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A B S T R A C T

Reductions in perioperative surgical site infections are obtained by a multifaceted approach including patient decolonization, hand hygiene, and hub disinfection,
and environmental cleaning. Associated surveillance of S. aureus transmission quantifies the effectiveness of the basic measures to prevent the transmission to
patients and clinicians of pathogenic bacteria and viruses, including Coronavirus Disease 2019 (COVID-19). To measure transmission, the observational units are
pairs of successive surgical cases in the same operating room on the same day. We evaluated appropriate sample sizes and strategies for measuring transmission.

There was absence of serial correlation among observed counts of transmitted isolates within each of several periods (all P ≥.18). Similarly, observing trans-
mission within or between cases of a pair did not increase the probability that the next sampled pair of cases also had observed transmission (all P ≥.23).

Most pairs of cases had no detected transmitted isolates. Also, although transmission (yes/no) was associated with surgical site infection (P =.004), among cases
with transmission, there was no detected dose response between counts of transmitted isolates and probability of infection (P =.25).

The first of a fixed series of tests is to use the binomial test to compare the proportion of pairs of cases with S. aureus transmission to an acceptable threshold. An
appropriate sample size for this screening is N =25 pairs. If significant, more samples are obtained while additional measures are implemented to reduce trans-
mission and infections. Subsequent sampling is done to evaluate effectiveness. The two independent binomial proportions are compared using Boschloo's exact test.
The total sample size for the 1st and 2nd stage is N =100 pairs.

Because S. aureus transmission is invisible without testing, when choosing what population(s) to screen for surveillance, another endpoint needs to be used (e.g.,
infections). Only 10/298 combinations of specialty and operating room were relatively common (≥1.0% of cases) and had expected incidence≥0.20 infections per 8
hours of sampled cases. The 10 combinations encompassed ≅17% of cases, showing the value of targeting surveillance of transmission to a few combinations of
specialties and rooms.

In conclusion, we created a sampling protocol and appropriate sample sizes for using S. aureus transmission within and between pairs of successive cases in the
same operating room, the purpose being to monitor the quality of prevention of intraoperative spread of pathogenic bacteria and viruses.

1. Introduction

Reductions in perioperative surgical site infection are obtained by a
multifaceted approach including patient decolonization (viral anti-
septic), hand hygiene, use of closed lumen intravenous systems and hub
disinfection, and environmental cleaning facilitated by evidence-based
surveillance feedback.[1,2] This approach can be adapted to address
transmission of Coronavirus Disease 2019 (COVID-19) to patients and
clinicians.[3,4]

Monitoring of S. aureus transmission (e.g., from one patient to the
next in an operating room) is done, in part, because perioperative S.
aureus transmission is associated with surgical site infection.[1] The
efficacy of a bundle to reduce surgical site infections is greater when
combined with feedback on transmission.[1] Perioperative transmission

has been linked to development of postoperative infections via single
nucleotide variant analysis,[5–7] including more pathogenic S. aureus
strain characteristics owing to increased biofilm formation[5] and de-
siccation tolerance[6]. Not only does S. aureus transmission involve
patient skin, provider hand, and environmental reservoirs in operating
rooms,[1,5–7] the same applies to the epidemiology of perioperative
transmission of Enterococcus, Klebsiella, Acinetobacter, Pseudomonas,
and Enterobacter.[8–11]

Not surprisingly, the epidemiology of viral pathogen transmission,
including but not limited to SARS-CoV-2, involves the same reservoirs,
and thus the same hygiene measures are important to control viral
spread.[2,12,13] Thus, monitoring of intraoperative S. aureus transmis-
sion not only serves as a measurement for the effectiveness of basic
measures to prevent the operating room transmission of pathogenic

https://doi.org/10.1016/j.pcorm.2020.100115
Received 14 April 2020; Received in revised form 12 May 2020; Accepted 17 May 2020

⁎ Corresponding author.
E-mail address: franklin-dexter@uiowa.edu (F. Dexter).

