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Summary
Background Traditional approaches for surgical site infection (SSI) surveillance have deficiencies that delay detec-
tion of SSI outbreaks and other clinically important increases in SSI rates. We investigated whether use of optimised
statistical process control (SPC) methods and feedback for SSI surveillance would decrease rates of SSI in a network
of US community hospitals.

Methods We conducted a stepped wedge cluster randomised trial of patients who underwent any of 13 types of com-
mon surgical procedures across 29 community hospitals in the Southeastern United States. We divided the 13 proce-
dures into six clusters; a cluster of procedures at a single hospital was the unit of randomisation and analysis. In
total, 105 clusters were randomised to 12 groups of 8−10 clusters. All participating clusters began the trial in a 12-
month baseline period of control or “traditional” SSI surveillance, including prospective analysis of SSI rates and
consultative support for SSI outbreaks and investigations. Thereafter, a group of clusters transitioned from control
to intervention surveillance every three months until all clusters received the intervention. Electronic randomisation
by the study statistician determined the sequence by which clusters crossed over from control to intervention surveil-
lance. The intervention was the addition of weekly application of optimised SPC methods and feedback to existing
traditional SSI surveillance methods. Epidemiologists were blinded to hospital identity and randomisation status
while adjudicating SPC signals of increased SSI rates, but blinding was not possible during SSI investigations. The
primary outcome was the overall SSI prevalence rate (PR=SSIs/100 procedures), evaluated via generalised estimat-
ing equations with a Poisson regression model. Secondary outcomes compared traditional and optimised SPC sig-
nals that identified SSI rate increases, including the number of formal SSI investigations generated and deficiencies
identified in best practices for SSI prevention. This trial was registered at ClinicalTrials.gov, NCT03075813.

Findings Between Mar 1, 2016, and Feb 29, 2020, 204,233 unique patients underwent 237,704 surgical procedures.
148,365 procedures received traditional SSI surveillance and feedback alone, and 89,339 procedures additionally
received the intervention of optimised SPC surveillance. The primary outcome of SSI was assessed for all procedures
performed within participating clusters. SSIs occurred after 1171 procedures assigned control surveillance (preva-
lence rate [PR] 0.79 per 100 procedures), compared to 781 procedures that received the intervention (PR 0¢87 per
100 procedures; model-based PR ratio 1.10, 95% CI 0.94−1.30, p =0.25). Traditional surveillance generated 24 for-
mal SSI investigations that identified 120 SSIs with deficiencies in two or more perioperative best practices for SSI
prevention. In comparison, optimised SPC surveillance generated 74 formal investigations that identified 458 SSIs
with multiple best practice deficiencies.
*Corresponding author at: Duke University Medical Center, Box 102359, Hanes House Room 184, Durham, NC 27710 USA.
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Interpretation The addition of optimised SPC methods and feedback to traditional methods for SSI surveillance led
to greater detection of important SSI rate increases and best practice deficiencies but did not decrease SSI rates.
Additional research is needed to determine how to best utilise SPC methods and feedback to improve adherence to
SSI quality measures and prevent SSIs.

Funding Agency for Healthcare Research and Quality.

Copyright � 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Surgical site infection; Statistical process control; Healthcare-associated infection surveillance; Rando-
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Research in context

Evidence before this study

Traditional methods for surgical site infection (SSI) sur-
veillance at acute care hospitals have major deficiencies
that can lead to delayed or failed detection of important
SSI rate increases. Statistical process control (SPC) meth-
ods have potential to improve surveillance of healthcare
processes and outcomes such as SSIs and decrease rates
of healthcare-associated infections (HAIs). We searched
PubMed, ClinicalTrials.gov, and the ISRCTN registry with-
out language restriction using the terms (“statistical pro-
cess control” OR “control charts”) AND “trial” for peer-
reviewed studies published before March 1, 2022. Many
groups have used SPC methods to monitor the success
of healthcare quality improvement interventions, often
via quasi-experimental and other uncontrolled studies.
However, we found only seven randomised trials that
utilised SPC, and only two of these trials analysed the
effect of feedback from control charts on HAI rates or
surgical outcomes. The first study showed that use of
SPC decreased rates of ward-acquired Staphylococcus
aureus colonisation or infection among a cohort of 24
hospitals in the United Kingdom, but this decrease was
not statistically significant compared to the decrease
reported on control wards. The second study was per-
formed at 40 hospitals in France and demonstrated that
the implementation of control charts with feedback to
surgical teams was associated with a decrease in major
adverse events after gastrointestinal tract surgery. The
investigators did not report the impact of the interven-
tion on SSI rates as an individual outcome.

Added value of this study

Our study was the first randomised trial designed to
assess the impact of SPC methods on SSI surveillance
and SSI rates. In a stepped-wedge cluster randomised
trial, we analysed 237,704 surgical procedures per-
formed over four years within a large network of com-
munity hospitals in the Southeastern United States. The
addition of optimised SPC methods to traditional SSI
surveillance methods was associated with markedly
greater detection of clinically important SSI rate
increases and deficiencies in best practices for SSI pre-
vention; however, improved surveillance did not lead to
a decrease in SSI rates. These findings emphasise that
enhanced SSI surveillance must be coupled with effec-
tive feedback of increased SSI rates to surgical person-
nel and implementation of perioperative practice
changes to decrease risk of SSI.

Implications of all the available evidence

Our trial adds to the findings of smaller, retrospective
studies that showed potential for optimised SPC surveil-
lance to outperform traditional surveillance methods in
detecting important increases in SSI rates. Furthermore,
our study demonstrates the feasibility and value of pro-
spective use of SPC surveillance for a broad range of
surgical procedures performed across a large network
of hospitals. Finally, our trial illustrates the potential for
disconnect between performance of SSI surveillance
and SSI outcomes. The lack of improvement in SSI rates
in our study indicates that further research is needed to
determine how to best utilise SPC methods to improve
adherence to SSI quality measures and prevent SSIs.
Introduction
Surgical site infections (SSIs) are among the most com-
mon and costly healthcare-associated infections (HAIs)
in the world.1−3 In the United States alone, over
150,000 SSIs occur each year, accounting for over $3
billion in annual healthcare expenditures.4−6 Patients
in low- and middle-income countries experience even
greater SSI burdens due to increased risk of SSI and the
impact of associated expenditures.7,8 In addition to
increased costs, patients with SSIs incur longer hospi-
talisations and increased mortality compared to patients
who do not develop SSIs.4,9 As a result, hospitals devote
considerable resources to SSI prevention.10 However,
while hospitals have improved compliance with core
process measures designed to prevent SSI, these
improvements have not reliably decreased SSI rates.11,12
www.thelancet.com Vol 54 December, 2022
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Therefore, development of new strategies to prevent
SSIs represents an important unmet need.

