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A Socio-Technical, Probabilistic Risk Assessment Model for Surgical
Site Infections in Ambulatory Surgery Centers

Ebru K. Bish, PhD;' Hadi El-Amine, MS;' Laura A. Steighner, PhD;* Anthony D. Slonim, MD’

BACKGROUND, To understand how structural and process elements may affect the risk for surgical site infections (SSIs) in the ambulatory
surgery center (ASC) environment, the researchers employed a tool known as socio-technical probabilistic risk assessment (ST-PRA). ST-
PRA is particularly helpful for estimating risks in outcomes that are very rare, such as the risk of SSI in ASCs.

OBJECTIVE. Study objectives were to (1) identify the risk factors associated with SSIs resulting from procedures performed at ASCs and
(2) design an intervention to mitigate the likelihood of SSIs for the most common risk factors that were identified by the ST-PRA for a
particular surgical procedure.

METHODS. ST-PRA was used to study the SSI risk in the ASC setting. Both quantitative and qualitative data sources were utilized, and
sensitivity analysis was performed to ensure the robustness of the results.

rReEsuLTs. The event entitled “fail to protect the patient effectively” accounted for 51.9% of SSIs in the ambulatory care setting. Critical
components of this event included several failure risk points related to skin preparation, antibiotic administration, staff training, proper
response to glove punctures during surgery, and adherence to surgical preparation rules related to the wearing of jewelry, watches, and
artificial nails. Assuming a 75% reduction in noncompliance on any combination of 2 of these 5 components, the risk for an SSI decreased

from 0.0044 to between 0.0027 and 0.0035.

CONCLUSION.
discussed.

An intervention that targeted the 5 major components of the major risk point was proposed, and its implications were
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Outpatient procedures represent more than three-quarters of
all operations performed in the United States and are per-
formed increasingly for patients whose conditions are more
complex and who have more comorbid conditions.'” In re-
cent years, there has been a significant increase in the number
of ambulatory surgery centers (ASCs) nationally and an ex-
pansion of the volume, types, and complexity of procedures
performed at these centers.” Given the increasing number of
ASCs, expansion of the procedures performed at ASCs, and
the variability in their ownership and organizational struc-
ture, it is important to understand healthcare-associated in-
fection (HAI) rates, their risk factors, and how they differ for
ASCs compared with hospitals to improve the care of patients
in this context. Surgical site infection (SSI) is the most com-
mon HAI among surgical patients® and is the focus of this
research effort.

The socio-technical probabilistic risk assessment (ST-PRA)
is an engineering tool commonly used for the modeling and
analysis of complex engineering systems, with the goals of

quantifying the risk of high-impact, low-probability events
(“adverse events”) and identifying improvement actions (“in-
terventions”) for reducing the risk.*® ST-PRA is an ideal tool
for studying the risk of SSIs arising in the ASC setting, because
the processes at ASCs and possible failure points depend on
the interactions between people, systems, and technology.
Furthermore, SSIs fit perfectly within the definition of high-
impact, low-probability events. Consequently, we performed
an ST-PRA to map the cause-and-effect relationships between
failure points and SSI risk in the ASC setting and to identify
improvement actions.

METHODS
Definition of SSI

The Centers for Disease Control and Prevention definition
of an SSI is an infection that occurs after a requisite procedure
that involves a surgical incision and is performed in an op-
erating room setting.’
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FIGURE 1. Top event “surgical site infection” with 2 lower-level

events, “patient risk factor” and “microbe moves to surgical site.”

Surgical Procedure

The study was restricted to arthroscopic knee surgery, which
was selected because it is a high-volume procedure, is per-
formed across all age groups, and is amenable to an ambu-
latory intervention."

Setting and Partners

Our clinical partners included 4 ASCs, each representing a
different care context: an academic hospital-associated ASC;
a community hospital-associated ASC; a free-standing for-
profit ASC; and a free-standing, hospital-associated, pediatric
ASC. A technical expert panel (TEP), consisting of 12 mem-
bers, acted in an advisory capacity for the researchers to clin-
ically validate the assessment and interventions.

