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Effect of monitoring surgical outcomes using control charts to 
reduce major adverse events in patients: cluster randomised trial
Antoine Duclos,1,2,3 François Chollet,2 Léa Pascal,2 Hector Ormando,4 Matthew J Carty,3 
 Stéphanie Polazzi,1,2 Jean-Christophe Lifante,1,5 on behalf of the SHEWHART Trial Group

ABSTRACT
OBJECTIVE
To determine the effect of introducing prospective 
monitoring of outcomes using control charts and 
regular feedback on indicators to surgical teams on 
major adverse events in patients.
DESIGN
National, parallel, cluster randomised trial embedding 
a difference-in-differences analysis.
SETTING
40 surgical departments of hospitals across France.
PARTICIPANTS
155 362 adults who underwent digestive tract surgery. 
20 of the surgical departments were randomised 
to prospective monitoring of outcomes using 
control charts with regular feedback on indicators 
(intervention group) and 20 to usual care only (control 
group).
INTERVENTIONS
Prospective monitoring of outcomes using control 
charts, provided in sets quarterly, with regular 
feedback on indicators (intervention hospitals). To 
facilitate implementation of the programme, study 
champion partnerships were established at each 
site, comprising a surgeon and another member of 
the surgical team (surgeon, anaesthetist, or nurse), 
and were trained to conduct team meetings, display 
posters in operating rooms, maintain a logbook, and 
devise an improvement plan.
MAIN OUTCOME MEASURES
The primary outcome was a composite of major 
adverse events (inpatient death, intensive care stay, 
reoperation, and severe complications) within 30 
days after surgery. Changes in surgical outcomes 

were compared before and after implementation of 
the programme between intervention and control 
hospitals, with adjustment for patient mix and 
clustering.
RESULTS
75 047 patients were analysed in the intervention 
hospitals (37 579 before and 37 468 after programme 
implementation) versus 80 315 in the control 
hospitals (41 548 and 38 767). After introduction of 
the control chart, the absolute risk of a major adverse 
event was reduced by 0.9% (95% confidence interval 
0.4% to 1.4%) in intervention compared with control 
hospitals, corresponding to 114 patients (70 to 280) 
who needed to receive the intervention to prevent one 
major adverse event. A significant decrease in major 
adverse events (adjusted ratio of odds ratios 0.89, 
95% confidence interval 0.83 to 0.96), patient death 
(0.84, 0.71 to 0.99), and intensive care stay (0.85, 
0.76 to 0.94) was found in intervention compared 
with control hospitals. The same trend was observed 
for reoperation (0.91, 0.82 to 1.00), whereas severe 
complications remained unchanged (0.96, 0.87 to 
1.07). Among the intervention hospitals, the effect 
size was proportional to the degree of control chart 
implementation witnessed. Highly compliant hospitals 
experienced a more important reduction in major 
adverse events (0.84, 0.77 to 0.92), patient death 
(0.78, 0.63 to 0.97), intensive care stay (0.76, 0.67 to 
0.87), and reoperation (0.84, 0.74 to 0.96).
CONCLUSIONS
The implementation of control charts with feedback 
on indicators to surgical teams was associated with 
concomitant reductions in major adverse events 
in patients. Understanding variations in surgical 
outcomes and how to provide safe surgery is 
imperative for improvements.
TRIAL REGISTRATION
ClinicalTrials.gov NCT02569450.

Introduction
Healthcare related adverse events are a leading cause 
of mortality.1 Worldwide, the large numbers and 
complexity of surgeries expose patients to a risk of 
substantial harm.2 One in 10 patients who undergo 
surgery experiences a preventable complication.3 As 
most cases of surgical morbidity and mortality seem to 
be avoidable, improving surgical safety is a priority.4

Monitoring indicators with the intent of improving 
surgical outcomes is becoming increasingly important. 
To provide safer care, surgical teams must engage 
in quality measurements and understand how their 
performance fluctuates over time, which requires a 
strong foundation for fostering discussion on data 
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WHAT IS ALREADY KNOWN ON THIS TOPIC
Modern surgery still has a high incidence of adverse outcomes, with important 
consequences for patients
Control charts to monitor outcomes have been implemented in a wide range of 
settings and specialties, suggesting a broad applicability to healthcare
Tangible evidence of the impact of a nationwide system for monitoring outcomes 
using control charts to reduce inpatient adverse events occurrence is lacking