One traditional intervention found to decrease SSI
risk involves the coupling of SSI surveillance and associ-
ated feedback to surgical personnel.13−15 However, the
traditional approach for SSI surveillance has major defi-
ciencies that can lead to delayed or failed detection of
important SSI rate increases or outbreaks, precluding
timely feedback and investigation. For example, tradi-
tional statistical techniques require aggregation of SSI
data over time, delaying analysis until sufficient data
accumulate (e.g., each year).16,17 Also, comparisons to
static external benchmarks, such as past SSI rates pub-
lished in national or international surveys18−20 may not
detect important changes in SSI rates experienced by
individual hospitals.21 Therefore, infection prevention
personnel often initiate SSI outbreak investigations
months after SSI rates first increase.22

Statistical process control (SPC) is an analytic
approach that has successfully been used to decrease
HAI rates23,24 and addresses important shortcomings
of traditional SSI surveillance.21 SPC combines time
series analysis methods and graphical presentation of
data to help determine in near real time whether data
exhibit natural variation within probabilistic thresholds
or unnatural variation representing statistically signifi-
cant changes.16,25 We previously performed a large-scale
empirical optimisation study in a large network of US
community hospitals that identified simultaneous use
of two moving average (MA) SPC charts to be the most
effective SPC strategy in this setting for detection of
important SSI rate increases.21,26 When applied retro-
spectively to 30 previously investigated SSI outbreaks,
this chart combination identified each outbreak, typi-
cally several months earlier than traditional surveil-
lance.22 We therefore hypothesised that prospective use
of the same optimised SPC approach in addition to tra-
ditional SSI surveillance would decrease rates of SSI
compared to use of traditional surveillance methods
alone.

We report a stepped wedge cluster randomised trial
(SW-CRT) designed to assess the impact of SSI surveil-
lance with optimised SPC methods and feedback on
SSI rates.
Methods

Study design and participants
We performed a stepped wedge cluster randomised con-
trolled intervention trial within the Duke Infection Con-
trol Outreach Network (DICON), a community hospital
network in the Southeastern United States.27

We evaluated all 32 acute care DICON hospitals that
had been members of DICON for at least two years and
performed any of 13 types of targeted surgical proce-
dures for potential study participation. We divided the
www.thelancet.com Vol 54 December, 2022
13 targeted surgical procedures into six types of clusters
that included procedures typically performed by the
same surgical specialists, including cardiothoracic, gas-
trointestinal, joint, obstetrics and gynecology, spine,
and vascular clusters (appendix p 3). Clusters were eligi-
ble for study inclusion if they included at least 100 total
procedures and three SSIs over the three calendar years
prior to randomisation. All procedures performed
within participating clusters were included in the study.
Letters of support were required from participating hos-
pitals prior to randomisation.

A cluster of procedures at a single hospital was the
unit of randomisation and analysis, and 105 total clus-
ters across 29 hospitals were randomised to 12 groups
of 8−10 clusters. The order of the initiation of the SPC
surveillance intervention was randomised and serially
implemented until all 12 groups of clusters had received
the intervention. Per SW-CRT design,28,29 after a base-
line period of 12 months, one group of clusters sequen-
tially crossed over from control to intervention during
each of 12 steps that occurred every three months. The
study ended after the 12th and final three-month active
study period was complete (Figure 1). Clusters that were
randomised to the intervention received feedback from
optimised SPC surveillance and traditional surveillance
methods, whereas clusters randomised to the control
arm received feedback from traditional surveillance
methods alone.

Cluster randomised design was chosen to ensure
that procedures associated with the same surgeons,
operating room personnel, and SSI prevention interven-
tions were grouped together to limit contamination
between intervention and control clusters within the
same hospital. Stepped wedge design was utilised to
achieve target statistical power, which was not possible
with parallel design for the number of hospitals and
clusters available in the network.30 We implemented
the stepped wedge unidirectional crossover design
because crossover from intervention to control would
have required a prolonged washout period to reduce
contamination from the intervention after crossover.31

No study interventions were performed on individ-
ual patients, and patients undergoing surgery at partici-
pating hospitals were not consented. Institutional
review boards at Duke University Health System and
Northeastern University determined this trial to be
exempt research. The trial protocol was summarised in
a peer-reviewed report,32 and the full protocol is avail-
able online (https://dcasip.medicine.duke.edu/
research/clinical-trial-protocols).

Randomisation and masking
The primary investigator (DA) recruited hospitals. The
statistician (YL) performed the randomisation and allo-
cation sequence using computer-generated random
numbers. Randomisation was designed to allow a maxi-
mum of one cluster per hospital to cross over to the
3
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Figure 1. Schematic for stepped wedge design.
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intervention at each step. Study epidemiologists (DA
and AB) were blinded to hospital identity and cluster
randomisation status during weekly adjudication of sig-
nals generated by SPC surveillance. All other study and
local hospital personnel except for the study coordinator
(KF) were blinded to cluster randomisation status. The
study coordinator (KF) assigned clusters to interven-
tions per the randomisation scheme.

Procedures
During the baseline and active study periods, regardless
of randomisation status, all clusters of procedures con-
tinued to receive traditional SSI surveillance routinely
performed in DICON. Traditional surveillance included
prospective data entry into the DICON Surgical Data-
base for each surgery performed. This limited database
contained 12 variables for all surgical procedures and
five additional variables for procedures complicated by
SSI (appendix p 4). Experienced DICON infection pre-
ventionists validated data and adjudicated SSIs based
upon NHSN criteria.33 This database was updated at
least weekly at participating hospitals. DICON also sent
biannual SSI reports to study hospitals that included
SSI data analyses for each procedure performed, includ-
ing SSI rate comparisons to similarly sized DICON hos-
pitals. In addition, study hospitals detected potential
SSI rate increases or outbreaks when concerns were
reported by infection preventionists, hospital epidemiol-
ogists, surgeons, or other local hospital personnel. SSI
concerns for a specific hospital and procedure identified
by traditional surveillance were defined as “traditional
signals.” One of three infectious diseases epidemiolo-
gists adjudicated each traditional signal by determining
whether the signal and associated SSIs required
“action” or “no action.” This decision was based on the
number, timing, and type of SSIs; SSI rates; pathogens
responsible for SSIs; and number of surgeons involved.

Throughout all 12 active study periods, clusters of
procedures randomised to the intervention were moni-
tored by traditional surveillance and the addition of opti-
mised SPC surveillance. Optimised SPC surveillance
involved use of two previously validated moving average
(MA) standardised p-type charts.26 The first chart used
an external baseline calculated from network-wide SSI
data on the procedure undergoing surveillance, and the
second chart used a baseline calculated from procedure-
specific data from the single hospital being analysed.
Both charts utilised rolling baseline windows, control
limits of §1 standard deviation, and other chart charac-
teristics as previously described.22 SSI data for each pro-
cedure under surveillance were plotted with monthly
resolution. Any data point above the rolling upper control
limit on either chart indicated detection of a potentially
important SSI rate increase and was considered an “SPC
signal,” which required evaluation (appendix p 17).

The optimised SPC methods were applied weekly to
Surgical Database SSI data on all clusters of procedures
throughout all 12 active study periods, regardless of ran-
domisation status. The research coordinator assigned
SPC signals for adjudication that were associated with
new SSIs reported after the prior week’s SPC analysis.
Other signals that were not associated with new SSIs
were excluded from adjudication. The coordinator then
blinded hospital identification and sent signals requir-
ing adjudication to study epidemiologists. One of two
epidemiologists adjudicated SPC signals each week by
reviewing associated SSI data and deciding whether sig-
nals required “action” or “no action,” using the same
www.thelancet.com Vol 54 December, 2022
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criteria employed to adjudicate traditional signals. Inter-
rater reliability was assessed with a kappa statistic. For
signals randomised to intervention and requiring
action, a study epidemiologist was unblinded to the sig-
nal hospital to facilitate initial investigation. For signals
randomised to control surveillance, the coordinator
recorded adjudications but did not unblind epidemiolo-
gists nor take further action (appendix p 18).

