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ABSTRACT
Importance Surgical complications represent a 
considerable proportion of hospital expenses. Therefore, 
interventions that improve surgical outcomes could 
reduce healthcare costs.
Objective Evaluate the effects of implementing surgical 
outcome monitoring using control charts to reduce 
hospital bed- days within 30 days following surgery, and 
hospital costs reimbursed for this care by the insurer.
Design National, parallel, cluster- randomised 
SHEWHART trial using a difference- in- difference 
approach.
Setting 40 surgical departments from distinct hospitals 
across France.
Participants 155 362 patients over the age of 18 
years, who underwent hernia repair, cholecystectomy, 
appendectomy, bariatric, colorectal, hepatopancreatic 
or oesophageal and gastric surgery were included in 
analyses.
Intervention After the baseline assessment period 
(2014–2015), hospitals were randomly allocated to the 
intervention or control groups. In 2017–2018, the 20 
hospitals assigned to the intervention were provided 
quarterly with control charts for monitoring their 
surgical outcomes (inpatient death, intensive care stay, 
reoperation and severe complications). At each site, pairs, 
consisting of one surgeon and a collaborator (surgeon, 
anaesthesiologist or nurse), were trained to conduct 
control chart team meetings, display posters in operating 
rooms, maintain logbooks and design improvement plans.
Main outcomes Number of hospital bed- days per 
patient within 30 days following surgery, including the 
index stay and any acute care readmissions related to the 
occurrence of major adverse events, and hospital costs 
reimbursed for this care per patient by the insurer.
Results Postintervention, hospital bed- days per patient 
within 30 days following surgery decreased at an 
adjusted ratio of rate ratio (RRR) of 0.97 (95% CI 0.95 
to 0.98; p<0.001), corresponding to a 3.3% reduction 
(95% CI 2.1% to 4.6%) for intervention hospitals versus 
control hospitals. Hospital costs reimbursed for this 
care per patient by the insurer significantly decreased 
at an adjusted ratio of cost ratio (RCR) of 0.99 (95% 
CI 0.98 to 1.00; p=0.01), corresponding to a 1.3% 
decrease (95% CI 0.0% to 2.6%). The consumption of 
a total of 8910 hospital bed- days (95% CI 5611 to 12 
634 bed- days) and €2 615 524 (95% CI €32 366 to 

€5 405 528) was avoided in the intervention hospitals 
postintervention.
Conclusions Using control charts paired with indicator 
feedback to surgical teams was associated with 
significant reductions in hospital bed- days within 30 days 
following surgery, and hospital costs reimbursed for this 
care by the insurer.
Trial registration number NCT02569450.

INTRODUCTION
Many countries devote a substantial 
proportion of their financial resources 
to healthcare expenses. Hospitals often 
represent the largest spending category, 
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 ⇒ Surgical complications contribute 
significantly to hospital expenses; thus, 
interventions that improve surgical 
outcomes could reduce healthcare costs.

WHAT THIS STUDY ADDS

 ⇒ In this national, parallel, cluster- 
randomised trial including 40 hospitals 
and 155 362 patients, an intervention 
using control charts to monitor surgical 
outcomes paired with feedback to 
surgical teams was associated with 
significant reductions in hospital 
bed- days per patient within 30 days 
following surgery, and hospital costs 
reimbursed for this care per patient by 
the insurer.
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accounting for almost 40% of total healthcare expendi-
tures on average in Organisation for Economic Co- op-
eration and Development countries.1 For this reason, 
stakeholders, including hospitals, oversight agencies 
and policy makers, are coming together in an effort to 
improve healthcare quality and safety while reducing 
costs.2–4 Surgical complications are a major cause of 
increased hospital expenses.5 6 Therefore, any periop-
erative strategy that decreases complications would 
significantly reduce associated healthcare costs.6