WHAT THIS STUDY ADDS
A statistically significant reduction in major adverse events and patient death 
after surgery was found after implementation of a programme using control 
charts with regular feedback on indicators to surgical teams
The findings support the routine use of control charts to monitor variations in 
surgical outcomes over time to help prevent major adverse events
This affordable tool based on commonly available hospital data can be a 
cornerstone in the continuous improvement of patient safety
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and feedback within teams. The ideal method for 
considering the huge amount of data available would 
be to allow the identification of safety issues in a 
timely and accurate fashion. Such a methodology has 
already been developed within the industrial world. 
In his theory of variation, the American physicist 
Walter Shewhart postulated that quality is inversely 
proportional to variability in production processes 
and that understanding the variation of some 
indicators could teach the operator when and how to 
reduce variation. To categorise variation according 
to the action needed to reduce it, Shewhart designed 
a graphical tool known as the control chart.5 This 
decision support tool combines a time series analysis 
with a visual presentation of data, plotting successive 
indicator measurements in chronological order, with 
control limits demarcating the expected variations.6

By converting data into knowledge, the control 
chart offers a way to establish prospective outcome 
monitoring to guide continuous quality improvement 
initiatives in surgery.7 8 The chart has been validated 
through more than 50 years of usage in industry 
and has proved effective at improving the quality 
of manufactured products or services.9 Previous 
experience suggested its transferability to healthcare10; 
however, rigorously designed studies with a low risk of 
bias are needed to determine whether this affordable 
intervention has the potential to benefit surgical 
care.11 In this cluster randomised trial, we evaluated 
the impact of introducing prospective monitoring 
of outcomes with regular feedback of indicators to 
surgical teams. We hypothesised that the control chart 
randomly implemented at the hospital level would 
reduce the rate of major adverse events (inpatient 
death, intensive care stay, reoperation, and severe 
complications) after digestive tract surgery.

Methods
Study design and participants
We prospectively conducted a nationwide parallel 
cluster randomised trial. After a pre-implementation 
period of two years (1 January 2014 to 31 December 
2015), the surgical departments in 40 participating 
hospitals were randomised into two cluster groups: 
intervention and control hospitals. We then introduced 
the monitoring of surgical outcomes using control 
charts in hospitals allocated to the intervention group 
(n=20) over the next two year implementation period 
(1 January 2017 to 31 December 2018). The control 
hospitals continued with usual care (n=20). We 
compared the observed levels in surgical outcomes 
from the pre-implementation to implementation 
period between the intervention and control hospitals 
to determine any improvement attributable to 
implementation of the control chart.

The study was conducted in the surgical departments 
of 40 hospitals across France (supplementary figure 
S1). We screened eligible departments in all public 
and private hospitals performing digestive tract 
surgery and combined the criteria related to volume of 
inpatient stays (≥600 per year), rate of major adverse 

events (≥3.5%), and data coding quality (≥2 secondary 
diagnoses on average for each hospital stay). Among 
134 eligible surgical departments, we enrolled the first 
40 responders. All adults who underwent one of the 
following operative procedures in those departments 
were considered for inclusion: hernia repair, 
cholecystectomy, appendectomy, bariatric, colorectal, 
hepatopancreatic, or oesophageal and gastric surgery 
(see operations and procedures codes in supplementary 
appendix). We excluded patients if they were younger 
than 18 years, underwent ambulatory surgery, or were 
admitted for invasive peritoneal cancer, pre-existing 
adverse events, polytrauma, palliative care, or organ 
transplantation or retrieval.

The study was conducted according to the study 
protocol and data were analysed according to the 
statistical analysis plan (for the protocol see http://
shewhart.univ-lyon1.fr).

Randomisation and masking
After the pre-implementation period, the health 
data department of Hospices Civils de Lyon used a 
computer generated randomisation schedule to assign 
20 hospitals to the intervention group and 20 to the 
control group. To achieve comparability between the 
groups, randomisation was stratified on the median 
proportion of the primary outcome (rate of major 
adverse events (inpatient death, intensive care stay, 
reoperation, and severe complications) after digestive 
tract surgery) recorded in each hospital during the 
pre-implementation period (≤8.5% v >8.5%) with a 
difference for the overall primary outcome of 0.5% 
or less, and the number of inpatients between the 
hospital groups (difference ≤5000 patients).12 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.