In response to traditional signals or SPC signals
randomised to intervention that were adjudicated to
receive action, DICON and local hospital personnel
evaluated signals via the same standardised approach
(appendix p 18). DICON epidemiologists first
reviewed detailed Surgical Database variables on all
recent SSIs associated with the hospital/procedure
(appendix p 4), both SPC charts generated by the hos-
pital/procedure signal month (appendix p 17), SSI
rates for the hospital and procedure responsible for
the signal, surgeon-specific SSI rates, and DICON
benchmark SSI rates for the same procedure. If fur-
ther evaluation was deemed necessary after reviewing
these additional data, the epidemiologist discussed
the signal data with the appropriate DICON and local
hospital infection preventionists. If indicated based
on these discussions, DICON epidemiologists and
infection preventionists launched formal SSI investi-
gations. SSI investigations included multiple steps,
such as analysis of detailed SSI line listings, meetings
with surgical personnel, operating room observations,
written investigation summaries and recommenda-
tions, and support for implementation of recom-
mended interventions (appendix p 18).

SSIs were prospectively defined using standard
NHSN definitions.33 Complex SSIs included SSIs that
were either deep-incisional or organ/space SSIs. SSIs
that occurred at the same site and depth as prior infec-
tions documented to be present at time of surgery were
excluded from SSI rate calculations and models. An
important increase in SSI rate for a hospital/procedure
was defined as presence of either a corresponding tradi-
tional or SPC signal that was adjudicated by a study epi-
demiologist to receive further evaluation. The signal
generated a formal SSI investigation if additional inves-
tigation was pursued after discussion between a study
epidemiologist and the DICON and local hospital infec-
tion preventionists. Preventability score for each SSI ana-
lysed with line listing was defined as the percentage of
ten core SSI prevention perioperative best practices rec-
ommended by consensus guideline committees1,2,4,10 that
were not appropriately completed.34 Best practices
included four aspects of perioperative antimicrobial pro-
phylaxis;35 skin antisepsis; maintenance of normothermia;
use of supplemental oxygen in patients undergoing gen-
eral anaesthesia and tracheal intubation; glycemic control;
use of a perioperative checklist; and, for colon surgery,
use of both preoperative oral antibiotics and mechanical
bowel preparation (appendix p 5).
www.thelancet.com Vol 54 December, 2022
Outcomes
The primary endpoint was prespecified as the overall
SSI prevalence rate (PR), calculated as the number of
SSIs per 100 procedures. SSI PR stratified by type of
SSI (superficial-incisional or complex) was a secondary
outcome. Other prespecified secondary outcomes com-
pared traditional and optimised SPC signals, including
number of signals and signal rate; proportion of signals
adjudicated to receive further evaluation; number of for-
mal SSI investigations generated; time from signal
identification to completion of SSI investigations; tim-
ing of true positive signals; and proportion of SSIs
deemed to be potentially preventable, based on deficien-
cies in SSI prevention best practices and preventability
scores.

Statistical analysis
The sample size calculation utilised up to three years of
SSI data (2011−2013) from 101 clusters of surgical pro-
cedures performed at the 29 DICON hospitals that par-
ticipated in the study. These pilot data included 1622
SSIs that occurred after 154,554 total procedures (overall
PR 1.05 per 100 procedures; average PR per cluster 1.33
per 100 procedures). Power was estimated via a simula-
tion study where for each cluster, log (SSI PR) was gen-
erated from a multivariate normal distribution with
four assumptions: 1) cluster-specific SSI PRs during
control surveillance periods are equal to pilot data SSI
PRs; 2) residual variance for log (SSI PR) of 0.76; 3)
within-cluster variation of 0.36; and 4) between-cluster
correlation of 0.39 in the same time period and 0.20 in
different periods. Based on these parameters obtained
from the pilot data, a study with 101 clusters in 29 hos-
pitals, 12 periods, and an average of 127 procedures per
cluster in each three-month period would have 90%
power to detect a 25% decrease in the SSI PR for clus-
ters randomised to SPC surveillance and feedback.

The primary outcome was analysed using general-
ised estimating equations with a Poisson regression
model. Cluster was the unit of analysis, and the model
included effects for intervention status and for each
time period using indicator variables. To account for
potential residual confounding, the model was also
adjusted for hospital and for the cluster-level summaries
of the three components of the NHSN risk index:
median wound class, median American Society of Anes-
thesiologists Physical Status Classification System
score, and mean operative duration.18 The model uti-
lised data from all time periods, including the baseline
period, which was considered to contain four three-
month periods. To account for within-cluster correlation
over time, exchangeable working correlation structure
was used. We additionally considered negative binomial
and overdispersed Poisson distributions, as well as inde-
pendent and AR(1) working correlation structures; the
final model was selected based on the quasi-information
criterion and the mean squared error. The same
5



Articles

6

approach was used to analyse the secondary outcomes
of SSI PRs stratified by type of SSI, except independent
working correlation structure was chosen for analysis of
superficial-incisional SSIs. Finally, we analysed the
effect of the intervention on the primary outcome by
cluster type by including the interaction between the
intervention status and cluster type in the models.

Detection and timing of traditional signals that were
adjudicated as true positive signals requiring further
action was compared to SPC signal detection for the
same hospital/procedure combination. SPC signals that
occurred within 12 months before or after true positive
traditional signals were considered to have detected the
same important SSI rate increase.22 Procedure months
of surveillance were calculated by multiplying the sum
of the number of procedure types under surveillance at
each hospital by the duration of surveillance in months.
For calculations of rates of SSI investigations, procedure
months were subtracted for hospital/procedure combi-
nations that were receiving active investigation and not
capable of generating new SSI investigations. The
remaining secondary outcomes were analysed with
summary statistics.

Surgical data for all study procedures were maintained
in the DICON Surgical Database, which was stored in
Microsoft SQL Server 2014 (Microsoft, Redmond, WA).
The dual SPC charts used in this study were applied to
SSI data in the Surgical Database Data using MATLAB
version R2017a (MathWorks, Natick, MA, USA). Data
related to signal evaluation and SSI investigations were
collected and managed using REDCap (Research Elec-
tronic Data Capture) version 10.0.30, hosted at Duke Uni-
versity.36 Analysis was performed in SAS version 9.4
(SAS Institute Inc., Cary, NC, USA). A data monitoring
committee was not used. The trial was registered at Clini-
calTrials.gov (NCT03075813).

Role of the funding source
The funder of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.
Results
Among 29 participating hospitals, all 105 clusters that
met inclusion criteria were randomly assigned to one of
12 dates to implement the SPC SSI surveillance inter-
vention. The 12-month baseline period included data
collected from Mar 1, 2016, to Feb 28, 2017, and the 36
months of active study periods spanned from Mar 1,
2017, to Feb 29, 2020. SSI rate data from 6 randomised
clusters were completely excluded from the analysis
because SSI reporting ceased for procedures within
these clusters prior to the start of the active study. Addi-
tionally, SSI rate data from 7 clusters were excluded at
timepoints during active study periods when SSI report-
ing of numerators and denominators for associated
procedures was terminated. Between Mar 1, 2016, and
Feb 29, 2020, 204,233 unique patients underwent
237,704 surgical procedures at participating clusters. In
total, 148,365 procedures were performed in clusters
receiving traditional surveillance and feedback alone,
and 89,339 procedures were performed in clusters rand-
omised to additionally receive the intervention of opti-
mised SPC for SSI surveillance (Figure 2, appendix p 6
and p 19).