Quality improvement methodologies have been 
developed over the last century in the manufacturing 
sector to reduce variation and error, increase the reli-
ability of production processes and improve product 
quality, while also reducing costs.7 The adaptation 
and implementation of these approaches in a variety 
of healthcare environments has become increasingly 
common over the last several decades.7–10 However, 
the economic effects of these interventions remain 
unclear as few high- quality studies have evaluated the 
potential economic benefits for healthcare systems.9 
Control charts are a specific measurement tool from 
the quality management sciences that have shown 
broad applicability in healthcare, including for moni-
toring adverse events.11 These graphic tools enable 
users to monitor the behaviour of an indicator, analyse 
the variations and ultimately implement corrective 
actions to reduce variability and improve quality.12 13

The findings of the SHEWHART trial showed that 
the implementation of an intervention using control 
charts paired with feedback on indicators to surgical 
teams was associated with reductions in major adverse 
events and patient death.14 Ideally, in order to increase 
value in healthcare, interventions should improve 
health outcomes, and avoid increasing healthcare 
costs.15 Because the potential impact of control charts 
on hospital resource consumption remains unknown, 
we aimed to prospectively evaluate the effects of imple-
menting surgical outcome monitoring using control 
charts on hospital bed- days per patient within 30 days 
following surgery, and hospital costs reimbursed for 
this care per patient by the insurer.

METHODS
Study design and participants
We performed an analysis using data from the 
SHEWHART trial, which has been described at length 
(protocol available at http://shewhart.univ-lyon1. 
fr).14 The SHEWHART trial was a nationwide parallel 
cluster- randomised trial, designed to determine the 
impact of using control charts to monitor surgical 
outcomes on patients’ major adverse events. Following 
a 2- year pre- implementation period (1 January 
2014–31 December 2015), participating hospitals 
were randomised into two cluster groups by the health 
data department of Hospices Civils de Lyon using a 
computer- generated randomisation schedule. Because 
this trial concerned an open- label intervention and 

involved local investigators, it was not possible to mask 
hospital staff, although patients were masked to study 
group allocation. Next, during the 2- year implemen-
tation period (1 January 2017–31 December 2018), 
the hospitals allocated to the intervention group began 
using control charts to monitor surgical outcomes. No 
specific actions were implemented in the control hospi-
tals. A difference- in- difference approach was used to 
compare economic outcomes between periods and 
between intervention and control hospitals to deter-
mine whether the intervention improved outcomes.

Forty surgical departments located in distinct hospi-
tals across the country were included in the study on 
a first- come first- served basis.14 For patients, inclusion 
criteria were undergoing digestive surgery (hernia 
repair, cholecystectomy, appendectomy, bariatric, 
colorectal, hepatopancreatic or oesophageal and 
gastric surgery) in the participating surgical depart-
ments. Patients who were under the age of 18 years, 
who received inpatient care, who were hospitalised for 
<24 hours or who received care in the scope of pallia-
tive care or organ transplant were excluded.

Intervention
In intervention hospitals, we implemented an inter-
vention based on monitoring surgical outcomes using 
control charts (details at http://shewhart.univ-lyon1.fr 
and in the online supplemental appendix).14 For each 
operative procedure, a set of Shewhart p- control charts, 
including indicators of postoperative death, intensive 
care stay, reoperation and severe complications, were 
provided. In the charts, the data points represented the 
indicator measure for each quarter, and the central line 
depicted the mean indicator value for each individual 
hospital. The control and warning limits were calcu-
lated based on binomial distribution, and set at 99.7% 
(3 SD) and 95.5% (2 SD) around the central line.12 
Special cause variation was defined as either a single 
point outside the control limits, or two of three succes-
sive points outside the warning limits. Based on these 
rules, the risk of false positive was 8.9% for a 20- point 
Shewhart control chart.16 Thus, special causes were 
characterised by considerable changes in patient 
outcomes, attributed to unforeseen phenomena occur-
ring during care delivery that deserved further inves-
tigation. The control charts were displayed on posters 
hung on the wall of the operating room each quarter. 
Charts were discussed during quarterly team meetings 
in an effort to improve understanding of variations 
in surgical outcomes. In the context of deteriorating 
outcomes, special attention was paid to the identifica-
tion and resolution of root causes, and specific actions 
aimed at care improvements were tested.

