization Is a Possible Solution for Potentially
Avoidable Deaths

In the 1970s, trauma patients faced similar varia-
tions in their quality of care, motivating the creation
of formal networks for the care of trauma patients.'?
This reorganization of care is associated with remark-
able improvements in outcomes.!3-15 Centralization
of care in centers of excellence is being considered
for other patients, including those with acute myo-
cardial infarction!®17 and general critical care.!

Table 1—Examples of Reduction in Mortality of Large-
Volume vs Small-Volume Centers

Condition Benefit, % Reference
Cardiogenic shock requiring 29 38
intraaortic balloon pump
Percutaneous coronary intervention 25-50 16, 3941
Severe blunt trauma and coma 51 42
Mechanical ventilation (excluding 37 7 but see also 43

postoperative patients)

828

Three conditions are necessary for centralization
to improve public health: (1) transport between
centers must be safe's and timely, (2) some centers
must be identifiably better at providing care, and (3)
patients must be moved from lower quality centers
to higher quality centers. Many quality improvement
efforts focus on designating centers of excellence;
however, unless patients are directed to these centers,
there may be no population health benefits.!%20 Even
in mature trauma systems, getting patients to desig-
nated trauma centers is a persistent problem 2122

Critical Care Patients Are Transferred Frequently,
But We Know Little About These Transfers

Although formal systems transfer trauma and neo-
natal patients, no such formal system exists for most
critically ill patients. Nonetheless, transfers between
hospitals are common. In recent data from an all-
payer multicenter cohort of critically ill patients,
6.4% of patients in the ICU were admitted directly
from another acute care hospital.2> However, little is
known about how and why these transfers occur or
whether patients systematically move toward sites
that provide better care. Patient transfers between
two hospitals are known to be generally safe.?4-26

The current system of interhospital critical care
transfers is informal, but it is not random. Most
hospitals transfer to only a subset of other nearby
hospitals. Network analysis provides an approach for
examining and improving these patterns and testing
whether they achieve the same goals as formal
regionalization. Bureaucratic regionalization can be
seen as one of several possible approaches to opti-
mizing the flow of patients between hospitals. The
remainder of this article introduces these emerging
scientific methods and suggests their usefulness for
improving the critical care transfer system.

Theoretical Perspective and Testable Hypotheses

Critical care transfers reflect relationships be-
tween hospitals. This conception is informed by a
significant social scientific tradition demonstrating
that organizational performance can be understood
in terms of the specific connections a given organi-
zation has with others.?” The selection of relation-
ships is a key strategic decision.25-3% An organiza-
tion’s history of relationships places constraints on its
formation of new ties, making some ties easy and
some more difficult.?® These relationships make
some resources readily accessible; they may even
change awareness that resources exist, such as novel
therapies in the ICU. For example, it may be
important not only where hospitals send their criti-
cally ill patients, but also from what other hospitals
those referral centers receive patients. This interde-
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pendence between second-order (and more distant)
relationships is captured using tools known collec-
tively as network analytics.3!

A common heuristic view of health-care transfers
is that patients move from secondary care hospitals
to tertiary care hospitals. The “network perspective”
allows us to test hypotheses that can formalize and
evaluate this dominant view:

HI (Secondary or Tertiary): Hospitals can be
divided into two mutually exclusive categories: sec-
ondary hospitals, which send out transfers, and ter-
tiary hospitals, which accept transfers. A competing
hypothesis is that some hospitals both send and
receive critically ill patients.

H2 (Satellites of a Single Center): Each secondary
hospital is a satellite of a single population center;
patients are transferred to one of a few tertiary
hospitals in that center. A competing hypothesis is
that hospitals send patients to several different other
hospitals.

H3 (Informal Regionalization): Transfers system-
atically move patients toward hospitals with more
extensive facilities. A competing hypothesis is that
patients are as likely to move to lower resourced
hospitals as higher resourced hospitals, as might be
the case if transfers were designed merely to distrib-
ute patient load, such as in electrical power grids.

Beyond these specific testable hypothesis about
network structure, the network perspective offers a
planning perspective. The experience of severe acute
respiratory syndrome (SARS) in Toronto offers one
motivation. An exploratory hypothesis is as follows.