Patients in both study arms had similar age and sex
distributions. Distribution of the 13 procedure types,
NHSN risk index, and risk index components were also
similar across both groups. For the overall cohort, her-
niorrhaphy (n = 41,840; 17.6%), knee prosthesis surgery
(n = 40,361; 17.0%), and Cesarean section (n = 32,873;
13.8%) were performed most frequently (Table 1).

For clusters assigned to control SSI surveillance, a
total of 1171 SSIs occurred after 148,365 procedures (PR
0.79 per 100 procedures). In comparison, for clusters
that received intervention surveillance, 781 SSIs
occurred after 89,339 procedures (PR 0.87 per 100 pro-
cedures; model-based PRR 1.10, 95% CI 0.94−1.30;
p =0.25). For clusters receiving the intervention, SSI
rates were also slightly higher than control cluster rates
for complex SSIs (PRR 1.09, 95% CI 0.89−1.34;
p =0.40) and superficial SSIs (PRR 1.26, 95% CI 1.00−
1.58; p =0.07), but these differences were not statisti-
cally significant (Table 2). In exploratory subgroup anal-
ysis, the effect of the intervention did not differ based
upon cluster type (p =0.53) (appendix p 7).

Traditional SSI surveillance identified 38 total sig-
nals that were adjudicated over 8244 procedure-months
of traditional surveillance performed during the 36
months of active study periods (signal rate: 0.06 signals
per 12 procedure-months of traditional surveillance). Of
the 38 total signals, 30 were adjudicated to be true posi-
tive signals (positive predictive value, 78.9%) and
receive further action, including 24 signals that ulti-
mately triggered formal SSI investigations over 7583
procedure-months capable of generating SSI investiga-
tions (investigation rate: 0.04 investigations per 12 pro-
cedure-months of traditional surveillance); four of 30
true positive signals were excluded because investiga-
tions for the associated hospital/procedure were already
in progress (Figure 3). Median time from traditional sig-
nal identification to completion of the 24 SSI investiga-
tions was 185 days (IQR, 122−242 days). Of the 30 true
positive traditional signals, optimised SPC methods
detected 28 signals (sensitivity of SPC for detection of
traditional signals, 93.3%), including detection of 21
(70.0%) signals prior to traditional surveillance detec-
tion by a median of 215 days (IQR, 72−343 days) (appen-
dix p 9). The two traditional signals not detected by SPC
were adjudicated to receive action due to the pathogen
profile and surgeon-specific SSI rates, respectively.

Optimised SPC surveillance identified 531 total sig-
nals requiring adjudication over 4452 procedure-
www.thelancet.com Vol 54 December, 2022



Figure 2. Trial profile.
SSI = surgical site infection.
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months of intervention surveillance (signal rate: 1.43
signals per 12 procedure-months of SPC surveillance).
Of the 531 total signals, 317 were adjudicated to be true
positive signals (positive predictive value, 59.7%) and
require further action, including 74 signals that led to
formal SSI investigations over 3918 procedure months
capable of generating SSI investigations (investigation
rate: 0.23 investigations per 12 procedure-months of
SPC surveillance); 203 duplicate signals were excluded
due to ongoing (n = 163) or recently completed (n = 40)
investigations (Figure 3, appendix p 20). Median time
from SPC signal identification to completion of the 74
SSI investigations was 163 days (IQR, 97−262 days).

Of the 98 formal SSI investigations, 96 (98.0%)
investigations involved detailed line listing for 643 SSIs,
including 136 (21.2%) SSIs linked to 24 traditional sig-
nals and 507 (78.8%) SSIs associated with 72 SPC sig-
nals. Compliance with ten core perioperative best
practices for SSI prevention ranged from 12.9% for
combined use of oral antibiotics and bowel preparation
prior to colon surgery to 89.9% for appropriate periop-
erative antibiotic choice. The distribution of best
www.thelancet.com Vol 54 December, 2022
practice deficiencies was similar for SSIs analysed dur-
ing investigations initiated by traditional and SPC sur-
veillance, and the median preventability score was 37.5
for SSIs in both groups. However, despite nearly twice
as many surveillance months of traditional surveillance,
the absolute number of deficiencies uncovered by SPC-
generated investigations was several fold higher than
deficiencies recognised during investigations linked to
traditional surveillance. In fact, 120 (88.2%) of 136 SSIs
analysed during investigations initiated by traditional
surveillance had deficiencies in at least two best practi-
ces, compared to 458 (90.3%) of 507 SSIs linked to
SPC-generated investigations (Table 3).

SSI investigations were multifaceted and, in addition
to line listing, typically included meetings with local
infection prevention teams (n = 76/98; 77.6%). All but
one investigation yielded written reports with specific
recommendations for decreasing SSI risk, often includ-
ing strategies to improve adherence to core best practi-
ces for SSI prevention. However, while these
recommendations usually targeted infection prevention
committees (n =82/97; 84.5%) and operating room
7



Control surveillance
(n=148,365 procedures)

Intervention surveillance
(n=89,339 procedures)

Number of unique patients 129,997 (88%) 74,236 (83%)

Age, yearsa 55.9 (17.8) 56.5 (17.7)

Sex

Female 81,139/129,997 (6.4%) 42,388/74,236 (57.1%)

Male 48,830/129,997 (37.6%) 31,843/74,236 (42.9%)

Missing 28/129,997 (<0.1%) 5/74,236 (<0.1%)

Number of procedures per cluster 850 (402−1666) 521 (240−1574)

Procedure type

Abdominal hysterectomy 8953 (6.0%) 4836 (5.4%)

Cardiac surgeryb 1517 (1.0%) 1036 (1.2%)

Coronary artery bypass graft 3372 (2.3%) 1902 (2.1%)

Carotid endarterectomy 1209 (0.8%) 760 (0.9%)

Cesarean section 22,046 (14.9%) 10,827 (12.1%)

Colon surgery 7723 (5.2%) 8046 (9.0%)

Herniorrhaphy 21,141 (14.2%) 20,699 (23.2%)

Hip prosthesis 19,127 (12.9%) 8995 (10.1%)

Knee prosthesis 27,790 (18.7%) 12,571 (14.1%)

Laminectomy 15,526 (10.5%) 8520 (9.5%)

Peripheral vascular bypass surgery 677 (0.5%) 535 (0.6%)

Spinal fusion 16,078 (10.8%) 9540 (10.7%)

Vaginal hysterectomy 3206 (2.2%) 1072 (1.2%)

NHSN risk index

0 59,641 (40.2%) 33,833 (37.9%)

1 73,600 (49.6%) 43,649 (48.9%)

2 14,542 (9.8%) 11,258 (12.6%)

3 582 (0.4%) 597 (0.7%)

Missing 0 (0%) 2 (<0.1%)

ASA score

1 (no systemic disease) 4969 (3.3%) 3385 (3.8%)

2 (mild systemic disease) 68,079 (45.9%) 39,121 (43.8%)

3 (severe systemic disease, not life threatening) 64,106 (43.2%) 39,899 (44.7%)

4 (severe systemic disease, life threatening) 11,056 (7.5%) 6799 (7.6%)

5 (moribund patient) 147 (0.1%) 122 (0.1%)

Missing 8 (<0.1%) 13 (<0.1%)

Wound class

Clean 103,876 (70.0%) 58,559 (65.5%)

Clean-contaminated 41,290 (27.8%) 27,525 (30.8%)

Contaminated 1605 (1.1%) 1311 (1.5%)

