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processes. Their advantage is that they can rap
deteriorations in outcome, allowing the process
be inspected. In addition, they can assess the 
impact of interventions. However, they are yet t
used for routine performance monitoring.

Examples of continuous monitoring techniqu
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ABSTRACT

Objective:  To test whether applying a continuous risk-
adjusted charting method, using an exponentially weighted 
moving average (EWMA) chart, would have been useful for 
monitoring outcomes of patients admitted to the intensive 
care unit at Bundaberg Base Hospital, Queensland, between 
November 2000 and December 2005.
Design, setting and participants:  An EWMA chart was 
constructed to show the change in observed compared with 
predicted mortality over time, using data submitted to the 
Australian and New Zealand Intensive Care Society Adult 
Patient Database. Limitations and practical implications of 
this monitoring technique were evaluated and compared 
with a routine monitoring technique using the annual 
standardised mortality ratio.
Main outcome measure:  In-hospital mortality.
Results:  Data were submitted on three occasions (August 
2002, November 2002 and February 2006). In each year 
before 2005, the EWMA chart showed periods when 
observed mortality appeared higher than predicted. These 
periods were not detectable by analysing the data with an 
annual standardised mortality ratio. Comparison of 
aggregated data from peer group hospitals suggested that 
the mortality prediction model (APACHE III-j) was an 
appropriate risk adjustment model for this analysis.
Conclusions:  Continuous monitoring of outcomes using 
an EWMA chart may have advantages over other 
techniques. Had data been available, analysis with an 
EWMA chart might have prompted review of processes and 
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outcomes among patients at Bundaberg Base Hospital ICU.
Comparative monitoring of outcomes and performance is
well established in intensive care medicine. Mortality predic-
tion models such as Acute Physiology and Chronic Health
Evaluation (APACHE) II and APACHE III were developed nearly
20 years ago.1,2 APACHE III-j (the 10th version of APACHE III)
was released into the public domain in 2002. Models such as
these are typically used to “risk adjust” observed mortality
and to calculate an annual standardised mortality ratio (SMR).
The SMR has formed the basis of reports on intensive care in
Australia and New Zealand since the mid-1990s.

Continuous monitoring techniques were used as long ago
as World War II3 to monitor quality control of military
supplies. More recently, they have been applied to medical

idly detect
 of care to
timing and
o be widely

es include
risk-adjusted cumulative sum (CUSUM) and risk-adjusted
sequential probability ratio tests; these have been used
retrospectively to investigate excess deaths associated with
cardiothoracic transplantation,4 paediatric cardiac surgery
and the practice of British general practitioner Harold Ship-
man.3 Their uptake into routine clinical practice in Australia
has been slow, in part because of the perceived difficulty of
interpretation by clinicians. However, Queensland Health has
introduced continuous outcome monitoring with variable
life-adjusted displays, using hospital administrative data.5

Since 2007, the Australian and New Zealand Intensive Care
Society (ANZICS) Centre for Outcomes and Resource Evalua-
tion (CORE) has been assessing methods of continuous moni-
toring of intensive care practice in Australia and New Zealand.
The exponentially weighted moving average (EWMA) chart,
generally thought more “understandable” to a clinical audi-
ence than CUSUM charts, has been chosen for inclusion in
standard reports to ICUs from ANZICS CORE. Here, we
illustrate the application, advantages and limitations of an
EWMA chart constructed with data submitted retrospectively
from the ICU at Bundaberg Base Hospital, Queensland.

In 2005, Bundaberg Base Hospital received considerable
publicity because of perceived excess mortality allegedly

related to a general surgeon who worked at the hospital
between April 2003 and March 2005. Because of the interest
in patient outcomes at this ICU, its data were an ideal
example for testing retrospectively whether analysis with an
EWMA chart would have provided useful, relevant informa-
tion to clinicians at the hospital. However, it is important to
note we had no intention of investigating the performance
olume 12 Number 1 • March 2010
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of any individual at the hospital, nor would it be possible to
do so with this analysis of overall ICU outcomes.