Patient ri
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ST-PRA Methodology

ST-PRA is a powerful risk assessment and management tool
for several reasons. (1) It proactively identifies a system’s risk
points (“failure points” or “basic events”) before failures oc-
cur. (2) It systematically models complex interactions among
people, processes, and technology through the use of deduc-
tive logic, Boolean algebraic, and probability theory, allowing
the construction of a model (“fault tree”) of how risk points
interact with one another, either individually or collectively,
to contribute to the adverse event of interest. As a result, the
ST-PRA methodology is especially well-suited for healthcare
systems in which multiple failures, often involving a com-
bination of people, processes, and technology, must occur for
an adverse event to occur. (3) It uses both quantitative and
qualitative data from various sources (eg, risk estimates from
the evidence-based literature and experiential estimates from
system users) to “map” the risks associated with the adverse
event in a robust manner. (4) It quantifies the risk of the
adverse event under investigation and identifies the failure
points that are the highest contributors to the adverse event.
As such, it provides a road map for practitioners in the form
of a prioritized list of interventions that can reduce risk the
most.

ST-PRA methodology involves 6 steps; detailed descrip-
tions regarding the approach to modeling have been pub-
lished elsewhere.'""* (1) Identify the adverse event of interest
(“top event”). (2) Identify all failure points or basic events
that may independently or in conjunction with each other
contribute to the top event. (3) Identify the dependencies and
interactions among the risk points, creating a fault tree that
depicts the relationships and interconnections between the
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H

Smoker
patient

| Malnourished
patient

Diabetic
patient

Patient with
compromised
immune system

Alcoholic patient

!

|
| Cancer |

AIDS | | | Patient with
patient | | patient | systematic
i || steroid use

FIGURE 2. Subtree for event “patient risk factor” with children

immune system.”

https://doi.org/10.1086/677824 Published online by Cambridge University Press

| Other
atient

. P { .
Patient with { | Patient on
rheumatoid | | immunosuppressive !
disease | l drugs |
| }

nodes presented for the lower-level event “patient with compromised


https://doi.org/10.1086/677824

ST-PRA MODEL FOR SS8Is IN ASCs 5135

| Smoker surgical site infection risk

i

Smoking cessation
| both pre-operatively
| and post-operatively

Smoking cessation
only pre-operatively
and not post-
operatively

| only post-operatively
|

No smoking
cessation pre-
operatively or post-
operatively

Smoking cessation

and not pre-
operatively

i

| Stff fails to |

provide patient
with instructions |
and guidance on

FIGURE 3.
only postoperatively and not preoperatively.”

basic events using various logical operators. (4) Validate the
structure and logic of the fault tree model. (5) Identify the
likelihood of the basic events in the fault tree model. (6)
Conduct a sensitivity analysis of the fault tree model by vary-
ing the range of probability values.

Data Sources Used

The following data sources were used in this research to en-
sure that the fault tree captured all possible risk points and
patient factors: (1) the peer-reviewed and gray literature, (2)
national databases, (3) ASC site visits, and (4) TEP input.
Each source informed the data collection effort for the other
sources in an iterative fashion. That is, information gleaned
during the literature review informed ways to analyze the
databases; information collected during the site visits or dur-
ing the TEP meetings informed additional data analyses and
literature searches.

We used Relex Reliability Studio 2007 software, version 2,
to identify the failure points that are the top contributors to
SSI risk and to determine the corresponding SSI risk. We
conducted a sensitivity analysis by varying a set of basic event
probabilities over specific ranges to test the model’s robust-
ness. Please see Slonim et al'' and Bish et al”’ for details on
the analysis.
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RESULTS
Construction of the Fault Tree

The top event of interest for this research is an SSI occurring
in an ASC setting. Relevant literature suggests the following
conceptual model: “Microbial contamination of the surgical
site is a necessary precursor of SSI. The risk of SSI can be
conceptualized according to the following relationship: risk
of SSI = (dose of bacterial contamination X virulence)/
resistance of the host patient.”"*?'"”

Two conditions must be met for an SSI to occur: (1) the
surgical site must be contaminated with the microbe, and (2)
the host patient’s resistance should be low enough to enable
infection to occur. In other words, the contamination of the
surgical site with the microbe is necessary but not sufficient
for an SSI to develop; patients with some risk factors are
more likely to develop an SSI after an encounter with the
microbe."