Dirty-infected 1577 (1.1%) 1396 (1.6%)

Missing 17 (<0.1%) 548 (0.6%)

Prolonged operative durationc 25,939 (17.5%) 18,430 (20.6%)

Table 1: Baseline characteristics of patients and procedures.
Data are n (%), mean (SD), n/N (%), or median (IQR). ASA = American Society of Anesthesiologists. NHSN=National Healthcare Safety Network.

a Age is given for unique patients. Missing data for age were excluded for 8 patients (6 patients who underwent procedures that received control surveillance

and 2 patients who underwent procedures that received intervention surveillance).
b Cardiac surgery included open chest procedures on the valves or septum of the heart.
c Procedures were prolonged if the operative duration was longer than the NHSN 75th percentile benchmark.
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leadership (n = 58/97; 59.8%), surgeons performing the
procedure under investigation were among the primary
recipients of recommendations less than half of the
time (n = 42/97; 43.3%). Furthermore, direct discussion
with surgeons occurred in only 16 (16.3%) investiga-
tions. While surgical teams made practice changes to
follow recommendations in 73 (75.3%) investigations,
all recommendations were followed for only 21 (21.6%)
investigations. These characteristics of SSI investiga-
tions were similar when stratified by investigations gen-
erated by traditional surveillance signals versus
optimised SPC signals (Table 4).
www.thelancet.com Vol 54 December, 2022



Control surveillance Intervention surveillance Adjusted estimatesc

SSIsa Procedures Unadjusted PRb SSIsa Procedures Unadjusted PRb PRR (95% CI) p value

All SSIs 1171 148,365 0.79 781 89,339 0.87 1.10 (0.94−1.30) 0.25

Complex SSIsd 739 148,365 0.50 472 89,339 0.53 1.09 (0.89−1.34) 0.40

Superficial SSIs 432 148,365 0.29 309 89,339 0.35 1.26 (1.00−1.58) 0.070

Table 2: Primary and secondary outcomes of surgical site infection prevalence rates.
PR = prevalence rate. PRR = prevalence rate ratio. SSI = surgical site infection.

a 214 SSIs that met present at time of surgery criteria were excluded, including 102 SSIs on the control arm (PR 0�07) and 112 SSIs on the intervention arm

(PR 0.13).
b Prevalence rates are given per 100 procedures performed.
c Models included effects for time period and intervention phase, and models were adjusted for hospital, median wound class, median American Society of

Anesthesiology score, and operation time score.
d Complex SSIs included deep-incisional and organ/space SSIs.

Figure 3. Flowcharts detailing all traditional signals (Panel A) and SPC signals on the intervention arm (Panel B) requiring
adjudication.

SPC = statistical process control; SSI = surgical site infection.
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Compliance with best practice

Traditional surveillance
(n=136 SSIs investigated)

Optimised SPC surveillance
(n=507 SSIs investigated)

Best practice

Choice of prophylactic antibiotic(s) 129/136 (94.9%) 449/507 (88.6%)

Timing of prophylactic antibiotic(s) 111/136 (81.6%) 423/507 (83.4%)

Weight-based dose of prophylactic antibiotic(s) 108/136 (79.4%) 449/507 (88.6%)

Redosing of prophylactic antibiotic(s)a 6/12 (50.0%) 38/65 (58.5%)

Skin antisepsis with appropriate agent 120/136 (88.2%) 408/507 (80.5%)

Maintenance of perioperative normothermia 84/136 (61.8%) 383/507 (75.5%)

Operative and postoperative supplemental oxygenb 12/83 (14.5%) 77/420 (18.3%)

Postoperative glucose monitoring and control 42/136 (30.9%) 222/507 (43.8%)

Use of SSI prevention checklist 44/136 (32.4%) 151/507 (29.8%)

Prophylactic oral antibiotics and mechanical bowel preparationc 0/0 ¢¢ 28/217 (12.9%)

Best practice deficiencies and preventability score

Procedures with at least 1 deficiency 134/136 (98.5%) 504/507 (99.4%)

Procedures with at least 2 deficiencies 120/136 (88.2%) 458/507 (90.3%)

Preventability scored 37.5 (25.0−50.0) 37.5 (25.0−44.4)

Table 3: Compliance with 10 core perioperative best practices for SSI prevention for SSIs investigated due to traditional surveillance
signals versus optimised SPC signals.
Data are n/N (%) or median (IQR). SPC = statistical process control. SSI = surgical site infection.

a Analysed for surgeries requiring redosing based on surgery duration and antibiotic(s) chosen.
b Analysed for surgeries requiring general anesthesia and mechanical intubation.
c Analysed for colon surgeries only.
d Percentage of 10 core SSI prevention best practices that were not appropriately completed.
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Discussion
In this large, multicentre cluster randomised trial with
stepped wedge design, the addition of optimised SPC
surveillance and feedback to traditional methods for SSI
surveillance did not lead to decreased SSI rates within a
large infection control network of community hospitals.
However, compared to traditional surveillance, opti-
mised SPC methods detected over three times as many
clinically important increases in SSI rates that required
detailed SSI investigations. Furthermore, SSI investiga-
tions generated by SPC signals uncovered nearly four
times as many SSIs that had multiple deficiencies in
best practices known to decrease SSI risk. Finally, opti-
mised SPC detected nearly all traditional surveillance
signals indicative of SSI rate increases, and SPC detec-
tion usually preceded traditional detection. In addition
to excellent sensitivity and timing of detection, opti-
mised SPC methods maintained reasonable positive
predictive value.

Our findings confirm the results of the retrospective
analyses we performed in the same network of hospi-
tals that led to the selection of optimised SPC methods
used in this trial.22,26 Our prior retrospective analysis
estimated that optimised SPC would have 90% sensi-
tivity and 56% positive predictive value in detecting
clinically important increases in SSI rates for hospital
and procedure combinations.26 Prospective evaluation
in this trial yielded similar performance characteris-
tics. Furthermore, for certain types of surgery,
including colon surgery, Cesarean section, and her-
niorrhaphy, SSI investigations were exclusively gener-
ated by SPC signals. Use of traditional surveillance
alone for these three procedure types would have led to
delayed or missed detection of 38 important SSI
increases that required formal investigation. Finally,
investigators in this study found the workload burden
of SPC surveillance to be quite manageable. For exam-
ple, based on our signal and investigation rates, a hos-
pital using these SPC surveillance methods would
expect on average to adjudicate fewer than two signals
per year per procedure type under surveillance. Per
procedure type, these signals would generate approxi-
mately one detailed SSI investigation every four years.

