TECHNICAL NOTE By David Strang & Chenyang Wang

Inclusion of Zeros on T-Charts for Rare Events (Exponential Distribution) in Healthcare Settings

The control chart, originally developed by Walter Shewhart, acts as a simple statistical model for the data points produced by a given process (assuming the correct probability distribution is identified). Control charts have therefore been used across manufacturing industries, healthcare settings, and for monitoring workplace accidents. In the field of epidemiology specifically, methods such as multiple linear regression establish a statistical relationship between variables, whereas control charts are preferable once a particular variable is known to influence health and any increases or decreases require surveillance. For example, in healthcare settings it is possible to track rare 'opportunistic pathogens' such as Pseudomonas aeruginosa or Acinetobacter baumannii, which infect patients who are clinically vulnerable. Hospital associated infections such as these follow a Poisson distribution, and the denominator varies over time, therefore data are plotted on U-Charts. However, if the number of infections is counted per week or per month and are relatively rare, zeros will be plotted for those timepoints where no infections occurred. It is recommended, therefore, that when "greater than 25% of the data values are 0" a T-Chart should be used in place of a U-Chart [START_REF] Provost | The Health Care Data Guide: Learning from Data for Improvement[END_REF] . The T-Chart does not use the numerator and denominator, rather it requires only the date of each episode, then calculates the days between infections (i.e. time-between). The chart was developed by Nelson who noted that "the times between occurrences of Poisson-distributed events are independent and exponentially distributed" [START_REF] Nelson | A Control Chart for Parts-Per-Million Nonconforming Items[END_REF] . These data are continuous numerical data, with a distribution which is highly positively skewed, and are therefore transformed using Nelson's approach to remove this skewness. Specifically, the power transformation is Xi 1/3.6 = Yi where X is the time between events and Y is the transformed time between events. Y is an intermediate calculation which impacts the value of the Centreline, Lower Control Limit, and Upper Control Limit eventually plotted on the chart.

Where two hospital associated infections occur on the same day, this creates a time-between of zero days, though it has been recommended that zeros are replaced by 0.5 instead [START_REF] Provost | The Health Care Data Guide: Learning from Data for Improvement[END_REF] . The sample data below show how the change from zero to 0.5 has an impact on the value of Y because of the small values taken on by this transformed variable. The rationale for this, and the effect this will have on lines (i.e. Centreline and Control Limits) or 'special cause', have not been discussed in the source [START_REF] Provost | The Health Care Data Guide: Learning from Data for Improvement[END_REF] . To quantify this, a systematic literature search has identified eight studies from healthcare settings where a T-Chart was used [3 -10] , and the only known study to assess the performance of 'special cause' rules in this chart type [START_REF] Santiago | Control Charts Based on the Exponential Distribution: Adapting Runs Rules for the T Chart[END_REF] . This technical note explored five studies [START_REF] Chumpia | Reducing the Rare Event: Lessons from the Implementation of a Ventilator Bundle[END_REF][START_REF] Goel | Implementation of an adapted Sepsis Risk Calculator algorithm to reduce antibiotic usage in the management of early onset neonatal sepsis: a multicentre initiative in Wales, UK[END_REF][START_REF] Padula | Building Information for Systematic Improvement of the Prevention of Hospital-Acquired Pressure Ulcers with Statistical Process Control Charts and Regression[END_REF][START_REF] Sullivan | Personalised performance feedback reduces narcotic prescription errors in a NICU[END_REF][START_REF] Santiago | Control Charts Based on the Exponential Distribution: Adapting Runs Rules for the T Chart[END_REF] where there were enough data available to reconstruct a single T-Chart from each, either from a data table or chart itself, all of which incidentally contained one or more zeros. None described how zeros were treated nor did they specify how many decimal places they rounded to. It was only possible to recreate a chart exactly in one instance, and it was found that zeros had not been adjusted to 0.5 in that instance [START_REF] Padula | Building Information for Systematic Improvement of the Prevention of Hospital-Acquired Pressure Ulcers with Statistical Process Control Charts and Regression[END_REF] . Using zeros versus 0.5s, two versions of each chart were produced (10 total). For each chart the Lower Control Limit was considered, though it was equal to zero in all 10 charts, and therefore remained unchanged. For consistency all data were treated the same: (a) all T-Charts were produced using a bespoke T-Chart tool built in Microsoft Excel v2302 using formulae from Provost and Murray, (b) no outliers, among the moving range values, were removed prior to calculating the Centreline, (c) all data points were included in the Centreline calculation rather than trying to choose a stable baseline period of 12 or 20 data points common to all T-Charts, (d) all calculations were rounded to one decimal place, and (e) where the Lower Control Limit was slightly below zero, which is common, this was set to zero because time-between cannot be less than this, (f) calculations were carried out in Microsoft Excel using low precision (default) and high precision, by toggling the "set precision as displayed" function, because at least one paper used the low precision (default) setting [START_REF] Padula | Building Information for Systematic Improvement of the Prevention of Hospital-Acquired Pressure Ulcers with Statistical Process Control Charts and Regression[END_REF] .

In Table 1 the percentage change in the Centreline, on average, was +14.5%. The following changes were observed in the charts: in one data sample a single data point shifted from above the Centreline to below [START_REF] Chumpia | Reducing the Rare Event: Lessons from the Implementation of a Ventilator Bundle[END_REF] , in another sample five data points shifted from above the Centreline to below [START_REF] Santiago | Control Charts Based on the Exponential Distribution: Adapting Runs Rules for the T Chart[END_REF] , and in a third sample there were five data points on or above the Centreline which moved below or onto the Centreline respectively [START_REF] Sullivan | Personalised performance feedback reduces narcotic prescription errors in a NICU[END_REF] . This means that 5.6% of data points shifted position in a way that would change how 'special cause' rules would be interpreted. There was also a percentage change of -18.2% on average in the Upper Control Limit. In addition, in one sample of data, replacing zeros with 0.5s meant that one more data point breached the Upper Control Limit [START_REF] Santiago | Control Charts Based on the Exponential Distribution: Adapting Runs Rules for the T Chart[END_REF] . Results in Table 1 show that inclusion of 0.5s had a noticeable influence. 

  Average of Y = 1.8 Average of MR = 0.9 Upper Limit = 4.2 Lower Limit = -0.6 Average of Y = 1.9 Average of MR = 0.7 Upper Limit = 3.8 Lower Limit = 0.0 CL = 8.3 (Max. = 62) UCL = 175.3 LCL = 0.0 CL = 10.1 (Max. = 62) UCL = 122.2 LCL = 0.0 CL +21.7% UCL -30.3%

Table 1 :

 1 Percentage Change in Centreline & Upper Control Limit When Zeros Converted to 0.5 (High Precision Calculations)

Table 2 :

 2 Percentage Change in Centreline & Upper Control Limit When Zeros Converted to 0.5 (Low Precision Calculations)
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