Methods

Data were extracted from the ANZICS Adult Patient Data-
base, a high-quality binational database6 listing over
800 000 de-identified ICU admissions. This database has
previously been used to develop and refine performance
indicators for intensive care practice.7

All first admissions to the ICU between November 2000
(when data collection at the ICU began) and December 2005
inclusive were included. Hospital mortality and predicted risk
of death derived from APACHE III-j were extracted for each
admission. Patients with no recorded outcome or no avail-
able APACHE III-j risk of death were excluded. Patients
transferred from Bundaberg Base Hospital ICU to another
ICU were also excluded because they were considered to
have an unknown mortality outcome. In accordance with the
APACHE III-j algorithm, patients under 16 years of age and
those with an ICU stay less than 4 hours were also excluded.
Data were analysed both by calculation of annual SMRs and
by construction of an EWMA chart.

The analytical principles used are described briefly below.
The exact formulas for calculation and construction of these
indices are detailed elsewhere.8

Standardised mortality ratio
The total number of observed deaths was divided by the
total number of predicted deaths derived from APACHE
III-j. The 95% confidence intervals were calculated
(determined by the number of observed deaths, not
predicted deaths). An SMR greater than 1.0 indicated

observed mortality was higher than predicted by
APACHE III-j.

Continuous charting using EWMA analysis
Each admission was plotted sequentially along the hori-
zontal axis of the EWMA. Observed mortality was plotted
on the vertical axis as a running mean of the previous
observations, where the most recent observations were
given exponentially more weight than historically distant
observations. A weighting of 0.005 was chosen in keep-
ing with construction of standard EWMA charts by
ANZICS CORE. Control limits were derived from a similarly
weighted running mean of the APACHE III-j predicted risk
of death (using 95% and 99% CIs). On the vertical axis,
an arbitrary starting value of 16% was selected, as this
was the overall mortality rate for the pooled cohort of five
peer-group hospitals (see Validation). When the line for
observed mortality rose above the control limits for
predicted risk of death, observed mortality was inter-
preted to be significantly worse than predicted.

Validation of APACHE III-j as a risk adjustment model 
for this analysis
To validate APACHE III-j as an appropriate model for this
analysis, aggregated data from five rural Queensland hosp-
itals (including Bundaberg Base Hospital) were extracted for
the same time period. The same exclusion criteria were
applied to these data as to the data for the Bundaberg Base
Hospital analysis. The identities of the other four hospitals
were not known to the investigators. Model calibration was
assessed using the SMR and Hosmer–Lemeshow C-statistic.
An SMR close to 1.0 and a small C-statistic with a high P
value indicated good calibration. Model discrimination was

Table 1. Annual numbers of patients admitted to the intensive care unit at Bundaberg Base Hospital, 2000–2005, 
numbers analysed and exclusions

2000 (Nov–Dec) 2001 2002 2003 2004 2005 Total

No. of patients admitted 39 320 252 191 211 278 1291

No. of patients analysed 26 139 126 106 111 177 685

Mortality 3.8% 10.8% 15.9% 23.6% 14.4% 11.3% 14.1%

APACHE III-j risk of death (SD) 2.1% 
(10.9%)

9.1% 
(17.6%)

11.1% 
(19.5%)

19.7% 
(26.2%)

15.2% 
(22.2%)

12.3% 
(22.7%)

12.7% 
(21.3%)

Exclusions

Transfer to another ICU* 1 42 42 35 28 52 200

Age < 16 years or 
ICU length of stay < 4 h†

5 51 30 24 30 31 171

No APACHE III-j risk of death 
or no hospital outcome 
recorded

7 88 54 26 42 18 235

* Excluded because eventual outcome was unknown. † Routine exclusions in keeping with the APACHE III-j algorithm.
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assessed by estimating the area under the receiver operator
curve, where an area greater than 0.8 indicated good
discrimination. Data were analysed using Intercooled Stata
version 9.2 for Windows, and figures were constructed
using Microsoft Windows Excel 2007.

Input from staff at Bundaberg Base Hospital
The study was undertaken with the support of administrative
and clinical staff at the Bundaberg Base Hospital ICU, who
provided historical perspective and clinical context for the
analysis.

