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Appendix I Description of the Shewhart-p-chart and CUSUM-chart.
Introduction and theory
In recent years, Statistical Process Control (SPC)-methods have gained growing interest in
healthcare as a method to monitor quality of care and evaluate quality improvement
initiatives.1-3 In this study we opted for Shewhart-p-charts and CUSUM-charts, but other
types of SPC-charts exist e.g. the exponentially weighted moving average (EMWA)-chart,
and the g-chart. The general theory behind SPC-charts is that random variation is inherent in
all processes, caused by common causes. A process is in-control when there is only random
variation (common cause variation). However, situations may arise that cause a process to
become out-of-control, due to the particular causes of this situation (special cause variation).
SPC-charts with a control limit intend to distinguish between common cause variation and
special cause variation, with the intention to investigate for possible causes when special
cause variation is detected. The advantage of a SPC-chart over, for example, the funnel-plot
where data of multiple years are taken together, is that the time variable is added by plotting
the outcomes over time, showing the possible effect of changes in practice nearly real-time
rather than that these remain hidden in the pooled data over a longer period.
Shewhart-p-chart
The Shewhart-p-chart generally uses a standard format, as shown in Figure 1 in the
manuscript. The x-axis indicates time, e.g. weeks, months or quarters. Because it is a p-chart,
the y-axis displays a proportion of a certain outcome (e.g. revision rate). The chart thus
presents e.g. the weekly proportion of patients with a certain outcome over time. Three
horizontal lines are depicted: the center line (CL), the upper control limit (UCL) and the
lower control limit (LCL). The center line represents the average or median level of
performance over a certain period. Given the random variation, an outcome will usually vary
across this central tendency line and remain within the control limits, assuming that the longterm rate of that outcome does not change and will only present some random variation over
time. Usually 2 and 3-sigma control limits are used, with a 2-sigma control limit having
higher likelihood of type 1 error (false positive signal) and a 3-sigma control limit a higher
likelihood of type 2 error (false negative signal). Control limits are computed statistically
based on probability distributions such as the Gaussian (‘normal’ distribution), similar to
hypothesis testing. In general, 95% of data will fall within ±2 standard deviations (SD) or 2
sigma and 99,7% within ±3 SD or 3 sigma. Values that fall outside the chosen upper and
lower control limits exceed that range of most values, making it unlikely that this is due to
random variation but rather reflects a true difference, in this study indicating that the revision
rate has doubled.

CUSUM-chart
Where the Shewhart-p-chart works with aggregated data over weeks, months of quarters, the
CUSUM-chart uses every patient to plot the graph chronologically. For each patient
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undergoing an operation the expected chance on e.g. a revision is calculated based on certain
patient characteristics and compared with the observed outcome, whether this patient has a
revision or not. The line in the CUSUM-chart declines when ‘’good’’ outcomes occur (e.g.
no revisions) representing better performance than expected and increases when
‘unfavorable’ outcomes occur (e.g. revisions) representing worse performance than expected
(Figure 2 in manuscript). When performance is in balance, an increase in the line in the
CUSUM-chart because of an ‘’unfavorable’’ outcome is counteracted by many small
decreases in the line in the CUSUM-chart resulting from ‘’good’’ outcomes. Regardless of
the use of the CUSUM-chart for detecting a better or worse outcome, the baseline always
indicates that a surgeon or hospital is performing as expected. The more the CUSUM-chart
line drifts away from the baseline, the more this proves that a surgeon or hospital is
performing better or worse than expected. A signal for better or worse performance is
generated when the control limit is exceeded, in this case to detect a doubling of the revision
rate. Similar to the Shewhart-p-chart, control limit setting of CUSUM-charts allow us to
balance the risk of false positive and false negative signals. The control limits in CUSUMcharts are most commonly set at 3.5 or 5, with the 3.5 having higher likelihood of falsepositive signals but the 5 having higher likelihood of false negative signals.4,9 The CUSUMchart is reset to zero when the control limit is reached. For a detailed description of the
Shewhart-p-chart and CUSUM-chart formulas, we refer to Neuburger et al and Benneyan.9,14

COPYRIGHT © BY THE JOURNAL OF BONE AND JOINT SURGERY, INCORPORATED
VAN SCHIE ET AL.
MONITORING HOSPITAL PERFORMANCE WITH STATISTICAL PROCESS CONTROL AFTER TOTAL HIP AND KNEE ARTHROPLASTY.
A STUDY TO DETERMINE HOW MUCH EARLIER WORSENING PERFORMANCE CAN BE DETECTED
http://dx.doi.org/10.2106/JBJS.20.00005
Page 3

Literature
1.

