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Abstract

Background

Given the low early revision rate after total hip arthroplasty (THA) and total knee
arthroplasty (TKA), hospital performance is typically compared using 3 years of
data. The purpose of this study was to assess how much earlier worsening hospital
performance in 1-year revision rates after THA and TKA can be detected.

Methods

All 86,468 THA and 73,077 TKA procedures performed from 2014 to 2016 and
recorded in the Dutch Arthroplasty Register were included. Negative outlier hospitals
were identified by significantly higher O/E (observed divided by expected) 1-year
revision rates in a funnel plot. Monthly Shewhart p-charts (with 2 and 3-sigma control
limits) and cumulative sum (CUSUM) charts (with 3.5 and 5 control limits) were
constructed to detect a doubling of revisions (odds ratio of 2), generating a signal when
the control limit was reached. The median number of months until generation of a first
signal for negative outliers and the number of false signals for non-negative outliers were
calculated. Sensitivity, specificity and accuracy were calculated for all charts and control
limit settings, using outlier status in the funnel plot as the golden standard.

Results

The funnel plot showed that 13 of 97 hospitals had significantly higher O/E 1-year
revision rates and were negative outliers for THA and 7 of 98 hospitals had significantly
higher O/E 1-year revision rates and were negative outliers for TKA. The Shewhart
p-chart with the 3-sigma control limit generated 68 signals (34 false-positive) for THA
and 85 signals (63 false-positive) for TKA. The sensitivity for THA and TKA was 92%
and 100% respectively; the specificity was 69% and 51%, respectively; and the accuracy
was 72% and 54%, respectively. The CUSUM chart with a 5 control limit generated
18 signals (1 false-positive) for THA and 7 (1 false-positive) for TKA. The sensitivity
was 85% and 71% for THA and TKA, respectively; the specificity was 99% for both;
and accuracy was 97% for both. The Shewhart p-chart with a 3-sigma control limit
generated the first signal for negative outliers after a median of 10 months [Interquartile
range (IQR):2 to 18] for THA and 13 months [IQR:5 to 18] for TKA. The CUSUM
charts with a 5 control limit generated the first signal after a median of 18 months

[IQR:7 to 22] for THA and 21 months [IQR:9 to 25] for TKA.

Conclusion

Monthly monitoring using CUSUM charts with a 5 control limit enables earlier
detection of worsening 1-year revision rates with accuracy so that initiatives to
improve care can start earlier.
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Introduction

Most arthroplasty registries publish annual reports including funnel plots for binary
clinical outcomes, with the purpose of monitor hospital performance and providing
feedback. Funnel plots are graphical tools to compare outcomes with those of other
hospitals and detect hospitals performing significantly better or worse in terms of
these outcomes. In orthopaedics, the 1-year revision rate is an important performance
indicator to monitor quality of hospital care. Consequences of a revision are dramatic
for patients and entail considerable costs. However, due to low event rates for 1-year
revision as well as for many orthopaedic performance outcomes, multiple years of
outcomes are usually combined in funnel plots to obtain detectable and reliable
hospital differences.(1-6) Because arthroplasty registries typically combine 3 years of
data, it may take a long time before deteriorating performance is noticed, resulting
in late action plans to improve care.(3) Thus, more frequent monitoring of clinical
endpoints such as 1-year revision rates is needed, as are reliable and earlier signals if
outcomes deteriorate.

Statistical Process Control (SPC) charts such as Shewhart p-charts and Cumulative
SUM (CUSUM) charts may offer additional information because the performance is
plotted more frequently over time (for example, monthly). Several good clinical studies
and the focus to improve the quality of care, led to growing interest in these charts.
(7-16) SPC-charts with their control limits can distinguish between an “in-control”
process, showing only chance variation within control limits, and an “out-of-control”
process showing systematic (special-cause) variation and generating a signal (alert)
when the control limit is reached.(17) However, with SPC charts there is a trade-
off between the number of false positive and the number of false negative signals,
determined by the level at which control limits are set. In practice, minimization of
the number of false-positive signals in particular is reccommended because they may
result in alert and improvement fatigue by clinicians.(18,19)