To facilitate control chart implementation, study 
champion partnerships consisting of a surgeon 
and a collaborator (surgeon, anaesthetist or nurse) 
were established at each site. Pairs were responsible 
for conducting control chart review meetings and 
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maintaining a logbook where they recorded all modifi-
cations to care processes. Furthermore, the pairs from 
all of the intervention hospitals met during three 1- day 
trainings held at 8- month intervals. These sessions 
aimed to provide skills to use control charts appropri-
ately, lead review meetings with effective cooperative 
and decision- making processes, identify special cause 
variations and design improvement plans. Compliance 
of each hospital with the programme implementation 
was measured as previously described.14 Details can be 
found in the online supplemental appendix.

Outcomes and data sources
The economic outcomes analysed for this analysis were 
the number of hospital bed- days per patient within 30 
days following surgery, and the hospital costs reim-
bursed for this care per patient by the insurer. Hospital 
bed- days included both the index stay associated with 
the surgery and any acute care readmissions related to 
the occurrence of major adverse events within the 30 
days following the initial surgical procedure, regard-
less of the hospital. Major adverse events were defined 
as inpatient death, extended intensive care stay (at 
least two nights in intensive care or five nights in crit-
ical care), reoperation (open or laparoscopic diges-
tive tract procedure) or severe complications (cardiac 
arrest, pulmonary embolism, sepsis or surgical site 
infection). Hospital costs reimbursed for this care by 
the insurer was determined based on the total amount 
of expenditures reimbursed by France's health insur-
ance system (Assurance Maladie) for each patient stay.

This study was based on data from the French 
Medical Information System (Programme de Médi-
calisation des Systèmes d’Information (PMSI), source 
Agence Technique de l'Information sur l'Hospital-
isation (ATIH)). The PMSI is a nationwide database 
routinely implemented for care reimbursement, and 
updated weekly with data from all hospitals in France. 
The data are prospectively collected, and the database 
relies on a coding system with strict variable defini-
tions. A subset of records is audited on a regular basis 
to avoid coding errors. Due to its accuracy and exhaus-
tive data collection, no patients were lost to follow- up 
during the study period. Inpatient stays were recorded 
as standard discharge abstracts containing compul-
sory information about the patient and their primary/
secondary diagnoses using the International Classifi-
cation of Diseases, 10th revision, and detailed proce-
dural codes associated with the care provided. From 
the PMSI, we extracted patient demographics, comor-
bidities according to the Elixhauser algorithm, emer-
gency admission, date and operative procedure, main 
diagnosis, surgical procedure complexity, hospital bed- 
days within 30 days following surgery and hospital 
costs reimbursed for this care by the insurer.17 Patients’ 
socioeconomic status (median household income) was 
based on patients’ residential codes provided by the 
National Institute of Statistics.