Perioperative Care and Operating Room Management 20 (2020) 100115

Available online 21 May 2020
2405-6030/ © 2020 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/24056030
https://www.elsevier.com/locate/pcorm
https://doi.org/10.1016/j.pcorm.2020.100115
https://doi.org/10.1016/j.pcorm.2020.100115
mailto:franklin-dexter@uiowa.edu
https://doi.org/10.1016/j.pcorm.2020.100115
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pcorm.2020.100115&domain=pdf


bacteria but also SARS-CoV-2.[1,3,4]

To measure S. aureus transmission, the observational units are pairs
of successive surgical cases in the same operating room on the same
day.[1,14] Routine sampling of pairs of cases is done by operating room
nurses, surgical technologists, or anesthesia technicians. Each person
doing sampling characteristically can sample two pairs of cases per day
(e.g., one pair in the morning and another in the afternoon).[1,14]

Sampling is from a common targeted population, whether a facility
with multiple services and operating rooms, a service at a facility
among multiple operating rooms, or several operating rooms. More
pairs of cases can be sampled in a day if cases are brief, because
duration is not a significant covariate for transmission.[1,15] Samples for
culturing are taken at precisely chosen locations in operating rooms
(e.g., anesthesia machine vaporizer or patient's nasopharynx) and
epochs (e.g., before case starts and when finished). Transmission is
established when the same S. aureus isolate is obtained from ≥2 dis-
tinct, epidemiologically-related reservoirs within the pair of successive
surgical cases.[1,14]

What is unknown is the minimum appropriate sample size of pairs
of cases to evaluate if a hospital, surgical specialty, group of operating
rooms, etc., has a sufficiently high incidence of transmission to warrant
changes in infection control practices. To know whether perioperative
infection control measures are effective, how many pairs of cases
should be sampled? If that threshold incidence were exceeded, how
many additional pairs should be sampled during and after im-
plementation of an infection-reducing bundle, with feedback, to assess
improvement? Finally, once bacterial (and viral) transmission has been
mitigated, how often is sampling required for surveillance and feedback
to detect new environmental contamination, with consequent risk of
infection both to patients and healthcare workers?

2. Previously unpublished data used for illustrations

Data collection was approved by the Georgetown-Medstar
Institutional Review Board.

S. aureus transmission was measured using OR PathTrac (RDB
Bioinformatics, Coralville, Iowa) for 336 pairs of cases at the studied
hospital over 235 days. Deidentified data are posted at https://FDshort.
com/SampleSize2SeqTests. The specific dates are excluded deliber-
ately. There are three data for each pair of cases: A) date in units of days
from the starting date plus 1, ranging from 1-235; B) operating room
numbered 1-24; and C) count of transmitted isolates, ranging from 0-
10.

The sample size of 336 pairs of cases (Table 1) was not chosen to
perform the current study. The start date of samples was chosen based
on the hospital's objective to improve basic perioperative infection
control measures. The last date of samples was early March 2020, by
when there had been >100 cases in the USA of COVID-19.[16] The
authors performed analyses throughout March 2020, because we re-
cognized that the data being collected could be used to address quickly
the need for greater intraoperative infection control because of COVID-
19.[3,4] The hospital collected no additional samples in March because
elective surgery was stopped because of the COVID-19 pandemic.

Interventions to reduce environmental contamination include ca-
pital equipment, and thus vary among operating rooms (e.g., anesthesia

machines with greater ease of decontamination,[17] specialized venti-
lation systems,[18,19] germicidal lighting,[20] door locks and electronic
signage to prevent main and inner core doors from being open si-
multaneously,[21] and rooms of different physical configurations[22]).
Also, cases of different specialties are scheduled non-randomly into
specific operating rooms.[15,23] However, using the data (Table 1) for
illustration, Kruskal-Wallis test (i.e., analysis of variance on ranks) for
the counts of transmitted isolates did not differ significantly among the
24 rooms, P =.32 (STATA 16.0, College Station, TX). We created a
fourth variable in the upload for readers, column D) transmitted isolate
0 versus ≥1. The incidence of transmission did not differ significantly
among rooms, Fisher exact test P =.46. Because the specific room was
not a covariate, we performed subsequent work while pooling among
rooms.

We divided the pairs of cases into quartiles of successive observa-
tions, creating the fifth variable in the uploaded worksheet, column E.
Because the sample size was not a multiple of 4, the pairs of cases in
each of the periods were similar, but not identical (Table 1, range 83-86
pairs of cases). The unequal sample sizes among periods were selected
to achieve absence of overlap of dates among the periods. The counts of
transmitted isolates differed among periods, P<.001 using the Kruskal-
Wallis test. The percentage incidences of transmission also differed
among periods, P <.001 using Fisher's exact test.