Intervention
Hospitals allocated to the intervention group 
implemented the monitoring of surgical outcomes. A 
set of Shewhart p-control charts was provided for each 
operative procedure with indicators of postoperative 
death, intensive care stay, reoperation, and severe 
complications. The p-control chart, where p stands for 
proportion, is useful for the routine monitoring of a 
binary outcome, such as the occurrence of an adverse 
event. The data points on the charts depict variation 
in the indicators for each quarter, and the central line 
represents the mean indicator value for each hospital. 
Control and warning limits were set at 99.7% (3 SD) 
and 95.5% (2 SD) around the central line, respectively, 
based on binomial distribution.6 Variation in a special 
cause was defined as a single point outside the control 
limits or 2 of 3 successive points outside the warning 
limits. Therefore, special cause was characterised by 
substantial changes in patient outcomes (eg, clustering 
of several complications) caused by unanticipated 
phenomena within care delivery that deserved further 
investigation. The control charts were displayed each 

 on 4 N
ovem

ber 2020 at H
O

S
P

IC
E

S
 C

IV
ILS

 D
E

 LY
O

N
. P

rotected by copyright.
http://w

w
w

.bm
j.com

/
B

M
J: first published as 10.1136/bm

j.m
3840 on 4 N

ovem
ber 2020. D

ow
nloaded from

 

http://shewhart.univ-lyon1.fr
http://shewhart.univ-lyon1.fr
http://www.bmj.com/


RESEARCH

the bmj | BMJ 2020;371:m3840 | doi: 10.1136/bmj.m3840 3

quarter as wall posters in the operating room, and 
variations in surgical outcomes were discussed during 
team meetings (see supplementary figure). In cases 
of worsening outcomes, special attention was paid to 
the identification and resolution of the causes, and 
actions for improvements in care were tested and 
implemented.

To facilitate implementation of the control chart, 
study champion partnerships were established at each 
site, comprising a surgeon and another member of the 
surgical team (surgeon, anaesthetist, or nurse). Each 
of these duos was responsible for conducting meetings 
to review the control chart and maintaining a logbook 
in which changes in care processes were recorded. 
In addition, the duos from each hospital met during 
three one day training sessions held at intervals of 
eight months. Simulated role play and feedback from 
participants at these sessions were aimed at providing 
the skills needed to use the control charts appropriately, 
leading review meetings for effective cooperation and 
decision making, identifying variations in special 
causes, and devising plans for improvement.

In parallel, the control hospitals continued with 
usual care—that is, no specific intervention was 
implemented within the surgical departments as part 
of the study.

Intervention is described in more detail in our 
protocol and in the supplementary material (see 
components of control chart based programme). A 
tutorial to reproduce the control chart programme, 
with slideshows, videos, and logbook is also available 
(http://shewhart.univ-lyon1.fr) as well as key elements 
on how to develop and interpret a p-chart for clinical 
practice and how to successfully integrate this tool 
within a comprehensive approach (https://academic.
oup.com/intqhc/article/22/5/402/1786749).

Outcomes
The primary outcome measure was a composite 
of major adverse events occurring at any hospital 
within the 30 days after each surgical procedure. 
The composite outcome comprised inpatient death, 
intensive care stay (at least two nights in intensive 
care or five nights in critical care), reoperation (open 
or laparoscopic digestive tract procedure), or severe 
complications (cardiac arrest, pulmonary embolism, 
sepsis, or surgical site infection). The composite was 
based on the Clavien-Dindo classification, which 
ranks a surgical complication in an objective and 
reproducible manner.13 For secondary endpoints, we 
considered each of these outcomes separately. We also 
assessed the frequency of signal detection related to 
deterioration or improvement in surgical outcomes on 
the control charts, and we measured the compliance of 
each hospital with implementation of the programme 
based on a previously designed six item scoring 
method: formation of duo partnerships, participation 
in training sessions, maintenance of the logbook, 
display of the poster, meetings of the control chart 
team, and the implementation of an improvement 
plan. Compliance with those items was mainly 

determined by external review of information recorded 
in the logbook, in addition to pictures of team meetings 
or posters in operating rooms and formal presentation 
of the improvement plan by on-site leaders during 
training sessions.