Statistical analysis
We computed multivariable generalised linear mixed 
models with a log link to estimate the impact of control 
chart implementation on economic outcomes while 
accounting for patient clustering within hospitals (see 
model specification in online supplemental appendix). 
A negative binomial distribution was used to model the 
mean number of hospital bed- days per patient within 
30 days following surgery, and a gamma distribution 
was used to model the mean hospital costs reimbursed 
per patient for this care by the insurer. Adjusted rate 
ratios (RR) or cost ratios (CR) were defined as the 
ratio of hospital bed- days or hospital costs, respec-
tively, between implementation (2017–2018) and 
pre- implementation (2014–2015) periods, and were 
estimated in intervention and control hospitals. Using 
a difference- in- difference approach, we used the inter-
action between study groups and period to estimate 
the adjusted ratio of rate ratios (RRR) or ratio of cost 
ratios (RCR) with 95% CIs, which compared changes 
in outcomes from the pre- implementation with the 
implementation period between the intervention and 
control hospitals. A RRR or RCR value <1 indicates 
that using control charts in the intervention hospi-
tals reduced healthcare consumption compared with 
control hospitals, after adjusting for temporal varia-
tions. For each group and period, we used estimated 
regression coefficients obtained from these models 
and the marginal standardisation method to determine 
the standardised rates of hospital bed- days per patient 
within 30 days following the surgery and standardised 
hospital costs reimbursed for this care per patient by 
the insurer (see details for marginal standardisation 
method in online supplemental appendix), difference 
of absolute rates or costs difference and difference of 
relative rates or costs difference for both outcomes. 
The corresponding 95% CIs were computed from 
non- parametric bootstrap based on 1000 replications. 
The total number of avoided hospital bed- days within 
30 days following surgery, and hospital costs reim-
bursed for this care by the insurer were estimated from 
the difference of relative rates or costs difference for 
surgical patients in intervention hospitals during the 
implementation period.

All of these models were adjusted for potential 
confounders based on a patient resource consump-
tion score introduced as a categorical variable (quar-
tiles), death status within 30 days following surgical 
procedure and their interaction. The patient resource 
consumption score predicted the mean expected 
amount of resource consumption, and was previously 
developed from patient data from the randomisation 
period. A specific resource consumption score was 
established for each outcome and operative procedure 
using multivariable generalised linear models with a 
log link and a negative binomial (for the number of 
hospital bed- days per patient within 30 days following 
surgery) or a gamma (for hospital costs reimbursed 
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for this care per patient by the insurer) distribution, 
considering age, sex, comorbidities, emergency admis-
sion, date and operative procedure, main diagnosis, 
surgical procedure complexity, median household 
income for patient- level covariates and status for 
hospital- level covariates.

We conducted a sensitivity analysis by imputing 
missing household incomes based on the mean value 
for each study group and period.

P values were two- sided and considered significant if 
<0.05. Data were analysed using SAS V.9.4 (SAS Insti-
tute, Cary, North Carolina, USA).

RESULTS
Among the 40 participating hospitals across the 
country, 17 (43%) were academic, 14 (35%) were 
non- profit and 9 (23%) were private- for- profit. Of the 
159 688 patients who underwent operative procedures 
during the pre- implementation and implementation 
study periods, 97.8% (156 133) were eligible for trial 
inclusion, of whom 99.5% (155 362) were included 
in analyses (figure 1). After hospital randomisation, 
75 047 patients were included in the intervention group 
and 80 315 were included in the control group. Patient 
characteristics between study groups and periods 
are presented in table 1. Detailed data reporting the 
compliance of each hospital with the implementation 
of the programme, and examples of control charts 
from the study with improvement actions made or 
corrective actions following a special cause variation 
can be found in the online supplemental appendix.

During the study period, the mean (SD) number of 
hospital bed- days within 30 days following surgery 
per patient was 7.0 (6.8) days, and the mean (SD) of 
hospital costs reimbursed for this care by the insurer 
per patient was €5209 (€5603). The 40 hospitals 
consumed a total of 1 084 434 bed- days and spent a 
total of €809 214 404 (online supplemental table 2). 
Table 2 shows the changes in economic outcomes from 
the pre- implementation period to the implementation 
period for hospitals in the control and intervention 
groups. The adjusted RR and CR analyses showed that 
hospital bed- days per patient within 30 days following 
surgery, and hospital costs reimbursed for this care per 
patient by the insurer reduced in both the interven-
tion group (RR 0.91; 95% CI 0.90 to 0.92 for hospital 
bed- days; CR 0.95; 95% CI 0.95 to 0.96 for hospital 
costs) and the control group (RR 0.94; 95% CI 0.93 to 
0.95 for hospital bed- days; CR 0.97; 95% CI 0.96 to 
0.97 for hospital costs). However, the adjusted RRR 
and RCR revealed that, following the introduction of 
the control charts, both hospital bed- days per patient 
within 30 days following surgery (RRR 0.97; 95% CI 
0.95 to 0.98; p<0.001) and hospital costs reimbursed 
for this care per patient by the insurer (RCR 0.99; 
95% CI 0.98 to 1.00; p=0.01) were significantly 
reduced in the intervention compared with the control 
groups. The results from our sensitivity analysis 
including patients with missing household incomes 
were consistent with our primary analyses (online 
supplemental table 2).