During the 1st period, there were progressively increasing counts of
transmitted S. aureus isolates and proportion of pairs of cases with
transmission (Table 2). This is shown by the Kendall's τb of the count
data having positive association with date, and by logistic regression of
the binary data having positive association with date. This increase in
transmission during period 1 motivated the study hospital to improve
patient decolonization, hand hygiene, use of closed lumen intravenous
systems and hub disinfection, and environmental cleaning, supple-
mented by ongoing surveillance (e.g., to target the use of ultraviolet
light [UV-C] for specific rooms[1,24]). For our purposes in using the data
to evaluate sample sizes for surveillance of intraoperative transmission,
the impact of the trend in period 1 was that the data from that period
were omitted from subsequent analyses. The hospital did not revise the
infection-reducing bundle during the periods with collected samples;
during period 4, COVID-19 was minimally in its community.

3. Statistical associations between sequential pairs of cases within
periods

Sample sizes for accurately estimating transmission within or be-
tween periods depend markedly on the serial correlation.[25] When
there is positive serial correlation, consecutive observations stay above
average for some time, and vice-versa. Sample sizes need to be greater
when there is positive serial correlation. The effect of serial correlation
on sample size has been foundational to operating room management
science and how those data need to be analyzed.[26–30] For example,
serial correlation is a reason why adjusted and raw utilization of op-
erating room block time cannot be estimated accurately by sur-
geon.[26,27] Serial correlation affects why cancellation rates and turn-
over times need to be analyzed using batches (bins) of two-weeks or
longer.[28,30–32]

Another reason to know whether serial correlation is present is that

Table 1
Data from the studied hospital divided into quartiles by date.

Period N pairs of cases Days from first date + 1 Mean (SD) transmitted isolates Range transmitted isolates % pairs of cases with transmission

1 84 1 to 88 0.45 (1.36) 0 to 8 14.29%
2 86 89 to 149 1.36 (2.30) 0 to 10 40.70%
3 83 150 to 194 0.76 (1.86) 0 to 10 20.48%
4 83 197 to 235 0.35 (1.19) 0 to 7 12.05%

The counts of transmitted isolates differed significantly among periods, P< .001 using the Kruskal-Wallis test. The percentage incidence of transmission also differed
among periods, P < .001 using Fisher's exact test.
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positive serial correlation could be an advantage when selecting pairs of
cases for sampling.[33] For example, suppose that a hospital may im-
plement an infection control bundle and feedback for two populations,
plastic surgery and gynecological oncology. If there were substantial
serial correlation, then if a pair of successive cases of plastic surgery
had detected transmission, the next pair of cases sampled likely should
be plastic surgery.[33] There also would be an advantage to having the
S. aureus results available by early the next day for purposes of selecting
pairs of cases for surveillance. However, if there was no serial corre-
lation, results need not (and should not) influence sampling.[15]

When a pair of cases for which sampling was done at the studied
hospital had counts of transmitted isolates that were above average for
the period, with the average estimated using the sample mean
(Table 1), was there increased chance that the next sampled pair of
cases also had transmitted isolates that were above average? That was
not so, P =.18, P =.23, and P =.63 among periods 2, 3, and 4, re-
spectively (Table 2). Similarly, we asked whether observing transmis-
sion within or between cases of a pair[1,14] increased the probability
that the next sampled pair of cases also had observed transmission. That
too was not so, P =.82, P =.23, and P =.63, respectively (Table 2).
Finally, there was not significant serial correlation detected by the runs
test by date (Table 3). These results imply that there is no need to adjust
the sample size calculations shown below for serial correlation.

4. Sample sizes are based on proportion of pairs of cases with S.
aureustransmission

Three facts indicate that the endpoint for designing sampling should
be the presence versus absence of transmission (i.e., 0 versus ≥1
transmitted isolate).

First, most (i.e., greater than half) of the pairs of cases had no de-
tected transmitted isolates (Table 1).