H4 (Simulation): The effects of closure of a single
hospital on other hospitals can be simulated using
network data. A competing hypothesis is that net-
work data tell us little about the importance of single
hospitals.

In the case of SARS, quarantine due to the
detection of an unknown highly transmissible air-
borne pathogen led to the closure of specific central
hospitals. We use our data to simulate the impact of
one such closure on the transfer options and patient
loads for other hospitals in a system.

A central concern of network science is to link a
given structure to outcomes. A review of that litera-
ture exceeds the scope of this commentary, but in
Table 2 we provide examples of additional policy-
relevant scientific questions that may benefit from a
network perspective.

www.chestjournal.org

Table 2—Application of Network Concepts to Public
Health Problems in Critical Care

Public Health
Problem

Network Concept

Testable Hypothesis

Will regionalization

of adult critical
care services
improve
outcomes?

Which patients
should be

transferred?

Does health
insurance limit a
patient’s
treatment
options for
critical illness?

Do for-profit
hospitals “cream
skim” patients?

Centralization:
networks
quantitatively
differ in the
extent to which
relationships are
concentrated in
a few nodes.

The benefits of
network
position may be
a function of
characteristics
of the individual
who occupies
that position.

Network
regression
allows statistical
comparison of
different
networks.

Individual hospital
characteristics
can be
statistically
correlated with
quantitative
measures of
network
position.

Regions of the

country with
more centralized
referral networks
have improved
risk-adjusted
population
outcomes from
selected critical
illnesses.

The benefits of a

transfer will
result from an
interaction
between
characteristics of
the patient, the
sending hospital
and the receiving
hospital.

Transfer networks

for different
insurers will be
statistically
indistinguishable.

Hospital for-profit

status will not be
associated with
position in the
network.

llustrative Example: Data and Methods

Variations in quality between hospitals might pro-

vide a public health opportunity if transfers are being
used effectively, but are they? As a starting point, we
examine transfers of critically ill patients in the state
of Connecticut.

Data Sources: Data on hospitals come from the
American Hospital Association Annual Survey. Crit-
ical care transfers are identified in the fee-for-service
Medicare claims, using the 2005 MedPAR file. We
included medical, surgical, cardiac, and burn units
but excluded stepdown units.?> We defined a critical
care transfer as occurring between two hospitals (A
and B) when a patient was observed to be in hospital
A until a certain day, and then in hospital B begin-
ning on the same day or the next day, and the patient
used critical care in both hospitals.
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Network Visualization: Hospitals are represented
as nodes, and transfers form connections between
the nodes that may be analyzed.>> These transfers
can be plotted, with nodes at their relative latitude
and longitude. The network can also be visualized
using algorithms that move hospitals close together if
they exchange more patients.>* Finally, the networks
can also be represented in a sociomatrix, a numeric
table that facilitates statistical analyses (Fig 1, bottom
right, F, and supplementary table).

Simulation of the Closure of a Hospital: The
network representation facilitates simulation of clo-
sure of a hospital to outside transfers. We perform a
first-order simulation, holding all other relationships
constant. We assume that patients are redistributed
to other hospitals in the state proportionately to their
previous acceptance. Thus, hospital No. 1 trans-
ferred out three fee-for-service Medicare patients,
one of whom went to No. 20. In simulating the
quarantine of hospital No. 20, this implies that the
two other hospitals to which No. 1 transferred would
each receive 0.5 additional patients.

A Locations of Hospitals B Transfer Connections

L] L]
L]
L
*e
. L)
. o0 .
L]
. e .
..

D with Network Position (In-Degree)
(Larger = received more transfers)

C With Cardiac Service Capabilities
(Red = open heart surgery + cath lab;
Blue = cath lab; Black = no cath lab);

F Sociomatrix of Number of Transfers
. (Sample of rows and columns;

0 are shown as periods for clarity)
RECEIVING HOSPITAL
123456785%0

FEHHMTBOE ODE®B®G
-
w

FIGURE 1. Critical Care Transfers in Connecticut, 2005. Cath lab
= cardiac catheterization lab (interventional or diagnostic).
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lustrative Example: Results and Discussion

We can visualize the critical care transfer network
and assess how well the network achieves public

health goals.