We model this phenomenon in the fault tree by assuming
that the patient either acquires the microbe inside of the ASC
because of a system failure (eg, failure to sterilize equipment
appropriately and failure to clean high-touch areas appro-
priately) or the patient enters the ASC with the microbe and
remains with the microbe due to a system failure (eg, failure
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FIGURE 4. Subtree for event “microbe moves to the surgical site” with children nodes presented for all lower-level events. MRSA, methicillin-

resistant Staphylococcus aureus. PACU, postanesthesia care unit.

to screen and identify a methicillin-resistant Staphylococcus
aureus [MRSA]—infected patient). Therefore, we link (1) mi-
crobial contamination to a set of failures in the system and
(2) host patient’s resistance to patient characteristics (risk
factors) and failures to mitigate them. This allows patient risk
factors and system failure points to be incorporated into risk
estimates in the fault tree. The fault tree incorporates system
failures that may occur during the preoperative, operative,
and postoperative phases.

The final fault tree contained 283 events and 203 gates and
can be found in Slonim et al.”” In this article, we provide
select examples from the fault tree and show only parts of
the fault tree to demonstrate our modeling approach. In the
figures, an “AND” gate is represented by the single arched
window symbol, and an “OR” gate is represented by the
double-arched window symbol. The probabilities of events
from lower levels of the tree are displayed inside the triangles.
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Figure 1 depicts the top part of the fault tree in which the
occurrence of an SSI event depends on the occurrence of 2
lower-level events, “patient risk factor” and “microbe moves
to surgical site.” Given the patient’s encounter with the mi-
crobe, the likelihood of an SSI will depend on the patient’s
risk factor (if any). Therefore, these 2 events are connected
using an AND gate. The term P, corresponds to the proba-
bility of an SSI and is calculated using the probabilities of
the basic events (provided by the ST-PRA modeler) and the
logical relationships in the tree.

Next, we present our modeling approach for the node,
“patient risk factor,” depicted in Figure 1. (A node is an
“event” or risk point; the terms are used interchangeably.
During model building, “node” is the common term used.)
The event “patient risk factor” can be further expanded, via
an OR gate, into its “children nodes” (events), each of which
represents a specific risk factor, as depicted in Figure 2. Patient
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Subtree for event “patient colonized with MRSA preoperation” with children nodes presented for the lower-level event “failure

to screen or decolonize.” MRSA, methicillin-resistant Staphylococcus aureus.

risk factors explicitly modeled in the fault tree include dia-
betic, malnourished, obese, smoker, alcoholic, and elderly;
patient with vascular insufficiency, skin lesion, compromised
immune system, or high temperature; and otherwise healthy
patient. We also considered the intersection of these events,
that is, cases in which a patient might be both obese and
diabetic, for example. Some of these risk factors are further
detailed into their children nodes, such as Figure 2, which
depicts the children nodes for “patient with compromised
immune system.”

For each risk factor, the risk could potentially be mitigated
during the preoperative phase. If a risk factor is mitigated
(eg, a smoker patient is instructed to stop smoking prior to
surgery and the patient follows instructions and stops smok-
ing), then the SSI risk of that patient will be reduced. Figure
3 illustrates this modeling approach for the smoker patient.
A similar approach is used in the fault tree to model pre-
operative mitigation opportunities for all children nodes “pa-
tient risk factor.” That is, each of these children nodes cor-
responds to an “intermediate node,” which is built up from
lower level events in the tree and connected all the way to
basic events. Continuing with our example, a smoker patient
may or may not adhere to preoperative and postoperative
instructions for smoking cessation, leading to 4 mutually ex-
clusive events, all connected with an OR gate: (1) smoking
cessation both preoperatively and postoperatively; (2) smok-
ing cessation only preoperatively and not postoperatively (the
patient resumes smoking postoperatively); (3) smoking ces-
sation only postoperatively and not preoperatively (the pa-
tient does not stop smoking preoperatively), and no smoking
cessation preoperatively or postoperatively.
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In Figure 3, we also provide the subtree for the event
“smoke cessation only postoperation,” obtained by expanding
this node, via an OR gate, into its children nodes: “staff fails
to provide patient with instructions and guidance on smoke
cessation,” “patient fails to follow instructions,” and “smoke
status is not assessed.” The event “smoke status is not as-
sessed” is further connected via an OR gate to its children
nodes, “patient does not provide accurate information” and
“staff fails to ask about smoking status.”

In Figure 4, we discuss our modeling approach for the
intermediate event, “microbe moves to surgical site,” first
noted in Figure 1. Each of the children nodes of this event,
in turn, represents an intermediate event. As Figure 4 dem-
onstrates, the fault tree incorporates system failures occurring
during the preoperative, operative, and postoperative phases.
Next, we provide an example of how failures in each phase
are modeled in the fault tree.