Second, the counts of transmitted isolates depend on the numbers of
sampling time points and locations. For example, in the randomized
study of infection control bundle with feedback, there were 33 samples
per pair of cases, preoperative, intraoperative, and postoperative.[1] In

contrast, an ongoing prospective observational study of bactericidal
intraoperative lighting has 22 samples per pair of cases, all in-
traoperative.[20,34] Different hospitals will choose from among sam-
pling time points and locations based on presumptive information.
Therefore, the means of the counts (Table 1 column 4) are influenced by
the skewness of the data and may differ among hospitals based on how
many samples are done for each pair of cases. In other words, the re-
commended sample size based on the means may not be generalizable
among hospitals.

Third, in the randomized study, surgeons were assigned at random
to a group with usual infection control or to another group with an
infection control bundle and feedback on S. aureus perioperative
transmission.[1] Transmission, the primary study endpoint, was asso-
ciated with surgical site infection; 11.0% (8/73) of patients with S.
aureus transmission detection had infection versus 1.8% (3/163)
without transmission detection, risk ratio 5.95, 95% confidence interval
1.63-21.80, P =.004.[1] We evaluated for the current study whether
transmission of more isolates was associated with greater risk for in-
fection.[1] Among the 11 patients with surgical site infections,[1] the
counts of transmitted isolates × patients were 8 × 1, 7 × 1, 3 × 4, and
1 × 2. In comparison, among all 73 patients with transmitted isolates,
the distribution of counts of transmitted isolates were 10 × 1, 8 × 1,
7 × 4, 6 × 3, 5 × 7, 4 × 8, 3 × 8, 2 × 16, and 1 × 25. Using the
Kolmogorov-Smirnov two-sample test to compare the distributions of
non-zero counts between groups, N = 11 and N = 73, respectively, the
exact two-sided P =.25. Therefore, the distributions did not differ
significantly.

Based on the preceding three observations, we subsequently neglect
the counts for purposes of inference, and use the binary, presence or
absence of transmission.

5. Adjustment of type I error rate for the 2 sequential tests

What we have determined to this point is that two statistical tests
will be performed in a fixed sequence (Table 4). First, the binomial
proportion of pairs of cases with S. aureus transmission will be esti-
mated. The null hypothesis tested using the binomial test will be that
the incidence does not differ from an acceptable threshold. If P ≥α
(e.g., with α =.05), sampling ceases because it would be more useful to
target other populations (e.g., operating rooms). If P <α for the one-
sided alternative that the incidence of transmission is greater than
threshold, more sampling commences. During the weeks spent pre-
paring to implement additional measures to prevent transmission and
infections, sampling continues if, as shown below, more samples are
needed at baseline to evaluate reductions over time. After intervention
starts, sampling is done for a similar number of pairs of cases to

Table 2
Trends and serial correlation within each of the 4 periods.

Period N pairs of
cases

Kendall's τb transmitted
isolates

Logistic regression transmitted or not,
odds ratio per each 1 day

Runs test, transmitted
isolates, mean, Runs

Runs test, transmitted
isolates, median

Runs test, transmitted or
not

1 84 0.23,
P = .009

1.034,
P = .024

21,
P = .97

21,
P = .97

21,
P = .97

2 86 0.01,
P = .91

1.000,
P = .77

41,
P = .18

43,
P = .82

43,
P = .82

3 83 -0.03,
P = .77

0.993,
P = .71

24,
P = .23

24,
P = .23

24,
P = .23

4 83 -0.11,
P = .21

0.939,
P = .17

19,
P = .63

19,
P = .63

19,
P = .63

For calculations, the 336 observation were sorted in ascending sequence by date and then by room. The runs tests were continuity corrected. When based on the mean
or median, these are tests for serial randomness. For the binary data, that is the same as the Wald-Wolfowitz runs tests. The sample sizes are 84, 86, 83, and 83,
respectively. The results were the same for the analysis of the counts of transmitted isolates based on the median and for the analysis of the binary variable
transmission or not. The reason was that the medians equaled 0 isolates (Table 1). For the 3 columns to the right, the numbers of runs are provided to give some
insight into the effect size. For example, consider 43 runs in the 2nd row far-right column. Suppose that a pair of cases has detected S. aureus transmission. The next
three pairs of cases do not. Then, the 5th pair of cases has transmission. The three pairs of cases without transmission had 1 run of 0’s. The numbers of runs are
sequences of all 0’s or all 1’s.