Figure 1 Flow chart for the SHEWHART cluster randomised trial. During the study period, 159 688 patients were enrolled in the 40 participating hospitals. 
A total of 4326 patients (2.7%) were excluded; the final study population included 155 362 patients, of whom 79 127 were assigned to the 2014–2015 
pre- implementation period (37 579 patients in intervention hospitals vs 41 548 in control hospitals) and 76 235 to the 2017–2018 implementation period 
(37 468 vs 38 767).
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The standardised rates of hospital bed- days per patient 
within 30 days following surgery and standardised 
costs reimbursed for this care per patient by the insurer 
during the pre- implementation and implementation 
periods are presented by study group in figure 2. When 
comparing intervention hospitals with control hospitals, 
the absolute amount of hospital bed- days per patient 
was reduced by 0.2 (95% CI 0.1 to 0.3 bed- days), which 
was equivalent to a reduction of 3.3% (95% CI 2.1% to 
4.6%). Furthermore, the hospital costs reimbursed for 
this care per patient by the insurer were reduced by €73 
(95% CI €7 to €144) or 1.3% (95% CI 0.0% to 2.6%) 
in the intervention group compared with the control 
group (figure 2 and table 3). Overall, the consumption 
of a total of 8910 hospital bed- days (95% CI 5611 to 
12634 bed- days) and €2 615 524 (95% CI €32 366 to 
€5 405 528) were avoided in the intervention hospitals 
after the control chart implementation.

DISCUSSION
This national cluster randomised trial demon-
strated that, in surgical teams, the implementation of 

prospective outcome monitoring coupled with indi-
cator feedback using control charts was associated with 
reductions in hospital bed- days per patient within 30 
days following surgery, and hospital costs reimbursed 
for this care per patient by the insurer. These findings 
suggest that the regular use of control charts could 
support reductions in hospital resource expenditures.

Our study is the first in our knowledge to evaluate 
the economic impacts of establishing a control chart- 
based intervention in surgical departments. A recent 
systematic review reported that the number of studies 
using control charts to monitor performance in the 
context of surgery has steadily grown over the last 
two decades.18 Although some of these studies have 
focused on economic indicators, including length of 
stay and costs, none evaluated the economic effects 
of implementing a control chart- based programme 
for surgeon performance monitoring. In fact, the 
majority either aimed to adapt control chart method-
ology and test the utility or feasibility of their applica-
tion in surgical departments, or used control charts to 