Figure 1. Annual standardised mortality ratio for Bundaberg Base Hospital intensive care unit for 2000–2005 
(with 95% CIs)
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Figure 2. Exponentially weighted moving average (EWMA) chart for Bundaberg Base Hospital intensive care 
unit for 2000–2005

Sequential admissions and year of admission are plotted on the horizontal axis. Observed mortality (black line) and 95% (light grey) and 99% 
(dark grey) confidence limits for APACHE III-J predicted risk of death are plotted on the vertical axis. An arbitrary starting value of 16% was chosen, 
as this was the overall mortality rate for five peer-group hospitals.
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Results

There were 1291 patients admitted to the ICU at Bunda-
berg Base Hospital between November 2000 and Decem-
ber 2005. Data were submitted to ANZICS on three
occasions during this period (August 2002, November
2002 and February 2006). Of the cohort, 235 admissions
were excluded because of inadequate data quality (no
APACHE III-j predicted risk of death or no recorded
hospital outcome). A further 371 patients were excluded
either in accordance with the APACHE III-j algorithm or
because they were transferred to another ICU. This left
685 ICU admissions for analysis (Table 1).

The annual SMR for Bundaberg ICU is shown in Figure 1.
In 2000, the confidence intervals were wide because of the
small number of ICU admissions recorded (2 month’s data
only). In each year, the 95% CI included 1, suggesting there
was no year when observed outcomes were significantly
worse than predicted. There appeared to be a gradual
reduction (improvement) in SMR from 2002 onwards.

The EWMA chart analysis is shown in Figure 2. Observed
mortality appeared to reach the upper inner control limit
on a number of occasions in 2001. Outcomes appeared to
remain within acceptable limits between late 2001 and
mid-2002. In the latter half of 2002, observed mortality
surpassed the inner control limit and breached the outer
control limit, again suggesting that outcomes were worse
than predicted by APACHE III-j. A similar pattern was seen
in late 2003, when observed mortality reached the outer
control limit. From late 2004, one can be confident that
observed outcomes were within acceptable limits
(observed mortality lay within all control limits for APACHE
III-j predicted risk of death).

Table 2 shows the analysis of aggregated data from five
rural (peer group) Queensland hospitals for the years
2000–2005 (inclusive), used to validate APACHE III-j as a
mortality prediction model. APACHE III-j provided an
accurate estimation of mortality for this cohort of nearly
6000 admissions. It was a well calibrated and discrimina-
tory prediction tool. The SMR for aggregated data from
these five hospitals was very close to 1, indicating that
observed mortality overall was almost identical to that
predicted by APACHE III-j.

Discussion

Our analysis demonstrated the advantages of the EWMA
chart over an SMR chart in detecting variation in mortality
outcomes over time.

Initial inspection of annual SMRs appeared to show a
consistent improvement in outcome from 2002 onwards.
However, as confidence intervals were wide, the true SMR
might lie anywhere within this range. The annual SMR also
gave no indication of variation in mortality during the year.
Furthermore, as it is a ratio, the SMR gave no indication of
actual mortality or severity of illness.

In contrast to the SMR, the EWMA chart tracked fluctua-
tions and allowed direct visual inspection of observed
compared with predicted mortality. The EWMA chart con-
tinuously “built on” previous data, weighting recent obser-
vations more highly than distant ones. As seen in this case,
an EWMA chart can be started at any time in the year,
whenever recording of outcomes begins. Data from the first
year analysed (in this case 2000) can be included and
interpreted appropriately by the EWMA chart in the light of
subsequent years. However, the SMR for 2000 provided
little information because of the small numbers. The EWMA
chart might thus be particularly useful for ICUs with a small
number of admissions each year, which would have wide
confidence intervals around an annual SMR.

Between 2001 and 2004, the EWMA chart suggested
various instances when mortality appeared higher than pre-
dicted. There was limited continuity of senior staff in the ICU
over this time, but whether this contributed to the observed
outcomes is not known. From late 2004, the EWMA chart
indicated that mortality was within acceptable limits. This
marked a time when ICU staff decided to transfer more
critically ill patients to larger hospitals with more specialised
services. The outcomes of transferred patients were not
known to the investigators, they were not included in this
analysis, and it is not known whether their transfers contrib-
uted to the improved outcomes seen in 2005.