We obtained data from the French Medical 
Information System, Programme de Médicalisation 
des Systèmes d’Information (PMSI). The PMSI 
is a nationwide database routinely used 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 definitions for variables. A subset of records 
is audited regularly to avoid coding errors. Because 
of the accuracy and exhaustive data collection of the 
PMSI database, no patients were lost to follow-up 
during the study period. Inpatient stays were recorded 
as standard discharge abstracts containing compulsory 
information about patients and their primary or 
secondary diagnoses using ICD-10 (international 
classification of diseases, 10th revision) codes as well 
as detailed procedural codes associated with the care 
provided. From the PMSI database, we extracted the 
personal characteristics of the patients; comorbidities 
according to the Elixhauser algorithm, which has 
acceptable validity14; emergency admission; date 
and type of operative procedure; main diagnosis; 
complexity of the surgical procedure; and median 
household income based on residential codes.

Statistical analysis
According to data from the pre-implementation period, 
a statistical power of 80%, an α value of 0.05, an 
average of 1978 patients per hospital at each period, 
20 hospitals in each group, an intracluster correlation 
coefficient of 0.056, and observed rate of 10.9% for the 
primary outcome, we expected a ratio of odds ratios of 
0.91 between the intervention and control hospitals 
from the pre-implementation to implementation 
period.15

For the main analysis, we computed mixed effect 
logistic regression models to estimate the impact of 
implementing the control chart on surgical outcomes 
while accounting for patient clustering within 
hospitals. Odds ratios were used to compare surgical 
outcomes between pre-implementation (2014-15) and 
implementation periods (2017-18) in intervention and 
control hospitals. Utilising a difference-in-differences 
approach, we used the interaction between hospital 
groups and period to estimate the ratio of odds 
ratios and corresponding 95% confidence intervals 
that compared changes in outcomes from the pre-
implementation to implementation period between 
intervention and control hospitals. Using estimated 
parameters obtained from these models and a 
marginal standardisation method, we determined a 
difference of absolute risk difference and difference of 
relative risks difference for every outcome, along with 
corresponding 95% confidence intervals computed 
from non-parametric bootstrap based on 1000 
replications.16 The number of avoided cases among 
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surgical patients in intervention hospitals during 
the implementation period was estimated from the 
difference of relative risks difference. The models were 
adjusted for potential confounders from a patient risk 
score that predicted the probability of adverse events 
and was previously developed from patient data 
derived during the randomisation period (2016). We 
established a specific risk score separately for each 
outcome and operative procedure considering all 
variables extracted from PMSI and hospital status in 
multivariable logistic regression.

In the secondary analyses, we first split the 
intervention hospitals into a high compliance 
group and a moderate to poor compliance group 
to investigate whether compliance with the control 
chart implementation programme was associated 
with better outcomes. Then we evaluated the impact 
of the intervention on signal frequency for detection 
of variation in special causes, considering all control 
charts of participating hospitals whatever the outcome 
and procedure type. Deterioration or improvement 
in surgical outcomes was counted as the number of 
upward or downward signals, and this was modelled 
using mixed effect Poisson regression models with 
ratios of rate ratios estimations.

Sensitivity analyses included patients who 
underwent ambulatory surgery. Operative procedures 
were stratified into minor (hernia, cholecystectomy, 
appendectomy, bariatric) and major (colorectal, 
hepatopancreatic, oesophageal and gastric) surgery. 
Missing household incomes in the dataset were 
imputed based on the mean value for each study group 
and period.

Analysts were not blinded as a result of the 
modelling of intervention impact according to its level 
of implementation, which deliberately introduced 
a distinction between surgical departments among 
study groups. All reported P values were two sided 
and we considered a value of less than 0.05 to be 
significant. Data were analysed using SAS version 9.4 
(SAS Institute, Cary, NC).

Patient and public involvement
In this intervention study focusing on healthcare 
professionals, it was not appropriate or possible to 
involve patients or the public in the design, conduct, or 
reporting of our research. However, we disseminated 
the control chart utilisation, methodology, and results 
of the research to healthcare professionals and the 
relevant patient community based on a dedicated 
website (http://shewhart.univ-lyon1.fr).