Table 1 Patient characteristics by study group and period

Total

Intervention hospitals Control hospitals

Pre- implementation Implementation Pre- implementation Implementation

(n=155 362) (n=37 579) (n=37 468) (n=41 548) (n=38 767)
Age, mean (SD), years 56.8 (18.4) 56.6 (18.6) 56.7 (18.5) 56.5 (18.2) 57.3 (18.2)
Female 81 257 (52.3) 19 480 (51.8) 19 373 (51.7) 22 202 (53.4) 20 202 (52.1)
Median household income quartiles, €
  Very low (11 727–18 926) 38 324 (24.7) 7251 (19.3) 7268 (19.4) 12 196 (29.4) 11 609 (29.9)
  Low (18 927–20 206) 39 558 (25.5) 7903 (21.0) 8043 (21.5) 12 398 (29.8) 11 214 (28.9)
  High (20 209–22 332) 38 776 (25.0) 9833 (26.2) 9925 (26.5) 9722 (23.4) 9296 (24.0)
  Very high (22 332–43 350) 38 704 (24.9) 12 592 (33.5) 12 232 (32.6) 7232 (17.4) 6648 (17.1)
Elixhauser comorbidities*
  0 76 652 (49.3) 18 794 (50.0) 18 025 (48.1) 20 349 (49.0) 19 484 (50.3)
  1 35 597 (22.9) 8488 (22.6) 8579 (22.9) 9918 (23.9) 8612 (22.2)
  2 20 684 (13.3) 4811 (12.8) 5072 (13.5) 5625 (13.5) 5176 (13.4)
  3 or more 22 429 (14.4) 5486 (14.6) 5792 (15.5) 5656 (13.6) 5495 (14.2)
Emergency admission 36 304 (23.4) 9780 (26.0) 9977 (26.6) 8325 (20.0) 8222 (21.2)
Surgical procedure during July/August 21 760 (14.0) 5245 (14.0) 5277 (14.1) 5819 (14.0) 5419 (14.0)
Operative procedure
  Hernia repair 36 567 (23.5) 9300 (24.7) 8317 (22.2) 10 041 (24.2) 8909 (23.0)
  Colorectal 32 919 (21.2) 7636 (20.3) 8194 (21.9) 8558 (20.6) 8531 (22.0)
  Cholecystectomy 30 765 (19.8) 8002 (21.3) 6870 (18.3) 8773 (21.1) 7120 (18.4)
  Bariatric 18 553 (11.9) 4008 (10.7) 5173 (13.8) 4755 (11.4) 4617 (11.9)
  Appendectomy 17 572 (11.3) 4815 (12.8) 4903 (13.1) 3862 (9.3) 3992 (10.3)
  Hepatopancreatic 10 648 (6.9) 2234 (5.9) 2351 (6.3) 2986 (7.2) 3077 (7.9)
  Oesophageal and gastric 8338 (5.4) 1584 (4.2) 1660 (4.4) 2573 (6.2) 2521 (6.5)
Data are presented as numbers (percentage) of patients unless otherwise indicated. Data are shown in each study group (intervention and control 
hospitals) and period (pre- implementation period from 1 January 2014 to 31 December 2015 and implementation period from 1 January 2017 to 31 
December 2018). Numbers may not sum to 100 because of rounding. €1.00 (£0.83; US$1.09).
*Elixhauser list of comorbidities includes the following: congestive heart failure, cardiac arrhythmias, valvular disease, pulmonary circulation disorders, 
peripheral vascular disorders, hypertension uncomplicated/complicated, paralysis, other neurological disorders, chronic pulmonary disease, diabetes 
uncomplicated/complicated, hypothyroidism, renal failure, liver disease, peptic ulcer disease excluding bleeding, AIDS/HIV, lymphoma, metastatic cancer, 
solid tumour without metastasis, rheumatoid arthritis/collagen vascular diseases, coagulopathy, obesity, weight loss, fluid and electrolyte disorders, blood 
loss anaemia, deficiency anaemia, alcohol abuse, drug abuse, psychoses and depression.
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measure the impact of quality improvement efforts in 
surgical departments.18

Past research has suggested that reducing hospital 
bed- days after surgery could benefit healthcare systems 
by increasing hospital bed turnover. This can alleviate 
pressure on hospital staff and liberate beds to match 
demand with capacity for interhospital transfers, 
intensive care unit care and emergency admissions.9 In 
addition, shorter hospitalisation periods after surgery 
tend to be associated with reduced costs of postop-
erative care during the index hospitalisation, and are 
not necessarily linked to increased medical expenses 
once the patient has returned home.10 Reducing post-
operative hospital bed- days can also benefit patients 
by decreasing their risk of exposure to infection and 
other adverse events during their hospital stay.11 
However, reductions in hospitalisation days should be 
done cautiously and progressively as evidence suggests 
that reduced length of stay can be related to worse 
postoperative outcomes in some contexts.19