Visualization of the Network: Figure 1, top left, A,
maps the 30 Connecticut hospitals engaging in a
critical care transfer of a Medicare fee-for-service
patient during 2005. Figure 1, top right, B, adds
transfer information to the map, with arrowheads re-
flecting the direction of the transfer and line thickness
proportional to the number of transfers. Because car-
diovascular disease is a common indication for transfer,
Figure 1, middle left, C, adds information about hospi-
tal capabilities: catheterization laboratory, cardiac sur-
gery, or neither. In Figure 1, middle right, D, hospitals
that receive more transfers are shown with larger
markers, embedding network characteristics in the
graphical representation. Figure 1, bottom left, E, a
network visualization algorithm, demonstrates the
transfer networks in Connecticut as having two distinct
centers, one in New Haven, one in Hartford. Hartford
has two major hospitals of nearly equal importance in
this network. The other hospitals in the state are more
peripheral, and many are connected to both core cities.
This initial test provides little graphical support for
hypothesis H2 (satellites of a single center).

Connectivity: About 77% (23 of 30) hospitals both
send and receive critically ill transfers, showing little
support for hypothesis H1 (secondary or tertiary). The
median hospital sends critically ill transfer patients to
three other hospitals. Only 10% of hospitals (3 of 30
hospitals) transfer to just one hospital; 23% of hospitals
(7 of 30 hospitals) transfer critically ill patients to =5
other hospitals within Connecticut. Again, there is little
support for hypothesis H2 (satellites of a single center).
In the Connecticut data, the density is 11% (95%
binomial confidence interval, 9.0 to 13.3), meaning that
11% of all hospital-to-hospital pairings are reflected in
an observed patient transfer.

Centralization or Load Sharing: Graphical evi-
dence indicates that transfers are funneled toward
central hospitals with a cardiac surgery capacity (Fig
1, bottom left, E). This is consistent with the goals of
regionalization (supporting hypothesis H3) and
counter to a “load-sharing” alternative hypothesis of
the function of transfers.

Impact of Loss of a Hospital: In the event that the
ICU in a central hospital was to close to outside
transfers as in quarantine for SARS, we can simulate
the results of the increased burden that would fall on
other hospitals in the state if no new transfer rela-
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tionships are formed. In Table 3, we quarantine
hospital No. 20, which had received 126 Medicare
ICU transfers from within the state during 2005. In
order to accept the patients that hospital No. 20
would have taken, 17 other hospitals accept patients,
ranging from 0.2 to 41.8 additional patients, or an 11
to 300% increase in their usual receipt of transfers.
One hospital would become isolated and need a new
transfer recipient. Hospitals with additional ICU
beds at baseline receive more patients, but the
correlation is imperfect (Pearson product moment
correlation = 0.595, p = 0.007) [Table 3].

Discussion: These results suggest that, in the state
of Connecticut in 2005, critically ill patients are
being systematically transferred to more capable
hospitals. There is little evidence of a clean separa-
tion of hospitals into either secondary or tertiary care
roles; instead, hospitals display a continuum of roles.
The simulation data suggest that closure of any

Table 3—Simulated Impact of Closure of a Hospital to

Transfers*
No. 20 Not Accepting
Patients
Observed I Marginal I
Transfers Reported Transfers Additional

Hospital Received ICU Beds Received Workload, %

1 43 75 9.0 21

2 74 42 41.8 56

3 0 6 0.0 0

4 1 0 0.2 20

5 1 20 0.6 56

6 1 14 3.0 300

7 3 20 3.0 100

8 1 7 0.0 0

9 0 6 0.0 0
10 28 32 8.5 31
11 3 10 1.0 33
12 2 9 04 20
13 1 8 0.2 17
14 4 24 0.0 0
15 1 9 04 44
16 0 10 0.0 0
17 0 10 0.0 0
18 3 21 0.0 0
19 0 12 0.0 0
20 126 78
21 0 12 0.0 0
22 75 50 30.6 41
23 1 12 0.0 0
24 23 32 2.6 11
25 0 14 0.0 0
26 3 14 0.9 31
27 1 22 0.8 83
28 4 16 2.4 59
29 6 24 0.0 0
30 45 9 10.5 23

*Values are given as No., unless otherwise indicated.

www.chestjournal.org

individual prominent hospital will cause fewer hos-
pitals to be isolated than might be implied by the
secondary/tertiary model, but will also cause wider
statewide ramifications even without new transfer
relationships being formed.