Table 3
Tests of lag 1 serial correlation within each of the periods using presence or
absence of S. aureus transmission among all pairs of cases on the same day.

Period N days Runs, P-value

1 53 19, P = .95
2 41 25, P = .67
3 30 15, P = .39
4 25 11, P = .47
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estimate the achieved lower incidence of S. aureus transmission. The
null hypothesis tested by comparing the two independent binomial
proportions would be no difference in the proportions of pairs of cases
with transmission. The alternative hypothesis would be one-sided, a
reduction in incidence. (Use of infection control bundles may be in-
effective, but they do not result in greater transmission.)

What we consider in the current section is how to adjust the selected
Type I error rates for each of the 2 sequential tests to achieve an overall
α=.05. This is straightforward because the 2 hypotheses are tested in a
fixed sequence, and if the finding for the first hypothesis were P ≥α,
there would be no need for consideration for the second hypothesis. To
achieve an overall family-wise Type I error rate of α under such a
model, each of the sequential tests is performed using the original α
level.[35–37] In other words, no adjustment should be made.

6. Sample size estimation using the observational data from the
study hospital

As summarized in the preceding section, the first of the two hy-
potheses tests whether the proportion of pairs of cases with incidence of
transmission of S. aureus significantly exceeds a low threshold. For that
threshold we use 12.05%, from Table 1 period 4. We plan for 80%
statistical power to detect a greater incidence of transmission at base-
line, using the largest observed incidence, 40.70% from Table 1 Period
2, 35 of 86 pairs. Using α =.05, the exact sample size for the one-sided
binomial test would be N =15 pairs of cases. Calculations were per-
formed using StatXact-12.0 (Cytel, Inc., Cambridge, MA).

The null hypothesis for the second test is no difference between the
two groups, before and after. We use the two-group one-sided
Boschloo's exact test for the difference of independent proportions
(StatXact-12.0). Comparing 40.7% with 12.05%, again with α =.05,
the exact sample size would be N =29 pairs of cases in each of the two
groups. Therefore, 14 pairs of cases would be collected while the in-
fection control bundle is being planned and implemented progressively,
where 14 = 29 –15 already collected. There would be 29 pairs of cases
sampled after use of greater infection control. The total sample size
would be ≅58 pairs of cases.

The preceding sample size is based on use of Boschloo's test
(Table 4). Because we are performing one-sided tests, three common
alternatives (Fisher's exact test, Pearson chi-squared test, and the like-
lihood ratio test) give identical P-values.[38] Therefore, we consider the
statistical power of Fisher's exact test. Boschloo's test has greater sta-
tistical power than Fisher's exact test under all combinations of α, total
sample size, and distribution of cases between groups.[39] For example,
whereas Boschloo's test would require N =29 per group (above), the
sample size for Fisher's exact test would be 34 per group (StatXact-
12.0). Fisher's exact test is not always available as a one-sided test, and,
if so, the sample size would be 41 per group. Importantly, just like

Fisher's exact test, Boschloo's test does not have Type I error rates ex-
ceeding nominal levels under our conditions.[39] For example, for two-
sided tests with α =.05, and N =50 in each of the two groups, and
proportions of 10.0% or 25.0% in each of the two groups, for 3.2% or
4.1% of simulations the null hypothesis was rejected, neither exceeding
the nominal incidence of 5.0%.[39] Therefore, the use of Boschloo's test
for surveillance of S. aureus transmission is reasonable.

Bernoulli Cumulative Sum (CUSUM) control chart for sustained
monitoring is shown in the uploaded file (Table 4).[40]

7. Example based on incidences from prior randomized trial

The preceding incidences were not obtained as part of a formally
described and followed protocol. Therefore, although the incidences
were estimated accurately, they may not be generalizable. To address
this potential limitation, we repeated our sample size calculations using
estimates of incidence from the recently published randomized trial.[1]

In the trial, surgeons were assigned either to a group with usual
infection control or to another group with an infection control bundle
for 4 months followed by bundle with feedback on S. aureus perio-
perative transmission for 8 months.[1] At 12 months, among the pa-
tients of the surgeons randomized to usual practice, 50 of 130 pairs of
cases had S. aureus transmission. That was an incidence of 38.5%,
versus 40.70% from Table 1. In the treatment (bundle and feedback)
group, 11 of 68 pairs of cases had transmission. That was an incidence
of 16.2%, versus 12.05% from Table 1.

