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Information in practice

Booked inpatient admissions and hospital capacity:

mathematical modelling study

Steve Gallivan, Martin Utley, Tom Treasure, Oswaldo Valencia

Abstract

Objectives To investigate the variability of patients’
length of stay in intensive care after cardiac surgery.
To investigate potential interactions between such
variability, booked admissions, and capacity
requirements.

Design Mathematical modelling study using routinely
collected data.

Setting A cardiac surgery department.

Source of data Hospital records of 7014 people
entering intensive care after cardiac surgery.

Main outcome measures Length of stay in intensive
care; capacity requirements of an intensive care unit
for a hypothetical booked admission system.

Results Although the vast majority of patients (89.5%)
had a length of stay in intensive care of <48 hours,
there was considerable overall variability and the
distribution of stays has a lengthy tail. A mathematical
model of the operation of a hypothetical booking
system indicates that such variability has a
considerable impact on intensive care capacity
requirements, indicating that a high degree of reserve
capacity is required to avoid high rates of operation
cancellation because of unavailability of suitable
postoperative care.

Conclusion Despite the considerable enthusiasm for
booked admissions systems, queuing theory suggests
that caution is required when considering such
systems for inpatient admissions. Such systems may
well result in frequent operational difficulties if there
is a high degree of variability in length of stay and
where reserve capacity is limited. Both of these are
common in the NHS.

Introduction

In the United Kingdom there is considerable interest
in the notion of booked admissions, whereby patients
are told the date they will be admitted to hospital pos-
sibly months in advance. This would be of considerable
benefit to patients, both in terms of peace of mind and
the practicalities of being able to plan their lives. Such
benefits have been assessed,' but they are so clear that
some might wonder why booking admissions wasn’t
introduced decades ago. After all, it seems to present
no problem in many other services. One can book an
aircraft flight months in advance, so why not a hospital
admission?

Scheduling and queuing are complex issues that
arise in many contexts including manufacturing,
telecommunications, and transport. Operational
research, the mathematical field that covers such
matters, has shown that if a system is operating close to
capacity changes in control strategies can have drastic
consequences. For example, well intentioned changes
to the strategy used to control traffic lights in an urban
road network can, if the system is operating close to
capacity, result in gridlock.

Does this have any relevance to hospitals?
Hospitals are complex organisations, and many
operate close to capacity. If hospital operation is
indeed delicately balanced close to overload, could the
introduction of a booking system degrade perform-
ance? There are three key factors: reserve capacity,
unpredictable variability, and blocking. The interaction
between these has a major impact on the efficient
operation of hospitals, and various operational
research studies have investigated such issues*"
Surprisingly, in practice relatively little attention seems
to be paid to the variability of length of stay. Equally, it
is uncommon to keep records related to constituent
parts of a hospital episode, such as the time spent in
intensive care or in a high dependency unit.

In this paper we consider the variability of the length
of stay in intensive care after cardiac surgery. Although
this provides useful information in its own right, the
main purpose of the paper is to discuss a mathematical
model that uses such information to examine the capac-
ity implications of booking surgical admissions.

Data sources and methods

From the computerised records of patients receiving
cardiac surgery at St George’s Hospital NHS Trust, we
extracted data for all operations except transplants
carried out between 1 January 1992 and 16 February
2000 (7014 cases). We classified the operations as cor-
onary artery bypass grafting, valve replacement, or
“other,” and we recorded the number of days each
patient spent in intensive care as a whole number.
These data cover patients who were eventually
discharged from hospital and those who died.

We calculated the percentage of patients still in
intensive care after a given number of days (for 1-20
days) using the proportions of patients with those
lengths of stay. We then devised a mathematical model
based on probability theory to examine the effects of
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Fig 1 Proportion of 7014 patients who underwent cardiac surgery
still in intensive care by days after admission

variability of length of stay on capacity requirements in
the context of a booking system. As is common with
mathematical modelling, many of the complexities of
real life hospital operation were neglected, the purpose
being to examine the principles underlying the
process. Within the model, it is assumed that a regular
and unvarying number of operations are booked each
day, each performed successfully, and each resulting in
a patient being admitted to a dedicated cardiac surgery
intensive care unit for postoperative recovery. Patients
are assumed to remain in intensive care for a whole
number of days, the duration of their stay having a pre-
specified probability distribution. Patients are assumed
to be homogeneous in that the same length of stay dis-
tribution applies to each. Lengths of stay are assumed
to be independent of one another and independent of
the number of beds occupied.

We wrote a computer program to perform the
computations required to calculate the long term
probability of a given number of beds being occupied.
For illustrative purposes, we have run the program
using the length of stay distribution derived from the
data shown in the table. The hypothetical booking sys-
tem investigated had five operations booked a day, a
figure chosen as a plausible level of activity.

Results

Figure 1 shows the proportion of the 7014 patients still
in intensive care after a given number of days. The
mean length of stay (1.65 days) gives an indication of
the mean requirements for intensive care beds. The
median length of stay and the upper limit of the inter-
quartile range were one day.