To our knowledge, our study is the first prospective
trial to evaluate the impact of optimised SPC methods
and feedback on a primary outcome of SSI rate. Prior
prospective studies have shown the potential for use of
SPC to decrease rates of hospital-acquired methicillin-
resistant Staphylococcus aureus23 and to monitor for
improvement in SSI rates following Cesarean sec-
tion.24 In addition, a recent cluster randomised trial
performed at 40 hospitals in France found that use of
SPC and feedback decreased rates of major adverse
events following gastrointestinal tract surgery; how-
ever, SSIs were analysed with other postoperative
severe complications, and the odds of this composite
endpoint were not different for intervention and con-
trol hospitals.37
www.thelancet.com Vol 54 December, 2022



Traditional surveillance
(n=24 SSI investigations)

Optimised SPC surveillance
(n=74 SSI investigations)

Procedure type investigated

Abdominal hysterectomy 4 (16.7%) 8 (10.8%)

Cardiac surgerya 0 (0%) 0 (0%)

Coronary artery bypass graft 4 (16.7%) 0 (0%)

Carotid endarterectomy 0 (0%) 0 (0%)

Cesarean section 0 (0%) 11 (14.9%)

Colon surgery 0 (0%) 20 (27.0%)

Herniorrhaphy 0 (0%) 7 (9.5%)

Hip prosthesis 5 (20.8%) 8 (10.8%)

Knee prosthesis 5 (20.8%) 9 (12.2%)

Laminectomy 2 (8.3%) 3 (4.1%)

Peripheral vascular bypass surgery 0 (0%) 2 (2.7%)

Spinal fusion 2 (8.3%) 6 (8.1%)

Vaginal hysterectomy 2 (8.3%) 0 (0%)

Primary reason for investigation

Persistent SSI rate elevation 4 (16.7%) 16 (21.6%)

Rapid SSI rate elevation 8 (33.3%) 37 (50.0%)

Elevated surgeon-specific SSI rates 10 (41.7%) 15 (20.3%)

Pathogen profile 2 (8.3%) 6 (8.1%)

Investigation actions taken by study teamb

Phone call or meeting with hospital infection prevention teams 14 (58.3%) 62 (83.8%)

Phone call or meeting with operating room staff 10 (41.7%) 10 (13.5%)

Phone call or meeting with surgeon(s) 7 (29.2%) 9 (12.2%)

Detailed line listing 24 (100%) 72 (97.3%)

Step-by-step perioperative practice review 8 (33.3%) 35 (47.3%)

In-person hospital visit 9 (37.5%) 26 (35.1%)

In-person operative room observation 5 (20.8%) 7 (9.5%)

Written recommendations provided 24 (100%) 73 (98.6%)

Type of recommendations

Perioperative process improvement 22/24 (91.7%) 72/73 (98.6%)

Ongoing surveillance and feedback 16/24 (66.7%) 45/73 (61.6%)

Education of operating room staff 1/24 (4.2%) 13/73 (17.8%)

Patient-specific intervention 3/24 (12.5%) 14/73 (19.2%)

Groups targeted by recommendations

Infection prevention committee 17/24 (70.8%) 65/73 (89.0%)

Operating room leadership 15/24 (62.5%) 43/73 (58.9%)

Surgeons 11/24 (45.8%) 31/73 (42.5%)

Hospital leadership 11/24 (45.8%) 29/73 (39.7%)

Infectious diseases clinicians 3/24 (12.5%) 3/73 (4.1%)

Pharmacy committee 0/24 (0%) 3/73 (4.1%)

Other committeec 0/24 (0%) 2/73 (2.7%)

Implementation of recommendations

All recommendations implemented 6/24 (25.0%) 15/73 (20.5%)

Some recommendations implemented 18/24 (75%) 55/73 (75.3%)

No recommendations implemented 0/24 (0%) 3/73 (4.1%)

Days from signal identification to completion of investigation 185 (122−242) 163 (97−262)

Table 4: Characteristics of SSI investigations generated by traditional surveillance signals versus optimised SPC signals.
Data are n (%), n/N (%), or median (IQR). SPC = statistical process control; SSI = surgical site infection.

a Cardiac surgery included open chest procedures on the valves or septum of the heart.
b Investigation actions included steps that occurred after initial SSI data review and discussions with network and hospital infection preventionists, which

occurred in all investigations.
c Other committees targeted by recommendations included a performance improvement committee (n = 1) and a colon SSI prevention team (n = 1).
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Similarly, improved detection of clinically important
SSI rate increases and identification of deficiencies in
perioperative best practices for SSI prevention did not
translate into reduction in SSI rates in our trial. The dis-
crepancy between SSI detection and prevention empha-
sises that enhanced surveillance and associated
recommendations for improvement do not necessarily
result in improved outcomes.38,39 Specifically, this
dichotomy suggests that strategies for providing feed-
back and promoting changes in perioperative practices
employed in our trial were insufficient to consistently
decrease SSI risk. As a result, we identified two primary
areas for improvement in our approach for SSI investi-
gations. First, we recommend early and consistent
involvement of surgeons associated with SSIs being
analysed. For investigations that occurred during this
study, initial discussions, line listing analyses, and for-
mulation of recommendations often occurred without
direct involvement of surgeons. Lack of direct commu-
nication likely decreased surgeon perception of the
importance of the identified SSI rate increases, particu-
larly when rate increases were identified by automated
and external SPC surveillance rather than local hospital
recognition of a problem. Accordingly, hospitals did not
implement many of the recommendations provided to
decrease SSI risk. Second, we recommend engagement
of a local hospital perioperative team of designated
“champions” to assist with feedback of increased SSI
rates and implementation of practice changes designed
to decrease SSI risk. For SSI prevention, this team
would ideally include a local hospital surgeon cham-
pion, infection preventionist, and other member of the
perioperative team, such as an operating room anaes-
thesiologist or nurse. Dedicated champions, as utilised
by Duclos et al.,37 could help to engage key stakeholders,
interpret SPC charts and other surveillance findings,
and implement practice changes adapted for local hospi-
tal strengths and resources.

Importantly, rates of SSI have declined over time in
our community hospital network,40 and in both arms of
this study, overall SSI rates were less than 1%. The low
risk of SSI suggests that even with improved feedback of
SSI rates and adherence to best practices for SSI preven-
tion, true decreases in overall SSI rates in a multi-hospi-
tal network would likely be difficult to detect, requiring a
large study. In contrast, the rates of deficiencies in best
practices for SSI prevention were much higher than SSI
rates. Use of SPC as a quality tool to detect and monitor
for improvement in these process measure deficiencies
could promote implementation of more effective inter-
ventions designed to decrease risk of SSI. However,
using SPC to monitor performance measures as surro-
gates for SSI rates would require near real-time assess-
ment and documentation of compliance with best
practices, which was inconsistent across our network.

This study had several limitations. First, we evalu-
ated the addition of optimised SPC surveillance to well-
established traditional SSI surveillance measures per-
formed within a large community hospital infection
control network. The impact of SPC surveillance and
feedback could differ at hospitals or hospital networks
with different SSI epidemiology, baseline surveillance
practices, and compliance with best practices for SSI
prevention. We believe that optimised SPC methods
would also improve early identification of important
increases in SSI rates in other settings, however, which
investigators at one hospital demonstrated in a retro-
spective analysis.41 Second, initiating SPC surveillance
and linking SPC signals to SSI data to facilitate signal
adjudication required technical support at study onset.
This surveillance system also required timely entry of
SSI and surgical procedure data into the Surgical Data-
base to promote early detection of SSI rate increases.
Hospitals without adequate technical support or effi-
cient electronic SSI data entry would be less likely to
benefit from the enhanced detection provided by opti-
mised SPC. Third, SSI investigations initiated by SPC
signals likely prevented generation of some traditional
surveillance signals that would have subsequently
occurred if SSI rate increases for the same hospital and
procedure had not already been detected by SPC. Never-
theless, SPC surveillance did not affect traditional sur-
veillance for clusters randomised to the control arm,
and SPC surveillance more readily identified signals in
the control arm than traditional surveillance. Further-
more, early SPC signal detection among intervention
clusters cannot account for the magnitude of the dis-
crepancies between SSI investigations generated and
best practice deficiencies uncovered by SPC compared
to traditional surveillance. Fourth, SSI rate data from 7
clusters were excluded at time periods during the final
14 months of the study when associated hospitals termi-
nated SSI reporting for relevant procedures; however,
complete SSI data from the 92 other clusters that began
the trial were analysed, decreasing the chance that the
observed dropout in SSI reporting meaningfully
affected the reported results.

