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Sequential analysis of uncommon adverse outcomes

A. Morton a,b,*, K. Mengersen b, M. Waterhouse b,c, S. Steiner d, D. Looke a

a Infection Management Services, Princess Alexandra Hospital, Brisbane, Queensland, Australia
b School of Mathematical Sciences, Queensland University of Technology, Brisbane, Queensland, Australia
c St Andrew’s Medical Institute, Brisbane, Queensland, Australia
dDepartment of Statistics and Actuarial Science, University of Waterloo, Waterloo, Ontario, Canada
a r t i c l e i n f o

Article history:
Received 24 November 2009
Accepted 30 April 2010
Available online 24 July 2010

Keywords:
Uncommon adverse events
Complex surgical site infections
MRSA bacteraemias
Statistical process control
Evidence-based systems
* Corresponding author. Address: 40 Garioch St
Tel.: þ61 7 33974651; fax: þ61 7 38473480.

E-mail address: amor5444@bigpond.net.au (A. Mo

0195-6701/$ e see front matter � 2010 The Hospital
doi:10.1016/j.jhin.2010.04.022
s u m m a r y

Sequential analysis of uncommon adverse outcomes (AEs) such as surgical site infections
(SSIs) is desirable. Short postoperative lengths of stay (LOS) result in many SSIs occurring
after discharge and they are often superficial. Deep and organ space (complex) SSIs occur
less frequently but are detected more reliably and are suitable for monitoring wound care.
Those occurring post-discharge usually require readmissison and can be counted accurately.
Sequential analysis of meticillin-resistant Staphylococcus aureus bacteraemia is also needed.
The key to prevention is to implement systems based on evidence, e.g. using ‘bundles’ and
checklists. Regular mortality and morbidity audit meetings are required and these may
need to be followed by independent audits. Sequential statistical analysis is desirable for
data presentation, to detect changes, and to discourage tampering with processes when
occasional AEs occur in a reliable system. Tabulations and cumulative observed minus
expected (O� E) charts and funnel plots are valuable, supplemented in the presence of
apparent ‘runs’ of AEs by cumulative sum analysis. Used prospectively, they may enable
staff to visualise and detect patterns or shifts in rates and counts that might not otherwise
be apparent.

� 2010 The Hospital Infection Society. Published by Elsevier Ltd. All rights reserved.
Introduction

Morbidity and mortality (M&M) audits are required for adverse
events (AEs) that are uncommon. Complementary statistical
process control (SPC) analysis can assist in the detection of detri-
mental changes, while discouraging tampering with satisfactory
processes in response to an essentially random AE.1,2

Methods for SPC analysis of uncommon AEs are illustrated using
Queensland Health Centre for Healthcare Related Infection
Surveillance and Prevention (CHRISP) data.3 CHRISP conducts
standardised surveillance of healthcare-acquired infection (HCAI)
across 23 major Queensland hospitals.

Complex (deep and organ space) surgical site infections (SSIs)
complicating 2575 orthopaedic procedures performed between
2001 and 2006 at one hospital (X) are employed to demonstrate the
analysis of binary data. Surveillance involved five procedures:
, Tarragindi 4121, Australia.

rton).

Infection Society. Published by Els
partial (PHR) and total (THR) hip replacements, total knee
replacements (TKR), and revisions of total hip (RTHR) and total
knee (RTKR) replacements. Complex SSIs occurring during the
patient’s stay or within 30 days following surgery were recorded.
Hospital X recorded 30 complex SSIs (1.17%).

Meticillin-resistant Staphylococcus aureus (MRSA) bacteraemia
data collected from all wards of one hospital (Y) between 2001 and
2008 are used to illustrate the analysis of count data. In that period
(2921 days), 87 bacteraemias were observed, giving a daily rate of
3%. Hence, for this institution, approximately one case was expec-
ted every month. This rate is too low to use standard SPC methods
such as Shewhart charts.
Methods for calculating an expected probability

Estimated probabilities were derived from 136 complex SSIs
complicating 12838 orthopaedic procedures performed in 18
hospitals and recorded in the 2001e2006 CHRISP database.
Separate estimates were obtained for relatively homogeneous
subgroups. The 12838 records were initially stratified by
procedure type and the US Centers for Disease Control and
evier Ltd. All rights reserved.
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Table II
Observed and expected numbers of complex surgical site infections (SSIs) for
hospital X