The costs of quality improvement methodologies 
are often cited as a barrier to their implementation.7 
Although the correct construction of control charts 
requires some expertise, they do not require costly 
equipment to be created.11 They are especially low cost 
when they use data that is already routinely collected. 
Our results provide further support that control charts 
based on routinely available hospital data could repre-
sent an economical quality improvement solution 
because they were associated with reduced resource 
expenditure. In our study, our highly trained team 
used the centralised relevant data from the various 
surgical centres, and generated the control charts that 
were then distributed to the participating hospitals. 
However, hospitals could also automatize control 
chart feedback by integrating data into local comput-
erised decision support systems that trigger moni-
toring alerts for abnormal surgical outcomes. Future 
studies could evaluate how the automation of control 
charts in- house could facilitate their implementation 
and transform the way surgeons monitor patients.

When applying a control chart intervention, health-
care providers should recognise that the feedback 
alone will not result in improvement. In our interven-
tion, control charts were actively reviewed by surgical 
teams during regularly scheduled meetings. Discus-
sion of the control charts encouraged behavioural 
and organisational changes, and helped surgical teams 
determine actions that could be taken to improve their 
outcomes. Therefore, achieving the desired results 
depends on the participation of surgical teams, and 
requires dedicated leaders on- site, regular meetings, 
productive communication and a willingness to iden-
tify and implement new solutions.14 The satisfactory 
compliance of surgical teams in the intervention hospi-
tals was a major strength of this study.

This study used a rigorous cluster randomised design 
to avoid the risk of contamination. Additionally, our Ta
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robust statistical analysis approach enabled us to 
adjust for potential confounding factors that were 
measured, including median household income, which 
was significantly different between study groups. 
The results of sensitivity analysis including patients 
with missing household incomes were consistant 
with our intial results. Nevertheless, this trial does 
have several limitations. First, we cannot rule out 

the possibility that residual confounders influenced 
our findings due to potential inherent inaccuracies 
or unmeasured variables (linked to patient case- mix, 
surgeon, surgical team and the operating room) in 
the medico- administrative data. However, as most of 
the information used are critical for billing purposes, 
we expect they are accurately collected in hospital 
claims databases. Furthermore, we would assume the 

Figure 2 Standardised rates of hospital bed- days per patient within 30 days following surgery and standardised costs reimbursed for this care per patient 
by the insurer, by study group and period. The bar charts represent the standardised rates of hospital bed- days per patient within 30 days following surgery 
on the left, and standardised costs reimbursed for this care per patient by the insurer on the right in each group (control and intervention hospitals) and 
period (pre- implementation and implementation). These standardised rates and standardised costs were determined using estimated regression coefficients 
obtained from the generalised linear mixed models and marginal standardisation method (see details for marginal standardisation method in online 
supplemental appendix). The corresponding 95% CIs were computed from non- parametric bootstrap based on 1000 replications. Differences above grey 
dotted brackets indicate absolute differences in standardised rates or standardised costs between implementation and pre- implementation periods in each 
group (control and intervention hospitals). Differences above black solid line brackets indicate difference between the intervention and control hospitals 
of absolute differences in standardised rates or in standardised costs from implementation to pre- implementation periods in each hospital group. These 
differences of absolute rates or costs differences capture the control chart impact by comparing the change in economic outcomes from pre- implementation 
with implementation periods between the control and intervention hospitals. Asterisks indicate significant differences as follows: *p≤0.05; ***p≤0.001 (p 
values computed from the generalised linear mixed models).