Various SPC charts are available, but there is uncertainty about which chart and
control limit to choose.(20,21) In the present study we opted for Shewhart p-charts
and CUSUM charts. The Shewhart p-chart is considered to be accessible, especially
with regard to implementation and easy interpretation.(22) However, the CUSUM
chart has superior performance in detecting small (<10%) and large (>10%) increases
in event rates.(13,22-24) These two SPC charts thus seemed logical candidates to
test. The authors of a previous orthopaedic study already described CUSUM charts
implementation, but did not address how much earlier a signal was generated or its
reliability compared with the more commonly used funnel plot, which seems crucial
for these techniques to be accepted in routine clinical practice.(25)

111



Chapter 4

The aim of this study was to assess the extent to which Shewhart p-charts and CUSUM
charts enable monitoring such that worsening 1-year revision total hip arthroplasty
(THA) or total knee arthroplasty (TKA) rates in Dutch hospitals are detected earlier
within a timeframe of 3 years, with good sensitivity, specificity and accuracy, compared
with the current method of arthroplasty registries using funnel plots.

Methods

Study design

This observational study used routinely collected data from the nationwide Dutch
Arthroplasty Register (Landelijke Registratie Orthopedische Implantaten (LROI)).
(6) Data completeness in this register is checked against in-hospital patient records
and currently exceeds 98% for primary arthroplasties and 96% for revisions.(26,27)

Study population

All Dutch patients who underwent a primary THA or TKA procedure from January
2014 to December 2016 as recorded in the LROI were included. The following patient
characteristics were available: age, sex, body mass index (BMI, kg/m?), smoking (yes
or no), American Society of Anaesthesiologists (ASA) classification (LILIII-IV),
Charnley score (A,B1,B2,C, and not applicable) and diagnosis (osteoarthritis or non-
osteoarthritis).(28) Revision within one year (yes or no) was the primary outcome
measure (defined as replacement, removal or addition of any component).

Statistical analysis

The between-hospital variation in 1-year revision rates after primary THA and TKA
during 2014-2016 was estimated, applying the same method as used by the LROI.
For each patient the expected revision risk was calculated using logistic regression
analysis, including all patient characteristics described above as independent variables
and 1-year revision as the dependent variable. Missing patient characteristic values
(<10% for all variables) were imputed with the mean for numeric variables or the
mode for categorical variables (meaning that the most frequently occurring category
was imputed). All expected revision risks were then summed within a hospital to
obtain the aggregated expected number (E) of revisions per hospital. The observed
numbers (O) divided by expected numbers were depicted in a funnel plot with 95%
control limits. Negative outlier hospitals are those outside the upper limit, meaning
that they had significantly higher revision rates than expected given their patient-mix.
Positive outlier hospitals are those outside the lower limit, meaning that they had
significantly lower revision rates.
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Second, the extent to which SPC-methods can generate an earlier signal for
deteriorating performance within a 3-year time frame was estimated. Risk-adjusted
monthly Shewhart p-charts (with 2 and 3-sigma control limits) and risk-adjusted
log-likelihood CUSUM charts (with 3.5 and 5 control limit) for 1-year revisions were
constructed to detect an odds ratio of 2, for each hospital across 3 years.(22) Figure 1
shows an example of a Shewhart-p-chart, in which the center line indicates the mean
hospital performance and the area between both control limits is where variation
is considered random (by chance). A value outside control limits is considered a
systematic variation and generates a signal. Usually 2 and 3-sigma control limits are
used, with the 2-sigma control limit having a higher likelihood of type a 1 error
(false-positive signal) and the 3-sigma control limit having a higher likelihood of a
type 2 error (false-negative signal). Figure 2 shows an example of a CUSUM chart
with 3.5 and 5 control limits. This chart shows the cumulative performance across
patients over a period of time. When the chart-statistic reaches the control limit, a
signal is generated and the chart resets to zero. Similarly, the control limits are chosen
to balance the likelihood of false-positive and false-negative signals, with 3.5 and 5
most commonly used in practice.(22,25) Appendix I gives a more detailed description

of the Shewhart p-chart and CUSUM chart.
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Figure 1 Example of a Shewhart p-chart
See text for explanation of chart.

UCL = upper control limit and LCL = lower control limit.
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Figure 2 Example of a CUSUM chart
A hypothetical CUSUM chart with 3.5 and 5 control limit (CL). The chart resets to 0 after the 5 control limit is reached.
In this example, 4 signals are generated, and the hospitals shows an improvement for this outcome over time. See text

for further explanation of chart.