2.

3.
4.

5.
6.

7.
8.

9.

10.
11.
12.
13.
14.

Benning A, Ghaleb, M., Suokas, A., Dixon-Woods, M., Dawson, J., Barber, N., Franklin, B. D.,
Girling, A., Hemming, K., Carmalt, M., Rudge, G., Naicker, T., Nwulu, U., Choudhury, S.,
Lilford, R.. Large scale organisational intervention to improve patient safety in four UK
hospitals: mixed method evaluation. BMJ (Clinical research ed). 2011;342:d195.
Nicolay CR, Purkayastha, S., Greenhalgh, A., Benn, J., Chaturvedi, S., Phillips, N., Darzi, A..
Systematic review of the application of quality improvement methodologies from the
manufacturing industry to surgical healthcare. The British journal of surgery. 2012;99(3):324335.
Woodall WH, Fogel, S.L., Steiner, S.H.. The monitoring and improvement of surgical-outcome
quality. J Qual Technology. 2015(47):383-399.
Macpherson GJ, Brenkel, I. J., Smith, R., Howie, C. R.. Outlier analysis in orthopaedics: use of
CUSUM: the Scottish Arthroplasty Project: shouldering the burden of improvement. The
Journal of bone and joint surgery American volume. 2011;93 Suppl 3:81-88.
Biau DJ, Milet A, Thevenin F, Anract P, Porcher R. Monitoring surgical performance: an
application to total hip replacement. J Eval Clin Pract. 2009;15(3):420-424.
Cecil E, Bottle, A., Esmail, A., Wilkinson, S., Vincent, C., Aylin, P. P.. Investigating the
association of alerts from a national mortality surveillance system with subsequent hospital
mortality in England: an interrupted time series analysis. BMJ Qual Saf. 2018;27(12):965973.
Cecil E, Wilkinson, S., Bottle, A., Esmail, A., Vincent, C., Aylin, P. P.. National hospital
mortality surveillance system: a descriptive analysis. BMJ Qual Saf. 2018;27(12):974-981.
Baker AW, Haridy, S., Salem, J., Ilies, I., Ergai, A.O., Samareh, A., Andrianas, N., Benneyan,
J.C., Sexton, D.J., Anderson, D.J.. Performance of statistical process control methods for
regional surgical site infection surveillance: a 10-year multicentre pilot study. BMJ Qual Saf.
2018;27(8):600-610.
Neuburger J, Walker, K., Sherlaw-Johnson, C., van der Meulen, J., Cromwell, D. A..
Comparison of control charts for monitoring clinical performance using binary data. BMJ
Qual Saf. 2017;26(11):919-928.
Montgomery DC. Introduction to Statistical Quality Control. 6th ed New York: Wiley & Sons,
2009.
Spiegelhalter D, Sherlaw-Johnson C, Bardsley M. Statistical methods for healthcare
regulation: rating, screening and surveillance. J R Stat Soc Ser A Stat Soc. 2012;175:1-47.
Grigg O, Farewell, V.. An overview of risk-adjusted charts. J R Stat Soc Ser A Stat Soc.
2004;167:523-39.
Benneyan JC. The design, selection, and performance of Statistical Control Charts for
healthcare process improvement. Int J Six Sigma and Competitive Advantage. 2001(4).
Benneyan JC, Lloyd RC, Plsek PE. Statistical process control as a tool for research and
healthcare improvement. Quality & safety in health care. 2003;12(6):458-464.

COPYRIGHT © BY THE JOURNAL OF BONE AND JOINT SURGERY, INCORPORATED
VAN SCHIE ET AL.
MONITORING HOSPITAL PERFORMANCE WITH STATISTICAL PROCESS CONTROL AFTER TOTAL HIP AND KNEE ARTHROPLASTY.
A STUDY TO DETERMINE HOW MUCH EARLIER WORSENING PERFORMANCE CAN BE DETECTED
http://dx.doi.org/10.2106/JBJS.20.00005
Page 4

Appendix II Funnel-plot of between-hospital variation in 1-year revisions after THA during 2014-2016.
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Appendix III Funnel-plot of between-hospital variation in 1-year revisions after TKA during 20142016.
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*O/E-ratio: Observed number of revisions divided by expected number of revisions.
**O = E: The observed number equals the expected number of revisions.
***Expected: Expected number of revisions within 1 year based on patient-mix.
C.L. = control limits; TKA = total knee arthroplasty.
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