Table 3 Estimated absolute and relative rate of hospital bed- days or costs differences

Economic
outcomes

Intervention
hospitals

Control
hospitals

Intervention minus
control hospitals

Intervention
hospitals

Control
hospitals

Intervention minus
control hospitals

Implementation minus
pre- implementation

Difference of
absolute rate or cost differences
(95% CI)†

Implementation minus
pre- implementation

Difference of
relative rate or cost difference, %
(95% CI)§

Absolute rate or cost difference
(95% CI)*

Relative rate or cost difference, %
(95% CI)‡

Number of hospital 
bed- days

−0.66
(−0.73 to −0.59)

−0.42
(−0.49 to −0.35)

−0.23
(−0.33 to −0.14)

−9.09
(−10.02 to −8.21)

−5.81
(−6.69 to −4.85)

−3.28
(−4.62 to −2.08)

Hospital costs, € −249
(−299 to −203)

−175
(−227 to −125)

−73
(−144 to −7)

−4.70
(−5.62 to −3.84)

−3.42
(−4.40 to −2.47)

−1.27
(−2.60 to −0.02)

€1.00 (£0.83; US$1.09). Difference of absolute rate or cost differences and difference of relative rate or cost differences capture the control chart impact by comparing the change in economic outcomes 
from pre- implementation with implementation periods between the control and intervention hospitals. Standardised rates of hospital bed- days or standardised costs per patient were determined using 
estimated regression coefficients obtained from the generalised linear mixed models and marginal standardisation method (see details for marginal standardisation method in online supplemental 
appendix). The corresponding 95% CIs were computed from non- parametric bootstrap based on 1000 replications.
*Absolute rate or cost difference=(standardised rates of hospital bed- days or standardised costs in implementation period)–(standardised rates of hospital bed- days or standardised costs in pre- 
implementation period), in each group (intervention and control hospitals).
†Difference of absolute rate or cost differences=(absolute rate or cost difference in intervention hospitals)–(absolute rate or cost differences in control hospitals).
‡Relative rate or cost difference=[(standardised rates of hospital bed- days or standardised costs in implementation period)–(standardised rates of hospital bed- days or standardised costs in pre- 
implementation period)]/(standardised rates of hospital bed- days or standardised costs in pre- implementation period)×100, in each group (intervention and control hospitals).
§Difference of relative rate or cost differences=(relative rate or cost difference in intervention hospitals)–(relative rate or cost differences in control hospitals).
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data quality to be equivalent between the two groups, 
due to randomisation. Second, we did not consider 
the costs related to implementing the control charts, 
which should be subtracted from the savings obtained 
following the intervention. Beyond the control chart 
development and diffusion, most of the intervention 
costs were related to the human resources mobilised 
to coordinate the scientific project. Additional costs 
would be related to the time local champions spent 
during training days and while conducting the control 
chart review meetings in every hospital. Third, the 
study was not designed to identify the mechanisms by 
which implementing control charts impacts hospital 
bed- days per patient as within 30 days following 
surgery, and hospital costs reimbursed for this care 
per patient by the insurer. Therefore, we cannot 
draw any causal conclusions or determine that any 
specific actions in the intervention group impacted the 
measured outcomes. Fourth, the results of our analyses 
of costs saved should be interpreted prudently as the 
CIs are wide. Finally, the present study was conducted 
in France, which limits the generalisability of our 
findings to other countries. The economic impact of 
applying the control chart intervention in a different 
context remains unknown.

CONCLUSIONS
Although the value of control charts for reducing 
the occurrence of adverse events has been proven, 
the potential economic benefits of such interventions 
are not well- understood. This study compliments the 
previous findings of the SHEWHART control trial, by 
demonstrating that prospective outcome monitoring 
in surgical departments has the potential to support 
improved patient outcomes, and benefit hospitals by 
decreasing hospital bed- days per patient within 30 
days following surgery and hospital costs reimbursed 
for this care per patient by the insurer. Control charts 
are a promising tool because they are relatively simple, 
low cost and could be implemented in hospitals 
around the world to improve surgical outcomes, while 
potentially reducing pressure on resources in hospital 
systems.
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