Year Half No. of
procedures

Observed no.
of complex SSIs

Expected no.
of complex SSIs

2001 1 159 2 1.37
2 194 1 1.63

2002 1 164 2 1.33
2 183 1 1.51

2003 1 229 0 1.89
2 238 1 2.08

2004 1 195 5 1.65
2 224 6 1.90

2005 1 231 1 1.97
2 270 7 2.31

2006 1 200 2 1.66
2 288 2 2.46

Total 2575 30 21.77

A. Morton et al. / Journal of Hospital Infection 76 (2010) 114e118 115
Prevention Nosocomial Infections Surveillance System (NNIS) risk
index.4 This index has four levels but only three (labelled 0, 1 and
2) were used with these data. Consequently, the initial stratifi-
cation used 15 categories. Amalgamation of categories having
small sample sizes led finally to the use of seven categories
labelled AeG (Table I).

The expected probability for a category was estimated by the
number of complex SSIs divided by the number of records in that
category. For example, from a total of 364 RTHR procedures with
any risk index, 11 complex SSIs were observed, giving an estimated
probability of 11/364¼ 0.03022 for category G (Table I).

Hospital X performed 2575 procedures and 30 of these resulted
in complex SSIs. The expected number was estimated by:

0� ð0:018987Þ þ 873� ð0:007496Þ þ 176� ð0:01533Þ þ 3
� ð0:025594Þ þ 1311� ð0:007968Þ þ 212� ð0:009459Þ
þ 0� ð0:03022Þ ¼ 21:77;

where the first number in each term is the number of procedures in
the category, and the number in parentheses is the corresponding
expected probability from Table I (hospital X undertook no
surveillance of PHR or RTHR procedures).

Logistic regression provides an alternative means for calculating
expected probabilities. For our example, the response was complex
SSIs, and the explanatory variables were procedure type and NNIS
risk index (Appendix 1). The expected number of complex SSIs for
hospital X was 22.48. Logistic regression is usually required when
there are more than two explanatory variables.
Sequential analysis

Tabulations

Table II shows observed and expected counts of AEs within half-
yearly time periods; there may have been an increase in the
numbers of AEs in 2004 and the second half of 2005.
Cumulative observed minus expected (O� E) charts with cumulative
sum signals

These charts are similar to cumulative E�O variable life-
adjusted display (VLAD) charts.7 Two-standard-deviation (2 SD)
equivalent control limits are included (Appendix 2).8 The cumula-
tive O� E line is approximately horizontal when the rate/count is
stable, rises when it deteriorates, and falls when performance
improves. The control limits indicate whether the accumulated AEs
may differ fromwhat is expected. Figure 1 suggests that there were
two runs of SSIs. The first started on 3 November 2003 at 2.3 fewer
SSIs than expected and ended on 12 November 2004 with 5.1
Table I
Estimated expected probability of the incidence of a complex SSI for categories
based on stratification by procedure type and NNIS risk index

Category Procedure Risk
index

Complex
SSI

Procedures P

A Partial hip replacement All 3 158 0.01899
B Total hip replacement 0 25 3335 0.0075
C Total hip replacement 1, 2 26 1696 0.01533
D Revision of total hip

replacement
All 14 547 0.02559

E Total knee replacement 0 36 4518 0.00797
F Total knee replacement 1, 2 21 2220 0.00946
G Revision of total knee

replacement
All 11 364 0.03022

SSI, surgical site infection; NNIS, National Nosocomial Infection Surveillance System.
excess SSIs. The second run started on 8 August 2005 (4.2 excess
SSIs) and ended on 13March 2006 (9.1 excess SSIs). The upper limit
was reached on 13 August 2006. Figure 2 shows a run of MRSA
bacteraemias between November 2001 (8 fewer than expected)
and October 2002 (O and E similar). The upper limit was not
reached. The incorporation of a cumulative sum (CUSUM) test into
the cumulative O� E chart allows a hospital to identify a significant
run of AEs in a timely fashion.10 A CUSUM test works by replacing
each datum by aweight (w). Weights are then added sequentially. If
their sum falls below zero, it is reset to zero. If it reaches a pre-
specified control limit, denoted h, a signal is said to occur, indicating
that a run of AEs has reached statistical significance. The choice of h
involves a trade-off. Small values ensure that problems are detected
quickly. Conversely, large values limit the frequency of false alarms.
It is usual to set h to achieve a desired average time between false
alarms, called average run length (ARL). This can be done by
simulation as described by Ng et al.11