The first of the two hypotheses tests would be the one group one-
sided binomial test. Comparing 38.5% as the baseline with a threshold
of 16.2%, using 80% statistical power and α =.05, the exact sample
size needed would be N=25 pairs of cases. For facilities seeking greater
confidence in the quality of infection control, but at the cost of more
samples, using 90% statistical power the necessary sample size would
be N =34 pairs of cases.

The second of the two hypotheses, tested only if the first were sta-
tistically significant, would be the one-sided Boschloo exact test for the
difference of the independent proportions. Comparing 38.5% with
16.2%, again using 80% statistical power and α =.05, the exact sample
size needed would be 50 in each of the two groups. Therefore, 25 pairs
of cases would be collected while the infection control bundle is being
planned and implemented, where 25 = 50 for the test of the second
hypothesis minus 25 from the test of the first hypothesis. There would
be 50 pairs of cases sampled after use is being done consistently. The
total sample size would be 100 pairs of cases. For facilities wanting to
assure more reliably that decrease in transmission has occurred, using
α = .01, the total sample size would be 162 pairs of cases.

The University of Iowa's plan is to rely on the need for 25 pairs of
cases for screening, and 75 additional pairs for each studied population
(Table 4).

Table 4
Implementation steps for surveillance of S. aureus transmission to monitor effectiveness and provide feedback on intraoperative infection control.

Step Protocols

1 Identify for each hospital what populations would be evaluated
Apply the principles in Table 5 and its legend to choose combinations of specialty and operating room

2 For each population selected from Step 1, sample from 25 successive pairs of cases
For large initial incidences of transmission, 15 pairs of cases may be enough

3 For each population from Step 2 with incidences of transmission exceeding threshold by the binomial test, perform additional sampling while implementing enhanced
infection control

Sampling would be 75 additional pairs of cases, but for large initial incidences 43 additional pairs of cases may be enough

4 For each population from Step 3 with significant decline in transmission by Boschloo's exact test, monitor sustained performance by sampling from 1-2 (average 1.5) pairs
of cases per workday

Using Bernoulli Cumulative Sum control charts (CUSUM), expect to detect increase comparable to Table 1 within 3 months, while keeping the average number of
observations to false signal at 15 months, as shown in the uploaded file at https://FDshort.com/SampleSize2SeqTests
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8. Defining the population: adopt a stratified sampling strategy

Because S. aureus transmission is invisible without testing, when
choosing what population(s) to screen for surveillance, another end-
point needs to be used. For example, at the University of Iowa, currently
during the COVID-19 pandemic, process measures are being reported
daily, including use of patient decolonization (viral antisepsis) and
patient initial phase I post-anesthesia care unit recovery and multi-
modal cleaning after each higher risk procedure or when the procedure
is sufficiently urgent that it was started before the results of testing for
SARS-CoV-2 were complete.[1–4,12,13,24] We provide an example of de-
fining the population for sampling by using patient outcomes (i.e., in-
fection) data from 4 studies of closed lumen intravenous systems and
hand decontamination.[41–44] (These were deidentified data that we
had available, and quickly given that the current study was performed
acutely when the COVID-19 pandemic spread to the USA). The overall
incidence of hospital acquired infection was 7.5%, 294 infections
among the 3936 cases (i.e., rows in the uploaded file). Associations
known from previous studies supported validity to this use of the data.
Specifically, increases in anesthesia duration were associated with
greater incidence of infection (P <.0001 by Kendall's τ and logistic
regression).[23,45–47] In addition, by Kruskal-Wallis tests, the incidence
differed among the 11 specialties (P =.0001)[23,45–47] and among the
86 different operating rooms (P =.0001).[23] For example, the in-
cidences of infection were 15.5% for urology and 11.5% for gynecology
versus 4.7% for otolaryngology and 5.0% for orthopedic surgery.
Among the 24 of 86 rooms each with at least 1.0% of cases, the two
largest incidences of infection were 14.1% and 14.0%, and the lowest
observed incidences were 3.1% and 3.2%.