As a preoperative example, consider the intermediate event
“microbe moves to surgical site due to preoperative failure”
in Figure 4. System failures that need to occur for this event
may differ for patients entering the ASC with MRSA (rep-
resented by the node “patient colonized with MRSA”), for
patients that capture the microbe in the preoperative wait
area (represented by the node, “patient gets microbe in pre-
operative area”), and for other patients (represented by the
node, “non-MRSA patient”). Each of these nodes is modeled
further in the fault tree. For example, Figure 5 depicts the
expansion of the node “patient colonized with MRSA” to its
children nodes, and Figure 6 depicts the further expansion
of the node “failure to decolonize the patient preoperatively”
to its children nodes.
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Similarly, for the operative phase for the intermediate event
“microbe moves to surgical site due to operative failure” to
occur during surgery, the microbe needs to be present in the
operating room (represented by the node, “microbe in op-
erating room”), and the microbe needs to get to the patient
(represented by the node, “patient gets microbe in operating
room”), as depicted in Figure 4. Figure 4 also expands the
node “microbe in the operating room” to its children nodes
(“microbe in air,” “microbe on environmental surface,” “mi-
crobe on equipment,” and “microbe on operating room
staff”), each of which is further expanded into its own chil-
dren nodes. Figure 7 expands the node “patient gets microbe
during home care” depicted in Figure 4 to its children nodes
(“failure to follow postoperative directions” and “failure to
notice or manage”), which are further expanded into their
own children nodes.

Events Targeted for Intervention

The original risk of developing an SSI is estimated by the
fault tree model as 0.0044 (ie, 44 out of 10,000 cases will
develop an SSI following surgery). “Event 642: Failure to
effectively protect patient” and its component events (chil-
dren nodes) accounted for 51.9% of SSIs in the ASC setting.
The most important components that comprise this failure,
as indicated by their contribution to the risk of developing
an SSI, along with their labels in the fault tree, include (1)
failure to prepare the skin appropriately preoperatively (event
30); (2) antibiotic related failure (gate 239); (3) staff not well-
trained in infection control practices (event 142); (4) glove
puncture (event 659); and (5) failure to remove watch, jew-
elry, or artificial nails (event 138).

Because improvement efforts can never be 100% successful
at mitigating risk, we examined the variable impact of an
intervention using values of 25%, 50%, and 75% reduction
in noncompliance rates. For example, if an ASC chooses to
focus on improving skin preparation practices, the interven-
tion would reduce the likelihood of that risk factor (ie, event
30: “failure to prepare the skin appropriately”) from its orig-
inal value of 0.125 to 0.0625 if the noncompliance rate was
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Subtree for event “failure to decolonize the patient preoperatively” with all lower-level events.

reduced by 50%. The combined impact on the risk of de-
veloping an SSI for each of these combinations at different
impact levels is presented in Table 1. For example, if the ASC
selected interventions that targeted both the failure to prepare
the skin appropriately (event 30) and training for staff in
infection control practices (event 142) and expected only a
25% reduction in noncompliance rate for each, the proba-
bility of an SSI would actually be further reduced to 0.0039.

DISCUSSION

The 3 key factors taken into consideration during the inter-
vention design phase were (1) ease of implementation, (2)
the likelihood of achieving substantive improvement, and (3)
the level of effort necessary for its effective implementation
within an existing system (ie, ASC environment). As the re-
sults of the fault tree analysis indicate, the event targeted for
an intervention was “event 642: failure to effectively protect
patient” (with its children nodes detailed earlier).

Interestingly, several of these components are included as
infection control requirements by the Joint Commission or
the Centers for Medicare and Medicaid Services accreditation
and compliance processes in the hospital surgical environ-
ment (ie, there are specific infection control standards re-
garding the wearing of jewelry and artificial nails, use of
antibacterials, and other associated infection control prac-
tices). Although not required in ASCs, some facilities have
adopted these policies. For example, hospital-affiliated ASCs
tend to incorporate their hospital’s policies as their own;
however, there can be great variability in how the policies
and procedures are monitored and enforced, further high-
lighting this set of events as the target for a potentially val-
uable intervention.