This randomised, multicentre SW-CRT assessed the
impact of optimised SPC surveillance and feedback on
SSI rates within a large infection control network of
community hospitals. Compared to traditional surveil-
lance, SPC methods more frequently detected impor-
tant SSI rate increases and associated deficiencies in
best practices for SSI prevention; however, feedback of
these data did not lead to decreases in SSI rates. Further
research is needed to determine the best application of
SPC methods and feedback to improve adherence to
SSI quality measures and prevent SSIs.

Contributors
AWB, JCB, and DJA conceptualised the study. DJA
acquired funding. DB, EPD, LRG, SSH, and CRM pro-
vided additional input on study design. AWB, KRF, and
DJA curated the data. II, JCB, NN, and JS optimised the
www.thelancet.com Vol 54 December, 2022



Articles
SPC methods and oversaw the weekly application of
SPC charts. AWB, SSL, and DJA adjudicated traditional
surveillance signals. AWB and DJA blindly adjudicated
optimised SPC surveillance signals. AWB, SSL, BW,
EB, LC, KLC, ALC, PP, LR, LA, and DJA performed sur-
gical site infection investigations. YL performed the sta-
tistical analysis. AWB, YL, and DJA directly accessed
and verified the underlying data. AWB, YL, and DJA
were responsible for the decision to submit the manu-
script for publication. AWB wrote the original draft. All
authors critically reviewed the manuscript, approved the
final version, and assume responsibility for the overall
content of this article.
Data sharing statement
Deidentified data from the Early 2RIS trial will be made
available at the time of publication. Supporting docu-
ments will be made available, including the protocol,
statistical analysis plan, and data dictionary. Data and
documents will be made available to investigators after
approval of a proposal for data use. Proposals may be
submitted following article publication and should be
directed to Deverick.Anderson@duke.edu.
Declaration of interests
AWB reports grant funding from the Agency for
Healthcare Research and Quality, National Institute of
Allergy and Infectious Diseases of the National Insti-
tutes of Health, and the Centers for Disease Control
and Prevention Epicenters Program; and participation
on the Advisory Board for Medincell. DJA reports grant
funding from the Agency for Healthcare Research and
Quality, National Institute of Allergy and Infectious Dis-
eases of the National Institutes of Health, and the Cen-
ters for Disease Control and Prevention Epicenters
Program; royalties from UpToDate; and co-ownership
of Infection Control Education for Major Sports, LLC.
EPD reports participation on the Advisory Board for
Crely, Inc. and board membership of the Surgical Infec-
tion Society Foundation. II, JCB, KRF, YL, and NN
report grant funding from the Agency for Healthcare
Research and Quality.
Acknowledgements
This study was funded by the Agency for Healthcare
Research and Quality (R01 HS023821; principal investi-
gator, DJA). AWB was additionally supported by the
National Institutes of Health (K08 AI163462). We also
thank the participating hospitals, surgical personnel,
and infection prevention teams.
Supplementary materials
Supplementary material associated with this article can
be found in the online version at doi:10.1016/j.
eclinm.2022.101698.
www.thelancet.com Vol 54 December, 2022
References
1 Global guidelines for the prevention of surgical site infection. Geneva:

World Health Organization; 2018. https://www.ncbi.nlm.nih.gov/
books/NBK536404/. Accessed 21 February 2022.

2 Ban KA, Minei JP, Laronga C, et al. American college of surgeons
and surgical infection society: surgical site infection guidelines,
2016 update. J Am Coll Surg. 2017;224(1):59–74.

3 Magill SS, Edwards JR, Bamberg W, et al. Multistate point-preva-
lence survey of health care-associated infections. N Engl J Med.
2014;370(13):1198–1208.

4 Anderson DJ, Podgorny K, Berrios-Torres SI, et al. Strategies to
prevent surgical site infections in acute care hospitals: 2014 update.
Infect Control Hosp Epidemiol. 2014;35(Suppl 2):S66–S88.

5 Scott RD. The direct medical costs of healthcare-associated infec-
tions in U.S. hospitals and the benefits of prevention. Centers for
Disease Control and Prevention (CDC). http://www.cdc.gov/hai/
pdfs/hai/scott_costpaper.pdf. Accessed 1 February 2022.

6 Zimlichman E, Henderson D, Tamir O, et al. Health care-associ-
ated infections: a meta-analysis of costs and financial impact on the
US health care system. JAMA Intern Med. 2013;173(22):2039–
2046.

7 Ademuyiwa AO, Hardy P, Runigamugabo E, et al. Reducing surgi-
cal site infections in low-income and middle-income countries
(FALCON): a pragmatic, multicentre, stratified, randomised con-
trolled trial. Lancet. 2021;398(10312):1687–1699.

8 Monahan M, Jowett S, Pinkney T, et al. Surgical site infection and
costs in low- and middle-income countries: a systematic review of
the economic burden. PloS one. 2020;15(6):e0232960−e.

9 Kirkland KB, Briggs JP, Trivette SL, Wilkinson WE, Sexton DJ. The
impact of surgical-site infections in the 1990s: attributable mortal-
ity, excess length of hospitalization, and extra costs. Infect Control
Hosp Epidemiol. 1999;20(11):725–730.

10 Berrios-Torres SI, Umscheid CA, Bratzler DW, et al. Centers for
disease control and prevention guideline for the prevention of sur-
gical site infection, 2017. JAMA Surg. 2017;152(8):784–791.

11 Hawn MT, Vick CC, Richman J, et al. Surgical site infection pre-
vention: time to move beyond the surgical care improvement pro-
gram. Ann Surg. 2011;254(3):494–499. discussion 9-501.

12 Hawn MT, Richman JS, Vick CC, et al. Timing of surgical antibi-
otic prophylaxis and the risk of surgical site infection. JAMA Surg.
2013;148(7):649–657.

13 Haley RW, Culver DH, White JW, et al. The efficacy of infection
surveillance and control programs in preventing nosocomial infec-
tions in US hospitals. Am J Epidemiol. 1985;121(2):182–205.

14 Gaynes R, Richards C, Edwards J, et al. Feeding back surveillance
data to prevent hospital-acquired infections. Emerg Infect Dis.
2001;7(2):295–298.

15 Richards C, Emori TG, Peavy G, Gaynes R. Promoting quality
through measurement of performance and response: prevention
success stories. Emerg Infect Dis. 2001;7(2):299–301.

16 Benneyan JC, Lloyd RC, Plsek PE. Statistical process control as a
tool for research and healthcare improvement. Qual Saf Health
Care. 2003;12(6):458–464.

17 Levett JM, Carey RG. Measuring for improvement: from Toyota to
thoracic surgery. Ann Thorac Surg. 1999;68(2):353–358. discussion
74-6.

18 Edwards JR, Peterson KD, Mu Y, et al. National Healthcare Safety
Network (NHSN) report: data summary for 2006 through 2008,
issued December 2009. Am J Infect Control. 2009;37(10):783–805.

19 Centers for Disease Control and Prevention. Current HAI progress
report. 2018 national and state healthcare-associated infections
progress report. https://www.cdc.gov/hai/excel/hai-progress-
report/2018-SIR-ACH.xlsx. Accessed 16 February 2022.