For both charts and control limit settings, we calculated the median number of months
needed to generate the first signal for negative outlier hospitals and the number of
false signals for other hospitals. Furthermore, we calculated the signals missed for
negative outlier hospitals. Additionally, sensitivity, specificity and accuracy for both
charts and control limit settings were calculated within the 3-year time frame using
the negative outlier status of a hospital in the funnel plots as the “golden” standard.
The accuracy for correctly classifying a hospital was defined as:

(Number of true positive classified hospitals+Number of true negative classified hospitals) X 100%
0.

(Total number of hospitals)

Analyses were performed using SPSS version 25 (IBM). The LUMC Medical Ethical
Committee considered the study exempt for ethical approval under Dutch law (CME,
G18.140).

Results

The study included 86,468 primary THA procedures from 97 hospitals and 73,077
primary TKA procedures from 98 hospitals. The rate of missing data was <4% for
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all variables, except for smoking (<10%). On the patient-level, the average 1-year
revision rate was 1.8% for THA and 1.2% for TKA. On hospital-level, the median
revision rate was 1.6% (interquartile range (IQR):1.0 to 2.3) for THA and 1.1%
(IQR:0.7 to 1.6) for TKA (Table 1).

Table 1 Distribution of patient characteristics and outcomes in participating hospitals

THA (#=97 hospitals)

TKA (7=98 hospitals)

Median (IQR) Range Median (IQR) Range
Procedures (7) 759 (526-1173) 2-2502 699 (463-938) 9-1998
Mean age (years) 69.3 (67.8-70.1) 50.6-71.8 68.8 (67.4-69.7) 56.5-72.2
Gender, female (%) 66.1 (63.3-68.0) 0.0-74.1 65.2 (61.9-67.8) 8.3-100.0
Mean BMI (kg/m?) 27.3 (27.0-27.8) 25.9-28.6 29.8 (29.3-30.4) 20.5-31.0
Smoking (%) 13.2 (10.7-15.2) 0.0-27.9 9.8 (8.4-11.8) 1.0-20.5
ASA classification (%)
¢ ASAT 17.4 (14.2-21.4) 3.3-100 11.8 (9.8-16.0) 3.8-54.5
e ASATL 65.0 (59.8-70.4) 0.0-96.7 68.7 (63.7-73.6) 42.5-91.6
o ASA III-IV 15.6 (11.5-20.4) 0.0-40.1 16.6 (10.8-21.8) 0.0-50.6
Charnley score* (%)
* A 49.3 (43.7-53.9) 23.7-78.2 45.3 (35.6-52.4) 13.1-100.0
* Bl 27.8 (22.9-33.4) 3.6-50.7 33.0 (27.3-40.3) 0.0- 57.8
* B2 20.1 (18.1-22.9) 4.7-28.3 19.4 (16.2-21.5) 0.0-28.0
«C 1.9 (1.0-3.3) 0.0-12.2 2.3(1.1-4.2) 0.0-17.4
Diagnosis (%)
* OA 87.1 (83.5-90.8) 42.2-100.0 96.6 (95.5-97.9) 58.6-100.0
¢ Non-OA** 12.9 (9.3-16.5) 0.0-57.8 3.4 (2.1-4.5) 0.0-41.4
1-year revisions (%) 1.6 (1.0-2.3) 0.0-7.0 1.1 (0.7-1.6) 0.0-16.7

The values under “Median (IQR)” indicate the mean or the percentage of the median hospital. The values under “Range”
indicate the highest and lowest means or percentages among the hospitals. *The Charnley score was used to evaluate
comorbidity in relation to levels of activity. **All diagnoses except osteoarthritis (fracture, osteonecrosis, rheumatoid

arthritis, inflammartory arthritis, etc).

Outlier hospitals

Based on 3-year funnel plots, 13 hospitals performing THA were negative outliers
with a median O/E (observed divided by expected) ratio of 1.9 (IQR:1.5 to 2.5)
compared with 0.9 (IQR:0.5 to 1.1) for the other hospitals. For TKA, there were 7
negative outliers with a median O/E ratio of 2.3 (IQR:2.3 to 2.8) compared with 0.8
(IQR:0.6 to 1.2) for the other hospitals (Table 2 and Appendices II and I1I; red dots).
Two hospitals were negative outliers for both THA and TKA. Eighteen hospitals were
positive outliers for THA with a median O/E ratio of 0.4 (IQR:0.3 to 0.5) and 14
hospitals were positive outliers for TKA with a median O/E ratio of 0.3 (IQR:0.2 to
0.5) (Appendices II and III; green dots).
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Table 2 Outlier hospitals with significantly more revisions than expected during 2014-2016