The proposed intervention included developing and insti-
tuting guidelines for infection control practices at ASCs, mod-
eled after the guidelines provided to hospitals and including
policies and procedures for the prevention of preoperative
infection transmission (eg, hygiene, infectious waste, personal
protective equipment, infectious patients, prevention of
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patient-to-patient transmission, assessment of risk factors for
SSIs, and risk procedures), prevention of intraoperative in-
fection transmission (eg, surgical disinfection and antisepsis,
skin preparation, and disinfection in the surgical environ-
ment), and prevention of postoperative infection transmis-
sion (eg, dressing the postoperative wound).

The intervention should also include opportunities for (1)
staff training on the proper technique to ensure consistency
across providers and personnel and (2) observation of staff
technique in the ASC environment. We also recommended
that a bundle addressing the following issues be identified:
(1) identification of high-risk patients (eg, patients with di-
abetes, MRSA, or obesity); (2) procedures to ensure removal
of jewelry, watches, and artificial nails; (3) guidance on rou-
tine double gloving and preoperation response to glove punc-
tures; (4) skin preparation practices including antisepsis and
draping; and (5) proper administration and timing of anti-
bacterial agents.

In this study, we used the ST-PRA to identify the contrib-
utors to the occurrence of SSIs in the ASC environment. The
value of ST-PRA lies in the capacity to consider both indi-
vidual contributors of risk and unique combinations of risks
that contribute to the adverse outcome. By including both
quantitative and qualitative data in the models, a real-world
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experience can be created and tested using the sensitivity
analysis methodology, allowing the ST-PRA modeler to main-
tain the scientific integrity of the tool. Finally, the ST-PRA
model also serves as a living document that can continue to
be modified over time as new risk information is acquired
either through direct observation or improved methods for
studying the ASC environment.

Despite these important strengths, notable limitations of
this study should be acknowledged. The lack of integrated
data systems, linking patients between the ASC, emergency
department, and inpatient settings, significantly limited the
ability to inform the model with real risk estimates. Until
these linkages can be established, investigators studying care
in the ASC setting will continually face the challenge of “loss
to follow-up.” Patients tend to seek care for surgical com-
plications in emergency departments, inpatient settings, or
their primary care physicians’ offices, and the attribution of
the complication may not return to the ASC where it orig-
inated. Although a typical limitation of such modeling ex-
ercises is that the resulting models do not create a real world
picture of what it is intended to portray, this was not a lim-
itation of the current study. The use of quantitative estimates
from the literature and the modeling of the in vivo process
flows contributed to a real life understanding of the system
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TABLE 1. Probability of Surgical Site Infection (SSI) by Multiple Concurrent Interventions at
Various Reductions of Noncompliance Rates (25%, 50%, and 75%)

Event/gate Event 30  Gate 239 Event 142 Event 659 Event 138

25% reduction in noncompliance
Event 30: fail to prepare skin

appropriately .0042 .0038 .0039 .0040 .0041
Gate 239: antibiotic-related

failure ... .0040 0037 .0038 .0039
Event 142: staff not well

trained in infection control .0041 .0039 .0039
Event 659: glove puncture .0042 .0041
Event 138: fail to remove

watch/jewelry/fake nails .0042

50% reduction in noncompliance
Event 30: fail to prepare skin

appropriately .0040 .0033 .0035 .0037 .0038
Gate 239: antibiotics-related

failure ... .0036 0032 .0033 .0034
Event 142: staff not well

trained in infection control .0038 .0035 .0035
Event 659: glove puncture .0040 .0037
Event 138: fail to remove

watch/jewelry/fake nails 0041

75% reduction in noncompliance
Event 30: fail to prepare skin

appropriately .0039 .0027 .0032 .0035 .0035
Gate 239: antibiotics-related

failure e .0032 0027 .0029 .0029
Event 142: staff not well

trained in infection control .0035 .0030 .0031
Event 659: glove puncture .0039 .0034
Event 138: fail to remove

watch/jewelry/fake nails .0039

NOTE. An “event” represents a risk point, and a “gate” represents a logical combination of a
series of events. The numbers in the table represent the probability of an SSI occurring when
multiple interventions are performed with varying rate reduction in noncompliance with the
intervention. For example, a 25% reduction in noncompliance rate for “fail to prepare skin ap-
propriately” and “staff not well-trained in infection control” events simultaneously reduces to the
SSI risk from its original probability of .0044 to .0039.
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