Results
Of the 159 688 patients who underwent surgery 
in the 40 participating hospitals during the pre-
implementation and implementation periods, 156 133 
(97.8%) were eligible for inclusion in the trial, of 
whom 155 362 (99.5%) were analysed (fig 1). After 
the hospitals had been randomised, 75 047 patients 
were analysed in the intervention hospitals and 80 315 
in the control hospitals. Table 1 and supplementary 

material (tables S1 to S3) present the hospital and 
patient characteristics between study groups and 
periods.

Partnership duos were established in all intervention 
hospitals; of these, 90% (18/20) participated in all 
training sessions. During the implementation period, 
each duo reported an average of 20 changes in care 
process in the logbook, five posters displayed in the 
operating room, seven team meetings (mean duration, 
54 minutes; mean number of participants, 9); 95% 
(19/20) introduced at least one improvement plan. 
Nine hospitals were considered highly compliant with 
implementation of the control chart (implementation 
score 5-6), nine were considered moderately compliant 
(score 3-4), and two were considered poorly compliant 
(score 2) (see supplementary appendix for details).

During the study period, 17 469 (11.2%) patients 
experienced a major adverse event, 2407 (1.5%) died, 
8814 (5.7%) experienced intensive care stay, 7023 
(4.5%) underwent reoperation, and 6575 (4.2%) 
had a severe complication. Table 2 shows changes in 
surgical outcomes from the pre-implementation to 
implementation period by hospital group. A significant 
decrease in major adverse events (adjusted ratio of 
odds ratios 0.89, 95% confidence interval 0.83 to 0.96; 
P=0.001), patient death (0.84, 0.71 to 0.99; P=0.04), 
and intensive care stay (0.85, 0.76 to 0.94; P=0.001) 
was found in intervention compared with control 
hospitals. The same trend was observed for reoperation 
(0.91, 0.82 to 1.00; P=0.06). Those results were even 
more noticeable in hospitals highly compliant with 
implementation of a control chart based programme 
(fig 2), whether for patient major adverse events 
(0.84, 0.77 to 0.92; P<0.001), death (0.78, 0.63 to 
0.97; P=0.02), intensive care stay (0.76, 0.67 to 0.87; 
P<0.001), or reoperation (0.84, 0.74 to 0.96; P=0.009). 
Similar results were found in the sensitivity analysis 
including ambulatory surgery (supplementary table 
S4 and figure S2) and patients with missing household 
income (supplementary table S5).

The absolute risk of a major adverse event was 
reduced by 0.9% (95% confidence interval 0.4% to 
1.4%) in intervention hospitals compared with control 
hospitals, corresponding to 114 patients (70 to 280) 
who needed to receive the intervention to prevent 
one major adverse event (supplementary table S6). 
Also, after implementation of the control chart, 362 
(95% confidence interval 141 to 573) major adverse 
events and 93 (2 to 183) deaths were avoided in the 
intervention hospitals (supplementary table S7). 
Supplementary figures S3 to S6 present the rates of 
surgical outcomes during the pre-implementation and 
implementation periods by study group and hospital.

The ratio of rates ratios for variations in surgical 
outcomes on control charts showed a significant 
reduction in the frequency of deterioration signals 
(0.60, 95% confidence interval 0.37 to 0.96; P=0.03) 
and a significant increase in the frequency of 
improvement signals (3.89, 1.40 to 10.83; P=0.009) 
within intervention versus control hospitals (fig 3). 
Among intervention hospitals, a median number of 
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3 (range 1-11) variations in special causes in each 
hospital were detected over eight consecutive quarters 
of the implementation period.

Discussion
This national cluster randomised trial showed that 
introducing prospective monitoring of outcomes with 
regular feedback of indicators to surgical teams using 
control charts was associated with a noticeable reduction 

in major adverse events after digestive tract surgery. The 
effect size was robust on the sensitivity analyses and 
even more noticeable in highly compliant hospitals that 
had implemented control charts. Furthermore, safety 
issues decreased while improvement signals increased 
on control charts in the intervention compared with 
control hospitals. These findings provide evidence that 
the routine use of control charts has a favourable effect 
on outcomes in surgical patients.