Practical Value of Network Analysis

Viewing critical care delivery as a network offers
several distinct approaches to improve it.

Triage and Bed Management: If hospital A accepts
a patient from hospital B, then A has less availability if
hospital C wishes to transfer a patient. More generally,
the network structure of critical care transfers induces
interdependencies between ICUs that are likely
invisible to the ICUs themselves. Hospital B is
dependent on the census and capacity of hospital C in
a way that is not readily transparent. In some areas
patients are frequently refused admission to an ICU
because of a lack of available beds.?> This, in part, may
be due to poor understanding of the existing transfer
system, further hampered by the lack of data distin-
guishing transfer for capacity from transfers for addi-
tional expertise or technology. A management perspective
that considers the informally integrated network may
allow better prevention of congestion and bed lock.

Regionalization: Trauma networks were able to
improve outcomes by combining improved care at
central sites with increased flow of patients to those
sites. The goals of regionalization in other areas of
critical care are the same. The data from Connecticut
suggest that cardiac patients are already being directed
to sites that provide improved care. If this finding is true
more generally, then the goals of regionalization might be
met without a large reorganization of the current system.
Instead, research and policy can focus on increasing the
flow of patients over the current network.

Quality Improvement: The decision to transfer, and
the decision where to transfer, are processes of care.
Like any other process of care, they can be improved.
The network perspective suggests an emphasis on
choice of transfer hospital. Transfers to lower quality
hospitals could be identified and targeted for improve-
ment; transfers to high-quality hospitals could be an
important goal when patients’ needs exceed a hospital’s
capabilities. Network analysis can make visible untapped
nearby opportunities for new transfer relationships.

Disaster Preparedness: Recent experience with
natural and manmade disasters has made it clear that
local resources are the first line of response. As local
hospitals are overwhelmed, they will rely on regional
referral sites to accept patients. Network science
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allows a better understanding of these existing lines
of transfer and suggests flexibility if the traditional
transfer lines are disrupted. A large hospital might
not only be disabled from accepting patients (as we
modeled) but need to send patients out when inca-
pacitated. Planners could simulate the consequences
of removing a central node from the system, anticipat-
ing any number of disaster scenarios; integration of
network analysis with agent-based models may be of
great value here. In cases of actual emergency, hos-
pitals could quickly triage patients along existing trans-
fer lines and identify new transfer lines when existing
ones are broken. In the case of a flu epidemic or
another outbreak of SARS, visualization of the network
can identify at-risk areas and help contain an outbreak
by minimizing transfers to unaffected regions.

CONCLUSION

One in five Americans will die in an ICU,37 and
critical care expenditures account for 0.5% of the
gross domestic product.® As the population ages and
demand for critical care rises, it will be essential to
use existing resources effectively. Wide variation in
the processes and outcomes of critical care between
hospitals means that thousands of lives and millions
of dollars may be saved by getting critically ill
patients to more effective hospitals along existing
transfer lines. Network analytic techniques offer the
potential to improve the efficiency of the current
transfer network, informing hospitals on the optimal
distribution of patients within regions, and providing
a direct way to improve the quality of care for the
critically ill. Network analysis can also provide novel
information about hospital quality and aid policy
makers in understanding the effects of network
stressors such as epidemics and disasters.

Network analysis is already widely applied outside
of health care. To date, there have been compara-
tively few applications in health care. Interhospital
transfers represent a natural extension of this emerg-
ing field, offering new ways to improve the way we
care for critically ill hospitalized patients. As we
debate the value of formal regionalization for critical
care or other conditions, the network analyses can
reveal how much we have achieved already and how
much more we might achieve.
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