20 Rosenthal VD, Richtmann R, Singh S, et al. Surgical site infec-
tions, International Nosocomial Infection Control Consortium
(INICC) report, data summary of 30 countries, 2005-2010. Infect
Control Hosp Epidemiol. 2013;34(6):597–604.

21 Baker AW, Haridy S, Salem J, et al. Performance of statistical pro-
cess control methods for regional surgical site infection surveil-
lance: a 10-year multicentre pilot study. BMJ Qual Saf. 2018;27
(8):600–610.

22 Baker AW, Nehls N, Ilies I, Benneyan JC, Anderson DJ. Use of
optimised dual statistical process control charts for early detection
of surgical site infection outbreaks. BMJ Qual Saf. 2020;29(6):517–
520.

23 Curran E, Harper P, Loveday H, et al. Results of a multicentre
randomised controlled trial of statistical process control charts and
13

https://doi.org/10.1016/j.eclinm.2022.101698
https://doi.org/10.1016/j.eclinm.2022.101698
https://www.ncbi.nlm.nih.gov/books/NBK536404/
https://www.ncbi.nlm.nih.gov/books/NBK536404/
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0002
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0002
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0002
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0003
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0003
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0003
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0004
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0004
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0004
http://www.cdc.gov/hai/pdfs/hai/scott_costpaper.pdf
http://www.cdc.gov/hai/pdfs/hai/scott_costpaper.pdf
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0006
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0006
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0006
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0006
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0007
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0007
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0007
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0007
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0008
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0008
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0008
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0009
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0009
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0009
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0009
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0010
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0010
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0010
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0011
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0011
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0011
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0012
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0012
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0012
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0013
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0013
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0013
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0014
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0014
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0014
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0015
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0015
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0015
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0016
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0016
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0016
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0017
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0017
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0017
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0018
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0018
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0018
https://www.cdc.gov/hai/excel/hai-progress-report/2018-SIR-ACH.xlsx
https://www.cdc.gov/hai/excel/hai-progress-report/2018-SIR-ACH.xlsx
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0020
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0020
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0020
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0020
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0021
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0021
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0021
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0021
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0022
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0022
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0022
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0022
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0023
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0023


Articles

14
structured diagnostic tools to reduce ward-acquired meticillin-resis-
tant Staphylococcus aureus: the CHART project. J Hosp Infect.
2008;70(2):127–135.

24 Dyrkorn OA, Kristoffersen M, Walberg M. Reducing post-caesar-
ean surgical wound infection rate: an improvement project in a
Norwegian maternity clinic. BMJ Qual Saf. 2012;21(3):206–210.

25 Benneyan JC. Use and interpretation of statistical quality control
charts. Int J Qual Health Care. 1998;10(1):69–73.

26 Ilies I, Anderson DJ, Salem J, Baker AW, Jacobsen M, Benneyan
JC. Large-scale empirical optimisation of statistical control charts
to detect clinically relevant increases in surgical site infection rates.
BMJ Qual Saf. 2020;29(6):472–481.

27 Anderson DJ, Miller BA, Chen LF, et al. The network approach for
prevention of healthcare-associated infections: long-term effect of
participation in the Duke infection control outreach network. Infect
Control Hosp Epidemiol. 2011;32(4):315–322.

28 Brown CA, Lilford RJ. The stepped wedge trial design: a systematic
review. BMCMed Res Methodol. 2006;6:54.

29 Mdege ND, Kanaan M. Response to Keriel-Gascou et al. Address-
ing assumptions on the stepped wedge randomized trial design. J
Clin Epidemiol. 2014;67(7):833–834.

30 Hemming K, Taljaard M. Sample size calculations for stepped
wedge and cluster randomised trials: a unified approach. J Clin Epi-
demiol. 2016;69:137–146.

31 Hemming K, Lilford R, Girling AJ. Stepped-wedge cluster rando-
mised controlled trials: a generic framework including parallel and
multiple-level designs. Stat Med. 2015;34(2):181–196.

32 Anderson DJ, Ilies I, Foy K, et al. Early recognition and response to
increases in surgical site infections using optimized statistical pro-
cess control charts-the Early 2RIS Trial: a multicenter cluster ran-
domized controlled trial with stepped wedge design. Trials.
2020;21(1):894.
33 Centers for Disease Control and Prevention (CDC). Procedure
associated module: Surgical Site Infection (SSI) event. https://
www.cdc.gov/nhsn/pdfs/pscmanual/9pscssicurrent.pdf. Accessed
8 February 2022.

34 Seidelman JL, Lewis SS, Baker AW, et al. Surgical Site Infections.
Webber D and Talbot T (eds). Mayhall’s Hospital Epidemiology and
Infection Prevention. Fifth Edition Wolters Kluwer; 2020. ISBN:
978-1-9751-2458-8.

35 Bratzler DW, Dellinger EP, Olsen KM, et al. Clinical practice guide-
lines for antimicrobial prophylaxis in surgery. Am J Health Syst
Pharm. 2013;70(3):195–283.

36 Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG.
Research electronic data capture (REDCap)—a metadata-driven meth-
odology and workflow process for providing translational research infor-
matics support. J Biomed Inform. 2009;42(2):377–381.

37 Duclos A, Chollet F, Pascal L, et al. Effect of monitoring surgi-
cal outcomes using control charts to reduce major adverse
events in patients: cluster randomised trial. Bmj. 2020;371:
m3840.

38 Groseclose SL, Buckeridge DL. Public health surveillance systems:
recent advances in their use and evaluation. Annu Rev Public
Health. 2017;38(1):57–79.

39 Dellinger EP, Villaflor-Camagong D, Whimbey E. Gradually
increasing surgical site infection prevention bundle with monitor-
ing of potentially preventable infections resulting in decreasing
overall surgical site infection rate. Surg Infect (Larchmt). 2021;22
(10):1072–1076.

40 Baker AW, Dicks KV, Durkin MJ, et al. Epidemiology of surgical
site infection in a community hospital network. Infect Control Hosp
Epidemiol. 2016;37(5):519–526.

41 Williams V, Leis JA. Applying rigour to the interpretation of surgi-
cal site infection rates. BMJ Qual Saf. 2020;29(6):446–448.
www.thelancet.com Vol 54 December, 2022

http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0023
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0023
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0023
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0024
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0024
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0024
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0025
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0025
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0026
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0026
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0026
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0026
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0027
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0027
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0027
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0027
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0028
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0028
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0029
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0029
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0029
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0030
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0030
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0030
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0031
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0031
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0031
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0032
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0032
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0032
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0032
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0032
https://www.cdc.gov/nhsn/pdfs/pscmanual/9pscssicurrent.pdf
https://www.cdc.gov/nhsn/pdfs/pscmanual/9pscssicurrent.pdf
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0034
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0034
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0034
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0034
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0034
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0035
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0035
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0035
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0036
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0036
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0036
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0036
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0037
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0037
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0037
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0037
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0038
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0038
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0038
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0039
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0039
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0039
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0039
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0039
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0040
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0040
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0040
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0041
http://refhub.elsevier.com/S2589-5370(22)00428-X/sbref0041

	Early recognition and response to increases in surgical site infections using optimised statistical process control charts-The early 2RIS trial: A multicentre stepped wedge cluster randomised controlled trial
	Introduction
	Methods
	Study design and participants
	Randomisation and masking
	Procedures
	Outcomes
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	Contributors
	Data sharing statement
	Declaration of interests
	Acknowledgements
	Supplementary materials
	References