Negative outliers

Hospital THA (n=13 hospitals) TKA (n=7 hospitals)
2014-2016 O/E 2014-2016 O/E

4 1.4

6 1.5

9 2.5 2.2

13 1.5

14 1.4

21 2.1

28 1.8

33 2.1

37 1.6

35 2.3

39 2.0

41 2.3

52 1.9

87 2.7 2.8

88 3.3

89 2.7

90 2.6

95 13.3

Median (IQR) negative outliers 1.9 (1.5-2.5) 2.3(2.3-2.8)

Median (IQR) all other Dutch hospitals 0.9 (0.5-1.1) 0.8 (0.6-1.2)

An O/E ratios is provided only for negative outlier during the 3-year period.

Earlier signals compared with false signals using two SPC methods

L
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Shewhart p-chart

For THA, 195 signals of worsening performance were generated for 70 hospitals
at the 2-sigma (similar to 2 standard deviation in hypothesis testing) control limit
with all 13 negative outlier hospitals alerted, but also 57 hospitals incorrectly
alerted (sensitivity 100%, specificity 32%, accuracy 41%). At the 3-sigma control
limit, 68 signals were generated for 38 hospitals, with 12 negative outlier hospitals
alerted (sensitivity 92%, specificity 69%, accuracy 72%). At 3-sigma, the first signal
for negative outliers was generated after a median of 10 months (IQR:2 to 18),
which should be considered against 34 false-positive signals for other hospitals.
For 1 negative outlier hospital, no signal was generated. More than 1 signal was
generated for 9 negative outliers and 7 other hospitals (table 3).

For TKA, 214 signals were generated for 85 hospitals at the 2-sigma control
limit, with all 7 negative outlier hospitals alerted (sensitivity 100%, specificity
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14%, accuracy 20%) and 85 signals were generated for 52 hospitals at 3-sigma
(sensitivity 100%, specificity 51%, accuracy 54%). At 3-sigma, the first signal for
negative outliers was generated after a median of 13 months (IQR:5 to 18), which
should be considered against 63 false-positive signals. All negative outlier hospitals
were alerted. More than 1 signal was generated for 6 negative outliers and 14 other

hospitals (table 3).
CUSUM chart

For THA, 33 signals were generated for 16 hospitals at 3.5 control limit (sensitivity
85%, specificity 94%), accuracy 93%) and 18 signals were generated for 12 hospitals
at 5 control limit, correctly alerting 11 of 13 negative outliers (sensitivity 85%,
specificity 99%, accuracy 97%). At the 5 control limit, the first signal for negative
outliers was generated after a median of 18 months (IQR:7 to 22), which should
be considered against one false-positive signal for other hospitals. Two negative
outlier hospitals were not alerted. More than 1 signal was generated for 4 negative
outliers and none for other hospitals (table 3).

For TKA, 16 signals were generated for 12 hospitals at the 3.5 control limit
(sensitivity 71%, specificity 92%, accuracy 91%) and 7 signals were generated for
6 hospitals at 5 control limit with 5 of the 7 outliers correctly alerted (sensitivity
71%, specificity 99%), accuracy 97%). At the 5 control limit, the first signal for
negative outliers was generated after a median of 21 months (IQR:9-25) which
should be considered against one false-positive signal. Two negative outliers were
not alerted. More than 1 signal was generated for 1 negative outlier and none for

the other hospitals (table 3).

117



Chapter 4

%001 X

(sreardsoy jo 1oquuinu [e103) / (sTeardsoy payissepd 2anedau-ani jo oquiny + sfeardsoy payissepd aanisod-ona jo rquinu) [errdsoy e Juijissep (3991100 10§ BRIV, ‘RUSIS B PIAIIIAI JEY)

sreardsoy 19710 jo 1aquuiny],, ‘TeudIs & PoAD2I 1B SIAIINO 2ANESAU jo TquNN], “sfeardsoy 1o 10y parersusd syeusis jo qUINN,, "SIAINO 2anESoU 10§ parerdausd sfeuSts Jo Joquinyg,