We examined the benefit of limiting the population sampled to a
few combinations of specialty and room (Table 4).[15],1 Operating room
matters not only because environmental contamination affects the
room, and interventions to reduce transmission include capital equip-
ment installed in specific rooms,[17–19,20–22] but because sampling of S.
aureus transmission is for successive cases in the same room and day.
Specialty matters because transmission differs among specialties, the
incidences of infection differ among specialties, interventions to reduce
surgical site infections have contributions differing among specialties,
and the distribution of cases of different specialties differ among rooms
due to case scheduling.[6,7,14,15,23] For example, even though a breast
surgery case may follow an orthopedic case,[43,44] the pairing is suffi-
ciently uncommon, and patient care sufficiently different, as to make
such pairing non-insightful. Because S. aureus transmission does not
appear to be influenced by duration,[1,6,7,14] there is more opportunity
by choosing pairs of cases from specialty × rooms with more expected
infections per hour[15]. Among the 298 combinations of specialty and
room, there were only 10 that were both relatively common, ≥1.0% of
cases, and expected to have ≥0.20 infections per 8 hours of sampled
cases (Table 5). The 10 combinations encompassed ≅17% of cases, the
population(s) to be targeted for surveillance of transmission. If sam-
pling will be done, pooled, with several combinations of specialty and
room, then stratified sampling would ideally be done to achieve balance
before versus after implementation of enhanced infection control.

9. Discussion

Monitoring of S. aureus transmission is done, in part, because it
serves as a measurement for the effectiveness of basic measures to
prevent the transmission of pathogenic bacteria and viruses. The effi-
cacy of an infection control bundle alone is greater when combined
with feedback on transmission.[1] We determined the statistical design
for initiating surveillance. As listed pointwise in Table 4, first, sampling
would be done from one or a few different combinations of specialty
and room. Second, plan to monitor the incidence of S. aureus trans-
mission within and between successive cases. Perform 2 tests in fixed
sequence. Sample from 25 pairs of cases (from the randomized trial
[Section 7], 15 based on the observational data [Section 6]). Use the
binomial test to evaluate if significantly high incidence of transmission.
Third, if so, continue surveillance while initiating interventions, ob-
taining an extra 25 (or 14) pairs of cases. Evaluate effectiveness of
modified patient decolonization (viral antiseptic),[2] hand hygiene, use
of closed lumen intravenous systems and hub disinfection, and en-
vironmental cleaning using 50 (or 29) pairs of cases, applying Bos-
chloo's exact test. The larger sample sizes (i.e., the total of 50 pairs of
cases) are those obtained based on the recently completed randomized
trial showing reduced S. aureus transmission and surgical site infec-
tions.[1] Fourth, follow-up monitoring can be done using Bernoulli
CUSUM control charts.

The surveillance of S. aureus transmission as studied in this paper
applies to feedback to a hospital (e.g., Tables 1-3), surgical specialty
(e.g., Table 4), and/or study sponsor with capital equipment installed in
individual operating rooms (e.g., as described in Reference 15). Feed-
back would not be by individual (e.g., surgeon), because perioperative
infection bundles are multidisciplinary (e.g., include patient decoloni-
zation done before operating room entrance and environmental
cleaning by housekeepers). The results of the current study show also
that sample sizes would be insufficient. For example, we consider the
futility of reporting the incidence of pairs of cases with transmission by
surgeon (or proceduralist). Among the surgeons in the randomized trial,
0/32 had 25 pairs of cases over 6 months and only 2/32 had at least 15
pairs each 6-months.[1] At the outpatient surgery center of a large
teaching hospital in Pennsylvania, only 2/65 surgeons had enough
workload to fill an operating room for 8 hours every week.[48] At the
hospital's main surgical suite, only 28% of the surgeons (59/211) had
enough workload to fill 1 room every week.[48] A large teaching hos-
pital in New York had at most 1 pair of cases per month for 36/45
surgeons.[49] Statewide among Iowa's 117 hospitals, 54% (SE 2%) of the
surgeon-days with at least 1 outpatient case had only one case (i.e.,
there would be no pairs of cases to sample by surgeon).[50] Statewide
among Florida's 147 facilities with anesthesiologist pain medicine
physicians performing spinal neuromodulation procedures, 98% (SE
1%) of the proceduralist-facility weeks had zero or one case.[51] Fur-
thermore, we do not think that feedback to individual surgeons, an-
esthesiologists, etc., would be necessary. During the era of COVID-19,
infection control processes protect the healthcare worker and his/her
colleagues, not only the patients.