Monitoring is possible only when there are data to be
analysed. There was a considerable gap in data submission

Table 2. Performance of APACHE III-J as a mortality 
prediction model for five rural Queensland ICUs*

Characteristic Value

Validation data for APACHE III-j

Time period Jan 2000 – 
Dec 2005

No. of patients admitted to ICU 5889

Observed mortality 16.3%

APACHE III-J predicted risk of death (SD) 16.4% (24.3%)

Standardised mortality ratio (95% CI) 0.99 (0.95–1.04)

Discrimination and calibration statistics

Area under receiver operator curve (95% CI) 0.90 (0.89–0.91)

Hosmer–Lemeshow C-statistic 13.1

P 0.22

* Including Bundaberg Base Hospital.
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from Bundaberg ICU between November 2002 and Febru-
ary 2006. The Australian Council for Healthcare Standards
has designated that data submission to ANZICS is a key
performance indicator for intensive care practice. Inability
to submit data may in itself be a signal of a problem.
Smaller regional hospitals may have limited resources for
data collection, data submission and audit of clinical out-
comes. This was indeed the case at Bundaberg Base
Hospital in the early 2000s. It is not known whether the
perception or anticipation of poor performance was a
disincentive to data submission.

On several occasions during the period investigated, ICU
staff wished to assess whether outcomes were below
expected, but did not have analysed data available. Had
there been timely submission of data, with analysis and
feedback of results through an appropriate governance
structure (as now exists in Queensland), we speculate that
EWMA analysis could have led to an inspection of processes
at the hospital, and possibly early detection of deteriorating
outcomes. At the minimum, such an analysis would have
prompted review of data quality, highlighting the lack of
resources for data collection and submission.

When monitoring clinical outcomes, it is vital to avoid
over-interpretation of results and erroneous judgements
about quality of care.9 There are significant caveats and
limitations to our analysis. Firstly, this was an analysis of a
cohort of ICU patients. EWMA charts constructed in this
way are appropriate for monitoring the risk-adjusted out-
comes of ICUs. No inference can be drawn as to whether
the presence of any individual at the hospital directly
influenced the outcomes of patients in the ICU. In addition,
the APACHE III-j predicted risk of death was calculated
using data collected in the first 24 hours after ICU admis-
sion. Thus, this analysis was not applicable to the assess-
ment of practices before ICU admission.

Secondly, although all data underwent extensive check-
ing and “cleaning” before analysis by ANZICS, the impact
of data quality on this, and indeed any, analysis must be
emphasised. There were many exclusions, with 47% of
admissions to Bundaberg ICU not included in this analysis.
Some of these were standard exclusions that are routinely
applied to data when using APACHE III-j as the risk adjustor
and would have been applied to data from any ICU.
However, a considerable proportion were excluded because
of “poor data quality” — no recorded hospital outcomes or
no APACHE III-j predicted risk of death. The effect of these
missing data on analysis and interpretation could not be
determined. However, notably the proportion of ICU admis-
sions without recorded hospital outcomes or APACHE III-j
predicted risk of death was lowest in 2005, when outcomes
were best. Whether this was due to general improvement in
processes, which in turn led to both improved data collec-

tion and improved patient outcomes, or whether poor data
quality led to an erroneous impression of poor outcomes in
earlier years could not be determined. Despite the exclu-
sions there appears to be a “signal” of periods when
outcomes were worse than expected, highlighting a poten-
tial benefit of this type of analysis.

APACHE III-j appeared to be an appropriate risk adjustment
tool. However, the performance of any risk adjustment model
itself may be affected by many factors, including changes in
observed mortality rate,10 patient casemix,11 admission lead
time,12 discharge practices,13 data collection,14,15 rule interpre-
tations and transcription errors.16 The contribution of each of
these factors to the calculation of predicted risk of death for
patients at the Bundaberg ICU was unknown.

Limitations to the introduction of EWMA charts into routine
clinical practice throughout Australia require mention. In
recent years, outcomes for patients admitted to Australian
ICUs are consistently better than those predicted by APACHE
III-j.17 Thus, deterioration in outcome may be more difficult to
detect. A more accurate, appropriate and contemporary
mortality prediction model may need to be developed.

Conclusions

With appropriate risk adjustment and interpretation, the
EWMA chart can provide meaningful and important clinical
results. It can detect fluctuations in outcome that are not
apparent with an SMR. Had this analysis been available in
2000–2005, it might have prompted review of processes
and outcomes among ICU patients at the Bundaberg Base
Hospital. As part of future reports from the ANZICS CORE,
techniques such as EWMA chart analysis may be beneficial
for routine monitoring of intensive care practice in Australia
and New Zealand. Hospitals and ICUs should be provided
with adequate resources for the accurate and timely collec-
tion of these important quality assurance data.
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