Excluded
Peritoneal cancer 
Pre-existing adverse event
Organ transplantation
Polytrauma
Palliative care

1645
482

67
91

5

Did not meet inclusion criteria
Volume of digestive surgery ≥600/year
Rate of major adverse events ≥3.5% 
Secondary diagnoses coded ≥2/stay

Participating hospitals randomised

Were not among the first 40 responders

Hospitals screened for eligibility

Median digestive surgeries annually
Median secondary diagnoses per stay
Median rate of major adverse events

447
2.6

3.8%

Control hospitalsIntervention hospitals

2284

94

Had missing household income data

Excluded
Peritoneal cancer 
Pre-existing adverse event
Organ transplantation
Polytrauma
Palliative care

845
267
111

45
7

1271

Had missing household income data

40

20

Inpatients who underwent digestive surgery

20

572

706

65   Academic 298   Not for profit 343   For profit

Hospitals contacted for participation

Median digestive surgeries annually
Median secondary diagnoses per stay
Median rate of major adverse events

845
3.2

7.4%

134

47   Academic 46   Not for profit 41   For profit

76 719
Inpatients who underwent digestive surgery

82 969

Eligible inpatients
75 448

Eligible inpatients
80 685

Inpatient stays analysed
75 047

Inpatient stays analysed
80 315

370401

Fig 1 | Trial profile. Of the 155 362 included patients, 79 127 were assigned to the 2014-15 pre-implementation period 
(37 579 patients in intervention hospitals, 41 548 in control hospitals) and 76 235 to the 2017-18 implementation 
period (37 468 and 38 767, respectively)
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Comparison with other studies
For decades, control charts have been tested to 
monitor adverse events in a wide range of settings 
and specialties, suggesting a broad applicability to 
healthcare.10 They have also been used for other 
purposes, such as public health surveillance,17 
evaluating hospital performance,18 and monitoring 
individual patient variables,19 with heterogeneous 
adherence to methodological principles in their 
construction.20  21 Although these quality control 
tools could be key to enhancing surgical safety 
synergistically with checklists22 or process 
improvement engineering,23 tangible evidence of the 
benefits for care management was lacking.11

In the broader context of improvement in health 
services performance based on strategies to feedback 
on indicators, inconsistent findings resulted from 
non-randomised studies. Pay-for-performance 
models that reward or penalise hospitals for 
meeting predefined indicator targets showed no or 
at most modest improvement in patient outcomes.24 
Although hospital enrolment in a national surgical 
outcomes benchmarking programme did not result 
in performance improvement over time,25 alerts 
notification from a surveillance system using control 
charts might be associated with a reduction in inpatient 
mortality.26 A plausible explanation is that cross 
sectional comparison of aggregated outcomes between 