A limitation of our study is that the data did not include transmis-
sion measured using whole cell genome analysis.[7] Genomic analysis
permits characterization of reservoirs of origin leading to infection and
identification of reservoirs such as operating room environments or
provider hands that infect repeatedly over days and weeks. Such
feedback, different than examined in the current study, is useful when a
hospital is faced with especially pathogenic pathogens, such as strong
biofilm forming and/or desiccation tolerating S. aureus strains or ES-
KAPE pathogens.[6–8,14] Furthermore, a hospital may want to examine
the particular path for transmission of pathogens commonly linked to
infections in their organization. Such transmission stories (i.e., essen-
tially quality improvement case reports within the organization), re-
quire analysis of data by individual patient. The surveillance approach
presented in the current paper represents only one option for use of

1 As written in the Introduction, from our previous studies, more pairs of cases
can be sampled in a day if cases are brief, because duration is not a significant
covariate for transmission.1,15 For the observational data (Table 1), case
durations of the pairs were available for the first 209 pairs by date. Using the
Wilcoxon-Mann-Whitney test, there was the same finding of absence of asso-
ciation between duration and transmission (P = .91). Consequently, having
chosen the specialty and room combinations to study, and knowing the total
sample sizes of pairs of cases to obtain, sampling strategies should include the
daily, deliberate, selection of the briefest pairs of cases.15
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surveillance for improvement in perioperative infection control prac-
tices. The approach in the current paper is that applicable to monitoring
of S. aureus transmission as a quantitative measure for infection control
quality (e.g., appropriate for the COVID-19 crisis).[3,4]

Our study examined statistical designs for initiating and monitoring
S. aureus transmission within and among proven reservoirs as a marker
of behavioral performance at applying all facets of an infection-control
bundle.[5–7,41,43] Preventing environmental contamination is important
not only because it endangers patients but also healthcare workers. For
example, hyper-transmissible desiccation resistant S. aureus was iso-
lated at the end of cases from anesthesiology residents’ hands, certified
registered nurse anesthetists’ hands, and anesthesia machines’ dials and
valves.[6] Similarly, viable SARS-CoV-1 and SARS-CoV-2 was isolated
days later after experimental placement from plastic and stainless steel
surfaces, and in hospital swabbing studies SARS-CoV-1 was found to
have been transmitted to nursing stations’ computers, telephones,
doorknobs, and tables.[52–55] SARS-CoV-2 was detected on water ma-
chines, elevator buttons, telephones, computer mice, and keyboards
(i.e., environmental surfaces – no air samples had detectable virus).[56]

In a previous study we addressed operating room management strate-
gies to reduce personnel risk from COVID-19 (e.g., preoperatively
testing all patients for SARS-CoV-2 before elective surgery and limiting
lower airway aerosol producing procedures to a few designated
rooms).[4] Others have addressed the disinfection of personal protective
equipment.[57–59]

Finally, our results are limited by the data used, because they were
not collected for purposes of the study. However, because of the COVID-
19 pandemic, the University of Iowa initiated rapid dissemination of
the multifaceted approach[1] to reduce intraoperative bacterial and
viral contamination, and plans to use Bernoulli CUSUM to monitor for
group level feedback of sustainability.[40] We needed to know appro-
priate sample sizes, inferential testing, and basis for selecting pairs of
cases to sample. Yet, implementation of intraoperative infection control
bundles and feedback are not literally two periods, as we modeled, they
are a time series. The use of segmented regression in the logit scale, for
the binary variable of transmission or not, seems an intuitively better
choice. However, from the available data, we not only have insufficient
sample size to develop such a model for statistical power analyses, we
lack the necessary data explaining why specific pairs of cases were
sampled at the studied hospital. Because preventing intraoperative
environmental contamination from COVID-19 is essential for the acute
crisis, we hope others use our results, collect more data, and can make
comparisons with our uploaded data.
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