From our mathematical model we calculated the
probabilities of different numbers of beds being occu-
pied (fig 2). These are calculated from the number of
cases assumed to be booked each day and the
distribution of length of stay. The probability distribution
is centred on the number of beds that would be required
if there were no variability in length of stay. The tails of
the distribution occur as a consequence of the variability.
If, by chance, a group of patients are booked whose
postoperative care takes longer than average then more
beds would be occupied. The upper tail of the distri-
bution indicates the probability of such an occurrence.
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Figure 3 shows another way of interpreting this
information—as the probability that the number of
beds required exceeds a given level. Depending on the
actual number of beds in the intensive care unit, this
reflects the proportion of booked operations for which
additional intensive care capacity would have to be
made available.

Discussion

Our results show that most of the patients who under-
went cardiac surgery had a relatively short stay in
intensive care. However, there was substantial variation,
and it would be unwise to ignore such variability when
evaluating or designing surgical booking systems.
Unfortunately, information about this variability is
rarely available to hospital managers.

Problems with booking hospital admissions

Considerable patient benefits would follow from intro-
ducing booking systems where it is feasible to do so.
Early indications are that such systems can work effec-
tively in day case surgery.1 With inpatient admissions,
however, variability in length of stay becomes
important. Our mathematical model shows how this
variability poses a fundamental problem for booking
admissions. The average length of stay was 1.65 days.
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Fig 2 Probability distribution for the number of intensive care beds
occupied after cardiac surgery
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Fig 3 Probability that the number of intensive care beds required 9 29 (0.4)
after cardiac surgery exceeds a given level -
>9 141 (2.0)
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What is already known in this topic

Booking systems for hospital admissions have considerable potential
benefits for patients in terms of peace of mind and planning their lives,
but these benefits are dependent on having a low cancellation rate

What this study adds

Variability in length of stay can have a major impact on hospital
operation and capacity requirements.

Operational research techniques can be used to explore this impact

If variability in length of stay is substantial, as is common, then booked
admission systems may require considerable reserve capacity if
cancellation rates are to be kept low

282

Since five operations a day were assumed, this
corresponds to an average requirement of 8.25 beds.
Ignoring variability in length of stay, an eight or nine bed
intensive care unit would seem appropriate. However,
variation in length of stay means that operating an
intensive care unit with eight beds would lead to opera-
tional overload 41% of the time (for a nine bed unit, this
figure would be 22%). Increasing the number of beds to
give reserve capacity would be the only option. However,
to reduce the chances of operational overload to 5% or
less, as many as 11 beds might be required. This would
correspond to maintaining a unit with over 30% reserve
capacity. This is clearly possible, but expensive.

To make matters worse our mathematical model is
deliberately simplistic, the philosophy being that a
booking system that fails to operate effectively when
applied in simple circumstances stands little chance
when wused in the real world. Two unrealistic
assumptions are implicit in our model. It is assumed
that the same number of cases are booked each day,
irrespective of the day of the week. To reflect real life
practice, a booking system would have to take account
of effects such as weekend working and staff availability.
Also, our model does not take into account that there
would be a limited number of beds available (including
any reserve capacity) and that an operation would be
cancelled if no bed were available for postoperative
intensive care. Booking systems therefore have to allow
for such cases to be rebooked—for example, by leaving
gaps in the admissions diary. This again makes
demands for reserve capacity. Obviously, the less
reserve capacity available in the form of extra beds
there is, the more reserve capacity is required in the
admissions diary, and vice versa. The need for reserve
capacity is, however, inescapable.

Another important issue that we have not consid-
ered explicitly is that of bed blockage. In practice a
patient will leave cardiac intensive care to be moved to a
high dependency unit. If no bed is available, however,
the patient may well have to stay in intensive care. This
makes the process of booking admissions even harder.
Not only is substantial reserve capacity required in the
intensive care unit, but also at all subsequent stages of
the patients’ care. The length of stay distribution that we
used here will almost certainly contain instances of such
blocking, but these have not been recorded.

Such real life practicalities make the design of inpa-
tient surgical booking systems challenging. Operational
research models can be of great help to clinicians and

managers considering introducing such systems. Simple
models, such as that presented here, can help clinicians
and managers decide whether to attempt to introduce
such systems in a particular department. In principle,
more sophisticated models could take into account fac-
tors such as bed blockage, staff availability, emergency
admissions, and non-attendance and could support
decisions about how best to operate a booking system.
However, models do not need to replicate the full com-
plexity of hospital operation to provide useful insights
about the interplay of key factors. Indeed, models that
attempt to do so can hinder understanding with confus-
ing and irrelevant detail.

Conclusions

Our findings suggest that variability of length of stay is a
key determinant of effective hospital operation. When
variability is substantial, which is common, the introduc-
tion of booked admissions systems may be inadvisable
unless there is considerable reserve capacity.

When making an analogy between booking
surgical inpatient admissions and other forms of
scheduling, it is unwise to think that simple tasks such
as booking flight tickets are comparable. Planes may be
infuriatingly late, but one generally knows to the hour
how long a flight is going to take once the plane has
taken off and that, when it lands, all the passengers will
get off. Predicting the course of preoperative and post-
operative care is much more uncertain, even as it is
going on let alone months in advance. Average stays
say little about the number of patients who linger. Hos-
pital dynamics may be much closer to those of
congested urban traffic control. Unless considerable
reserve capacity is available, introducing inpatient
booking systems might well run the risk of doing to the
health service what Michael Caine and his crooks did
to the streets of Turin in the film The Italian Job.
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