Table 1 | Hospital and patient characteristics by study group: prospective monitoring of outcomes using control 
charts with regular feedback on indicators (intervention group) or to usual care (control group). Values are numbers 
(percentages) unless stated otherwise
Characteristics Total Intervention group Control group 
Hospitals n=40 n=20 n=20
Geographical region:
 South east 12 (30.0) 5 (25.0) 7 (35.0)
 North east 9 (22.5) 4 (20.0) 5 (25.0)
 Paris area 7 (17.5) 6 (30.0) 1 (5.0)
 South west 6 (15.0) 2 (10.0) 4 (20.0)
 North west 6 (15.0) 3 (15.0) 3 (15.0)
Status:
 Academic 17 (42.5) 7 (35.0) 10 (50.0)
 Not for profit 14 (35.0) 10 (50.0) 4 (20.0)
 Private, for profit 9 (22.5) 3 (15.0) 6 (30.0)
Median (range) No of beds 500 (170-1 081) 489 (170-960) 542 (176-1 081)
Median (range) No of surgical beds 146 (31-335) 143 (68-295) 166 (31-335)
Median (range) volume of digestive tract surgery 3697 (2092-7211) 3498 (2579-5705) 3963 (2092-7211)
Median (range) rate of ambulatory procedures 20.8 (7.2-51.2) 21.9 (9.8-51.2) 20.3 (7.2-39.1)
Median (range) No of participating surgeons 6 (2-11) 6 (3-10) 6 (2-11)
Median (range) age of participating surgeons (years) 45 (35-59) 47 (40-53) 44 (35-59)
Patients n=155 362 n=75 047 n=80 315
Mean (SD) age (years) 56.8 (18.4) 56.6 (18.5) 56.9 (18.2)
Women 81 257 (52.3) 38 853 (51.8) 42 404 (52.8)
Median household income quartiles (€):    
 Very low (11 727-18 926) 38 324 (24.7) 14 519 (19.3) 23 805 (29.6)
 Low (18 927-20 206) 39 558 (25.5) 15 946 (21.2) 23 612 (29.4)
 High (20 209-22 332) 38 776 (25.0) 19 758 (26.3) 19 018 (23.7)
 Very high (22 332-43 350) 38 704 (24.9) 24 824 (33.1) 13 880 (17.3)
Elixhauser comorbidities*:    
 0 76 652 (49.3) 36 819 (49.1) 39 833 (49.6)
 1 35 597 (22.9) 17 067 (22.7) 18 530 (23.1)
 2 20 684 (13.3) 9883 (13.2) 10 801 (13.4)
 ≥3 22 429 (14.4) 11 278 (15.0) 11 151 (13.9)
Emergency admission 36 304 (23.4) 19 757 (26.3) 16 547 (20.6)
Surgical procedure during July/August 21 760 (14.0) 10 522 (14.0) 11 238 (14.0)
Surgical procedure:    
 Hernia repair 36 567 (23.5) 17 617 (23.5) 18 950 (23.6)
 Colorectal 32 919 (21.2) 15 830 (21.1) 17 089 (21.3)
 Cholecystectomy 30 765 (19.8) 14 872 (19.8) 15 893 (19.8)
 Bariatric 18 553 (11.9) 9181 (12.2) 9372 (11.7)
 Appendectomy 17 572 (11.3) 9718 (12.9) 7854 (9.8)
 Hepatopancreatic 10 648 (6.9) 4585 (6.1) 6063 (7.5)
 Oesophageal and gastric 8338 (5.4) 3244 (4.3) 5094 (6.3)
€ 1.00 (£0.91; $1.18).
Data relative to pre-implementation period (1 January 2014 to 31 December 2015) and implementation period (1 January 2017 to 31 December 2018) 
were pooled in intervention and control hospitals. Numbers might not sum to 100 because of rounding. See supplementary table S1 for details about 
additional patient characteristics by operative procedure.
*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 
misuse, drug misuse, psychoses, and depression.
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institutions is not ideally suited to assess hospital 
performance prospectively or to highlight the sudden 
occurrence of improving or worsening outcomes.7 
Instead, performance monitoring using control charts 
lays the foundation for a more dynamic approach 
to interpreting variations in surgical outcomes over 
time.27 Performance monitoring also permits the 
identification of appropriate ways to improve patient 
safety, as iterative assessment more readily permits the 
identification of aberrant outcome patterns, potentially 
triggering more timely and routine investigations and 
interventions to correct them. The consideration of 
each hospital as its own performance benchmark also 
reduces methodological concerns about confounding 
variables that might compromise a fair and transparent 
interpretation of performance between hospitals.28 29

Strengths and limitations of this study
Because the cluster randomisation design aims to 
reduce contamination, and the same institution 
(identified as a separated geographical entity) could 
not commit more than one participating surgical 
department to the study, we assume the risk of crossover 
among control hospitals is unlikely. If such a scenario 
had occurred, the true impact of our intervention 
might potentially be greater.30 Although a stepped 
wedge design or complier average causal effects might 
represent convenient solutions to reduce crossover, 
methodological concerns remain for adequately 
controlling secular trends and heterogeneous duration 
of exposure to the intervention among clusters.31

The comparability between study groups might 
turn out to be uncertain with a limited number of 
clusters. By embedding a difference-in-differences 
analysis within a cluster randomised trial, we sought 
to balance both observed and unobserved patient 
and hospital characteristics across study groups and 
to ensure hospital comparability between the pre-
implementation and implementation periods. To 
account for underlying differences in performance 
among hospitals, the randomisation was stratified 
according to baseline postoperative outcome rates. 
In addition, we used risk adjustment to control for 
potential differences in patient populations.