The log-likelihood ratio CUSUM test can be used to determine
when the odds of a binary AE have increased by a factor of r> 1.12,13

In this case, the weight for the ith observation is

wi ¼ Oi � ðlog rÞ � logð1þ ðr � 1Þ � EiÞ;
where Oi¼ 1 if the AE occurred and 0 otherwise, and Ei is the
estimated expected probability of the AE occurring. The CUSUM is
frequently set to detect a doubling (r¼ 2) of the odds of an AE such
as a complex SSI occurring. The CUSUM statistic was updated after
each orthopaedic procedure. With h¼ 2.75 we expect approxi-
mately 5000 procedures between false alarms. For monitoring
count data, the weight is

wi ¼ Oi � logðrÞ � ðr � 1Þ � Ei;

where Oi and Ei are the observed and expected counts, respectively.
The CUSUM was set to detect a doubling in the MRSA bacteraemia
rate (r¼ 2) and was updated using daily counts of MRSA bacter-
aemias. By setting h¼ 3, the average time between false alarms was
approximately 150 months.

CUSUM signals are marked by prominent arrows in Figures 1
and 2. With the complex SSI data, signals occurred on 23
September 2004 and 12 December 2005. Therewas a CUSUM signal
for the MRSA bacteraemias on 26 March 2002. Following a signal,
investigation of the relevant systems should occur, the CUSUM
value is reset to zero, and monitoring is recommenced.
Cumulative funnel plots

Cumulative funnel plots have been used for presenting percu-
taneous coronary intervention data that typically display low AE



C
um

ul
at

iv
e 

O
 −

 E

Feb 2001 Nov 2001 Oct 2002 Jul 2003 Mar 2004 Nov 2004 Jul 2005 Apr 2006 Oct 2006

-5

0

5

10

Figure 1. Orthopaedic complex surgical site infection, observed minus expected (O� E) plot from February 2001 to December 2006; total: 2575. Blue: observed; red: 95% limits;
arrows: cumulative sum signals; tick marks every 50 units. Signals on 12 August 2004, 9 November 2005.
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rates.14 This chart is similar to the cumulative O� E chart except
that the cumulative AE rate is shown (Appendix 2). Figure 3 shows
the cumulative rate for the complex SSI data. A CUSUM test is
incorporated. Prediction limits around the expected rate were
obtained as described for cumulative O� E charts (Appendix 2).

Discussion

In addition to indicating when excess AEs may be occurring, SPC
methods help prevent tampering with reliable systems, and can aid
in data presentation.When AEs are uncommon, e.g. fewer than two
per month, standard Shewhart charts are unlikely to respond in
a timely fashion to increases in AEs that warrant attention. Tabu-
lations provide a simple means of summarising data and can
indicate the presence of a cluster of AEs. When using tabulations,
attention should be paid to counts/rates in contiguous time periods
since clusters may span divisions.

The standard CUSUM chart can detect significant runs of AEs but
displays CUSUM weights rather than data values. Sherlaw-Johnson
incorporated CUSUM signals into VLAD charts.10 The cumulative
O� E chart is excellent for displaying a series of observations as it is
possible to see the number of AEs differing from expected at any
time in the series. Runs of AEs that produce a CUSUM signal are
indicated with an arrow. Similarly, the funnel plot can display
CUSUM signals.

It may be necessary to select a new starting point for a control
chart if it is becoming cluttered with sequences of data that are no
longer relevant. If possible, the new starting point should
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Figure 2. MRSA bacteraemias, observed minus expected (O� E) chart from January 2001 t
correspond to a time at which the process is stable, as suggested by
a horizontal cumulative O� E line.

The CUSUM limit h should be selected to avoid excessive delays
or frequent false signals. The latter can result in ‘tuning out’ so that
a genuine change is missed, or there may be tampering with
otherwise reliable systems. Scientists in infection control depart-
mentsmayneed professional helpwhenmonitoring is commenced.

The log-likelihood CUSUM test has been criticised when used
with rare events on technical grounds.15 However, it remains in
regular use in clinical units to monitor mortality rates that are
between 1% and 2%, and a recent report has suggested that it is
suitable for monitoring uncommon AEs.16 An alternative is to use
the closely related sequential probability ratio test.13 However, the
CUSUM is widely employed and its resetting to zero following
a signal may be an advantage.

Alemi has shown how monitoring increasing intervals between
uncommon AEs can indicate success following system changes.17

However, we have found that some clinical workers have trouble
relating to interval charts. It is also difficult to incorporate risk
adjustment.