%L6 %16 %%S %0¢ %L6 %E6 %TL %Y vAoemooy
%66 %T6 %1 %¥1 %66 %¥6 %69 %TE Apypadg
%IL %IL %001 %001 %S8 %¢8 %T6 %001 Anapisuag
[¢z-6] 1T [ce-4] s1 [81-¢] €1 [e1-¢l ¢ [cz-£1 81 [81-%] 91 [81-2] 01 lo1-2l ¢ (401 + sypuow) s3drpno 30§ [eudys 353
(%0) 0 (%0) 0 (%02) ¥1 (%.8) Ly (%0) 0 (%11) 1 (%¥Yy) L (%04) 0¢ (%) Teusis 1< g speadsoy Y1)
(%001) T (%001) T (%0€) 9 (%ET) L (%001) ¥ (%68) 8 (%99) 6 (%0¢€) €1 (%) TeuBis 1< YaIM SIDIINO 2ANESIN] o
I z 0C 29 4 6 91 ¥ Teusis < ym speardsoy jo soquinu [er0],
(%L1) 1 %86) L (%L8) $¥ (%76) 8L (%8) 1 (%1€) ¢ (%89) 9T (%18) LS (%) ..STeuSIS 3s]eg Jo PquINN o
(%¢£8) ¢ (%TH) ¢ (%€1) L (%8) £ (%z6) 11 (%69) 11 (%2¢) T1 (%61) €1 (%) ,sTeuSts poos jo saqum «
9 4! 43 <8 4! 91 8¢ 0L TeuSis pim speardsoy jo aquimu [elof,
(%H1) 1 (%¥y) L (%¥L) €9 (%€8) 8L1 (%9) 1 (%81) 9 (%06) %€ (%19) 611 (%) «xSTEUSIS 35[EJ JO J2qUINN o
(%98) 9 (%9¢) 6 (%97) TT (%L1) 9¢ (%¥6) L1 (%T8) LT (%06) ¥¢ (%6€) 9L (%) «STeuss poo8 jo quiny
L 91 <8 1T 81 €€ 89 61 s[eudis Jo Joquinu [ere],
TDS TDSE ewds-¢ ewds-g TDS "TD S ewds-¢ ewdis-g
weP WASND yrey-d yreqmoyg weP WNSND aey-d yreymoyg

(s3arpmo / ssrexdsoy g6) VILL

(s3arpmo ¢ ‘speardsoy /6) VHL

S1IEYD [0NU0D ssaooxd [ES13S1IBIS JO SONSLIAIdeIRYD) € d[qe],

118



Monitoring Hospital Performance with Statistical Process Control After Total Hip and Knee Arthroplasty

Discussion

Most arthroplasty registers report revision rates after THA and TKA, as well as
differences between hospitals using funnel plots to detect hospitals with significantly
worse performance than others (negative outlier hospitals).(1-6) Because of the low
event rate, this is typically done by combining multiple years of data. The present
study shows that monthly monitoring of THA and TKA revision rates using CUSUM
charts with the 5 control limit detected worsening performance earlier than did the
funnel plots, with good accuracy within a 3-year time frame; the first signal for
negative outliers was generated at a median of 18 months for THA and 21 months for
TKA. Using CUSUM charts to monitor deteriorating patterns for revision rates thus
makes it possible to initiate improvement initiatives earlier rather than waiting for the
results to appear in the funnel plot after 3 years.

Some limitations of this study should be noted. First, given the LROI privacy
protocol, we could not confirm that the the negative outlier hospitals were actually
being audited for worse performance by the Dutch Orthopaedic Association.
However, since we and the Dutch Orthopaedic Association used both the same data
source and the same statistical code to generate the outlier status in a funnel plot, it
seems highly unlikely that our identification of negative outliers would have differed.
Second, the number of months that the signal generation by the CUSUM chart was
earlier than the signal generation by the funnel plot may not be directly generalizable
to other countries, but it is likely that the differences in favor of the CUSUM chart
are generalizable, particularly because the benefits have been shown previously.(25,29)
Third, there is a possibility of insufficient adjustment for differences in patient-mix
between hospitals because we could control only for those patient characteristics that
were collected. However, this limitation would be expected to be similar for both
the funnel plot and SPC charts, so it seems unlikely that it affected our conclusions
regarding which method is best to detect changing performance. Fourth, registry data
are self-reported by orthopaedic surgeons who may not register all revisions, but given
the completeness of the Dutch register we do not believe that this affected our results
considerably.(26,27) Fifth, surgeons may postpone revisions, resulting in hospitals
having low 1-year revision rates but higher revision rates beyond one year. Therefore,
using registries to monitor performance reflects daily practice as well as physician’s
behaviour. We recommend monitoring long-term revision rates (such as at 2 to 5
years) as a balancing measure to check for such occurrences.