Despite the careful study design, several 
limitations remain. Although the potential influence 
of a Hawthorne effect on study findings was largely 
compensated by the presence of a contemporary control 
group, feedback on indicators in the intervention 
group might have reinforced vigilance among surgical 
teams under observation. However, the attention paid 
to quality improvement rather than the use of charts 
in themselves could have improved outcomes. Also, 
owing to potential inaccuracies inherent in medico-
administrative data, we cannot rule out the possibility 
that residual confounders influenced our findings. Of 
greater concern would be the presence of bias, in which 
hospital behaviour about coding accuracy of inpatient 
comorbidities or complications would change between 
study groups and periods.32 Because that information is 
critical for billing purposes, inpatient deaths, intensive Ta
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care stays, and reoperations are accurately collected in 
hospitals claims databases. This is not necessarily the 
case for identifying specific adverse events based on 
diagnoses codes, the validity of which is debatable and 
might explain the absence of differences observed for 
severe complications between hospitals groups. Study 

outcome measurements within one month after surgery 
were also limited to occurrences during in-patient stay 
and might reflect what happened in the operating 
theatre and the quality of perioperative care, including 
the success or failure to rescue during a postoperative 
stay in the intensive care unit.33 Furthermore, 
implementing the intervention in a specific country 
limits the generalisability of our findings. We only 
included the 40 first responders among eligible French 
departments of digestive surgery in this study. Thus, the 
feasibility and impact of implementing the control chart 
programme in a different context remain unknown.

Policy implications and conclusions
Modern surgery still has a high incidence of adverse 
outcomes, sometimes resulting in important 
consequences for patients.3 Understanding variations 
in surgical outcomes and how to deliver surgery safely 
is imperative for improvements in this area. It requires 
the utilisation of a tool for tracking, interpreting, and 
controlling outcome indicators. The control chart 
methodology captures knowledge as a product of care 
and integrates related evidence in the delivery process 
of a learning health system. Its implementation in 
routine practice might encourage surgical teams to 
continuously critically examine the care they deliver. 
Regular feedback on performance can motivate 
behavioural and organisational changes, leading to 
safer surgery. In addition to computerised decision 
support systems based on clinical practice guidelines, 
the integration of control charts into electronic 
health records for triggering monitoring alerts for 
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surgical outcomes could change the way surgeons 
manage patients. Considering that the probability of 
adverse events might vary across patients undergoing 
a particular surgical procedure, incorporation 
of risk adjustment or stratification represents an 
important contribution for further improving the 
tool’s performance to enable correct interpretation of 
variations in outcome indicators from heterogeneous 
populations.34 35 Furthermore, the cumulative sum 
chart might be helpful in overcoming the limitations 
related to sensitivity of control charts in routine 
practice, as it performs fairly well in detecting small 
changes in surgical outcomes.36 Instead of indicators 
measured over a long aggregation period, which can 
mask and delay reactions to some process changes, 
the cumulative sum chart allows real time monitoring 
of activity, procedure after procedure, to detect any 
defects in surgical safety as soon as possible.37

Measurement alone does not, however, result 
in improvement; rather, the reduction of adverse 
events relies on dedicated champions, regular 
interdisciplinary meetings, and the pursuit of every 
cause in issues regarding patient safety. Despite the 
satisfactory compliance of participating hospitals with 
programme implementation, those were especially 
motivated in following the trial protocol and we cannot 
exclude potential barriers to widespread dissemination 
of this intervention. To strengthen compliance in 
refractory teams, solutions might come from active 
engagement of surgical staff for leading the process of 
implementation.38 To be effective, the implementation 
of control charts requires constant interactions among 
healthcare professionals. Beyond enabling awareness 
of patient outcomes, this quality control tool promotes 
commitment and communication for sharing better 
practices. For this reason, our programme was not 
focused on surgeons alone but aimed to involve 
medical and non-medical team members in the 
operating room.

Conclusions
The value of control charts and sharing ideas within 
surgical teams designed to eliminate patient harm 
has been mostly underappreciated. In this study, the 
implementation of a control chart based programme 
was associated with a statistically significant 
reduction in major adverse events in patients after 
surgery. Such a finding shows that prospective 
monitoring of indicators using available data sources 
is feasible and can improve surgical outcomes. This 
methodology can be reproduced worldwide based on 
inpatient abstracts using a common set of data that 
are routinely collected in many countries.39 A method 
of investigating variations in patient outcomes over 
time within hospitals, might augment the capacity of 
surgical teams to improve performance and prevent 
major adverse events.
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