Although these methods can help to recognise problems they do
not identify their causes, and delay in signalling can occur when
AEs are rare. All serious AEs should be studied, for example in M&M
audit meetings, followed, if necessary, by independent audits.18,19

With early discharge, post-discharge SSIs are becoming
increasingly important. However, there can be problems with the
identification of superficial post-discharge SSIs.20 Concentrating on
complex SSIs that can be counted more accurately has been
1500 2000 2500 3000

 04 Jun 05 Mar 06 Jan 07 Oct 07 Jun 08

o December 2008; N¼ 2922 days. Signals on 26 March 2002.
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Figure 3. Orthopaedic complex surgical site infection, funnel plot from Februry 2001 to December 2006; total: 2575. Blue: observed; black: expected; red: 95% limits; arrows:
CUSUM signals; tick marks every 50 units. Signals on 12 August 2004, 9 November 2005.
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recommended although a mechanism is needed to count read-
missions to other hospitals. Changes in their frequency can be used
to understand changes in overall SSI rates.21

Whereas 30 day follow-up for procedures involving prostheses
can be inadequate for detecting late complex SSIs, available CHRISP
resources made longer follow-up impracticable. Since these
outcomes are clinically and economically important, hospital staff
are encouraged to present these cases at M&M audit meetings, and,
if necessary, subject them to independent audit.18,19

The bacteraemia data came from a hospital in which trans-
mission of MRSA is usually well-controlled and historically an
average of one case of MRSA bacteraemia occurred each month.
Counts were sufficiently low for monitoring to involve all wards. If
an increase were to occur, it is probable that the care of intravenous
devices had been compromised and/or the evidence-based system
for reducing transmission had broken down. M&M audit com-
plemented by cumulative O� E, funnel plot and CUSUM analysis
can serve as a warning system should these occur.

The occurrence of a signal should be used to indicate that
a systems analysis is required, not that there is definitely substan-
dard performance.22 Hasty judgment, e.g. when there is data error,
can waste time, damage morale and weaken a reliable system.2

Finally, it must be emphasised that prevention of AEs is most
important. This involves the implementation of systems based on
evidence, for example in the form of ‘bundles’.23 Gawande has
described how the use of checklists can help to ensure their
application.24
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Appendix 1

In R (S) notation the logistic regression formula is5:
g<�glm(complex SSIw group 2þ group 3, family¼ binomial)
Estimate SE z-value Pr(>jzj)
(Intercept) �4.7822 0.1089 �43.908 <2e-16
Group 2 0.5249 0.2453 2.140 0.0324*
Group 3 1.2052 0.2148 5.611 2.01e-08

Null deviance: 1507.5 on 12837 degrees of freedom.
Residual deviance: 1480.2 on 12835 degrees of freedom.
The fitted values were: group 1, 0.0083; group 2, 0.014; and
group 3, 0.0272. Each of these groups differed from the other two.
Group 1 included PHR and TKR all NNIS Risk Indices (RI) and THR RI
zero, group 2 THR RI one, and group 3 RTHR and RTKR all RI and
THR RI two.

A random effects analysis would be required when groups of
hospitals have differing expected outcome rates, e.g. bacteraemia
rates would be higher in large hospitals performing complex
procedures than in community hospitals.6
Appendix 2

For the upper and lower control limits for binary data (e.g.
complex SSIs), Grunkemeier et al. recommend prediction limits
based on the variance of the expected values.8 If Sip is the cumu-
lative expected value at the ith procedure, the variance is Si(p�
(1�p)) so the upper 2 SD limit is 2OSi(p� (1�p)) since for
cumulative O� E the E is subtracted from both the O and E so that
the cumulative O� E line is at zero when they are equal. When
samples are small, the distribution of binary data is skewed and
limits based on the exact binomial distribution are more accurate.9

For a 2 SD approximate limit, the smallest value of X(Xu) is found
such that

X

X ¼ Xu/N

CðN;XÞpXð1� pÞðN�XÞ�0:02275:

In practice it is simpler to use the beta distribution. For the
upper 2 SD limit, one finds X such that, in S notation,

1� pbetaðp; X þ 1; N � XÞ ¼ 0:02275:5

Similar calculations using the gamma distribution apply with
count (e.g. MRSA) data.

Cumulative funnel plots are similar to cumulative O� E charts
except that cumulative rates are displayed. For the ith procedure or
day the above values are divided by Ni, the corresponding cumu-
lative number of procedures or days.
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