There are few examples in orthopaedics of using SPC-methods for quality improvement.

(25,29) The Scottish Arthroplasty Project reported using CUSUM chart with the 5
control limit to identify hospital variation in complications.(25) When a signal was
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generated by exceeding the control limit, surgeons had to submit a review of their
complications for assessment by the Scottish Orthopaedic Association. A reduction
in complication rates was observed over the last years since the introduction of this
quality improvement strategy. However, due to lack of a control group a causal
relationship between CUSUM chart implementation and reduction in complications
could not be demonstrated, as a general time trend due to other factors could have
been responsible for this reduction. To our knowledge, no empirical studies have
been performed to investigate how much earlier worsening performance could be
detected using SPC methods before that worsening appeared as an outlier in funnel
plots. These empirical data from daily practice are what the present study adds to
the simulations in previous studies that already pointed to more rapid detection of
small changes in performance with CUSUM charts. This is relevant for (for example)
registries and scientific associations deciding whether to implement such SPC charts
in their hospital feedback to initiate quality improvement.(22) By examining patient
outcomes over time, SPC charts were able to detect deviating performance even when
performance had been “in control” in the past, which may be difficult for a funnel
plot to detect, because it uses the average outcome over a 3 year period. In addition,
the CUSUM chart can be employed to examine the effect of quality improvement
initiatives. Using SPC charts thus seems to add relevant information to act upon in
daily practice and improve quality of care.

Similar to our study, another study showed the possibility of earlier detection of
surgical site infections (SSI) outbreaks using SPC charts.(30) The Shewhart p-charts
and exponential weighted moving average (EWMA) charts (another SPC chart) in
that study both detected 8 out of 10 SSI outbreaks (including all 4 orthopaedic related
outbreaks). In each case, a signal was generated prior to signal generation by the
traditional detection methods, with a specificity of 70% and 90% for the Shewhart-
p-chart and EWMA chart, respectively.

The English hospital mortality surveillance system generates CUSUM charts, on
monthly-collected hospital administrative data.(7,8) After implementation of
CUSUM charts, the average risk of death fell by 61% in the 9 months following a
signal and reached the level of expected risk within 18 months.(7) It could be that
signals were triggered by random variation and subsequent reductions occurred due
to regression to the mean (a phenomenon in which extreme outcomes are likely to be
followed by a fall in subsequent outcomes).(31) This may overestimate the effect of a
signal. However, findings could also be explained by hospitals monitoring their own
performance and taking action before a signal is generated.(7)
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In contrast, one study showed no improvement in incidence rates of ward-acquired

methicillin-resistant Staphylococcus aureus (MRSA) after implementation of monthly
SPC feedback (with or without diagnostic tools).(14)

In 2017, the Dutch Orthopaedic Association, in collaboration with the LROI started
to identify negative outlier hospitals using funnel plots including 3 years of data, with
the aim of providing insight into their clinical practice compared with other Dutch
hospitals.(32) This study showed that SPC charts should be included as additional
hospital feedback information to provide earlier alerts if performance deteriorates
and to provide hospitals with the opportunity to introduce quality improvement
initiatives earlier to improve patient care. Further research must be performed to
determine whether using SPC charts in daily practice will in fact initiate more quality
improvement initiatives, which is the focus of an ongoing randomised controlled trial.
(33) Crucial for the effectiveness is that professionals can trust the signals from the
SPC chart to be reliable, as was demonstrated by data in this study, and therefore
known that they warrant subsequent actions to be taken. Using SPC charts allows
initiatives to be introduced earlier than is possible if hospitals wait to become an
outlier in a funnel plot.
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Chapter 4

Supplemental data

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.'” 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 long-term 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
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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 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 CUSUM-charts are most commonly set at 3.5 or 5, with the 3.5
having higher likelihood of false-positive signals but the 5 having higher likelihood
of false negative signals.”> The CUSUM-chart 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.4‘6
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Appendix II. Funnel-plot of between-hospital variation in 1-year revisions after THA during 2014-2016
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*0/E-ratio: Observed number of revisions divided by expected number of Exped:ed
revisions.
**0 = 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; THA = total hip arthroplasty.

Appendix III. Funnel-plot of between-hospital variation in 1-year revisions after TKA during 2014-2016
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*0/E-ratio: Observed number of revisions divided by expected number of revisions.
*+0 = 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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