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A B S T R A C T   

Study objective: The coronavirus disease 2019 (COVID-19) pandemic impacts 
operating room (OR) management in regions with high prevalence (e.g., > 1.0% of asymptomatic patients testing positive). Cases with aerosol producing procedures 
are isolated to a few ORs, initial phase I recovery of those patients is in the ORs, and multimodal environmental decontamination applied. We quantified the potential 
increase in productivity from also resequencing these cases among those 2 or 3 ORs. 
Design: Computer simulation provided sample sizes requiring > 100 years experimentally. Resequencing was limited to changes in the start times of surgeons' lists of 
cases. 
Setting: Ambulatory surgery center or hospital outpatient department. 
Main results: With case resequencing applied before and on the day of surgery, there were 5.6% and 5.5% more cases per OR per day for the 2 ORs and 3 ORs, 
respectively, both standard errors (SE)  <  0.1%. Resequencing cases among ORs to start cases earlier permitted increases in the hours into which cases could be 
scheduled from 10.5 to 11.0 h, while assuring > 90% probability of each OR finishing within the prespecified 12-h shift. Thus, the additional cases were all scheduled 
before the day of surgery. The greater allocated time also resulted in less overutilized time, a mean of 4.2 min per OR per day for 2 ORs (SE 0.5) and 6.3 min per OR 
per day for 3 ORs (SE 0.4). The benefit could be achieved while limiting application of resequencing to days when the OR with the fewest estimated hours of cases has 
≤8 h. 
Conclusions: Some ambulatory surgery ORs have unusually long OR times and/or room cleanup times (e.g., infection control efforts because of the pandemic). 
Resequencing cases before and on the day of surgery should be considered, because moving 1 or 2 cases occasionally has little to no cost with substantive benefit.  

1. Introduction 

The coronavirus disease 2019 (COVID-19) pandemic has substantial 
impact on operating room (OR) management for surgical procedures 
with aerosol production (e.g., navigational bronchoscopy) [1,2]. Pre-
vious OR management scientific studies provide guidance for mitiga-
tion of the effect on ambulatory surgery of asymptomatic patients 
testing false negative (i.e., with unrecognized COVID-19) [3–5]. For 
anesthesiologists, facilities, etc., in regions with low prevalence of 
COVID-19, likely there would rarely be adverse consequence to fol-
lowing normal perioperative infection control protocols [3,6]. How-
ever, in regions with higher prevalence (e.g., > 1.0% of asymptomatic 
patients testing positive), managerial changes are warranted, especially 
for surgical suites with open, multiple bay phase I post-anesthesia care 
units [3]. First, isolate cases with aerosol producing procedures to a few 
ORs, thereby reducing their impact on other cases, patients, surgeons, 

etc. [3]. Second, as feasible, have staff including anesthesiologists work 
longer work hours (e.g., 12-h shifts) to reduce the numbers exposed to 
an asymptomatic patient testing false negative for COVID-19, to reduce 
the queues of patients needing essential surgery, and to reduce use of 
personal protective equipment [2,3,7]. Third, have patients' initial 
phase I recovery be in the OR, with “initial” meaning the period of 
coughing and disorientation [3]. Patient coughing and extubation re-
sults in extensive environmental contamination [2,8]. Previous man-
agerial epidemiology, clinical trials, and observational studies can be 
applied to reduce that period (e.g., at most Japanese hospitals all re-
covery is in the OR with the anesthesiologist, and for much less time 
than typical for US phase I recovery) [9,10,11]. Fourth, use multimodal 
environmental decontamination after each such case with aerosol 
production [2,3,8]. Previous studies provided guidance on how to plan 
housekeeping teams to reduce the long turnover times [12,13,14,15]. 

Potentially, productivity could be increased further by resequencing 
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cases the day before surgery and on the day of surgery. The objective 
would be to do more cases by better packing surgeons' lists of cases into 
the ORs dedicated to aerosol producing procedures. Because of the 
pandemic, both with temporary shutdown of elective surgery and with 
lower productivity of the ORs for these specific procedures, resequen-
cing cases to optimize packing may be fruitful. 

2. Methods 

2.1. Overview 

We performed simulations for both 2-OR and 3-OR settings. For 
each of the two settings, 20,000 simulated workdays were used to 

obtain the precisions needed for Figs. 1 and 2, as explained below. For 
each simulated workday, we performed pairwise comparisons between 
three scenarios. Experimental models (e.g., every third day rotating 
among Scenarios 1, 2, 3) would have taken 3 times longer (i.e., 
480 years, where 480 ≅ 2 settings × 20,000 days × 3 scenarios). Si-
mulations were performed using Matlab 2017b (The Mathworks Inc., 
Natick, MA). Computer code is available at https://FDshort.com/ 
Wang2020. 

Table 1 summarizes specific features of the model and refers to the 
corresponding section of the Methods. We urge readers interested in the 
OR management and less so the mathematical modeling to rely on the  
Table 1. Subsequently read the Results and Discussion. 

We considered the OR time for each surgical case to be the sum of its 

Fig. 1. Comparisons of the three scenarios for the setting of 2 ORs with patients having initial recovery in their OR and longer than typical turnover times. How we 
generated the figures and 95% one-sided confidence limits are described in Section 2.5. The Scenario 1 is baseline. Scenario 2 includes resequencing the cases before 
they have started (e.g., during huddle). Scenario 3 uses Scenario 2 and in addition resequencing of the cases whenever a case finishes, a patient finishes initial 
recovery, and/or a turnover time ends. An extra case was scheduled before the day of surgery, and thus performed, on at least 1/10th of days, and overall on 1 out of 
7 days (Table 4). This figure shows that the manager can limit application of resequencing to days when the least filled OR has fewer than 8 h of cases. 
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regular OR time, initial phase I post-anesthesia recovery time in the OR, 
and subsequent turnover time. The evening of the workday before 
surgery, we are presented with an initial surgical schedule, which in-
cludes, for each of the 2 or 3 ORs, the number of cases by surgeon, the 
sequence of those cases in its OR, and the estimated regular OR times, 
initial recovery times, and turnover times. The details of how we ob-
tained the initial OR schedule is presented, below, in Section 2.3. 

2.1.1. Scenario 1, baseline scenario 
Scenario 1 involves performing the cases in their ORs in the cases' 

original sequence. 

2.1.2. Scenario 2, cases are resequenced before any case has started 
Cases are resequenced the night before surgery (e.g., 6:30 PM) and/ 

or early the day of surgery (e.g., 6:30 AM). Even at a hospital surgical 

suite, cases scheduled between 7:00 PM and 6:59 AM the next working 
day influenced only 0.2% (standard error [SE] 0.1%) of OR-date com-
binations [16]. Therefore, Scenario 2 modeled decisions made at either 
times. Scenario 2 used so-called offline sequencing, meaning that the 
cases in the 2 or 3 ORs were considered for resequencing before the 
cases had started [17–19]. 

The offline resequencing proceeded in 3 steps from the schedule in 
Scenario 1. 

First, if a surgeon had multiple cases, we kept those cases in their 
original sequence (i.e., functionally the order potentially requested by 
the surgeon). For purposes of all subsequent resequencing steps, we 
treated each surgeon's list of cases as being one long case (i.e., no split 
among ORs or with gap introduced between the surgeon's cases). 

Second, we considered two changes. (1) Move one OR's case to the 
end of the same day in another OR. (2) Swap any pair of cases between 

Fig. 2. Comparisons of the three scenarios for the setting of 3 ORs with patients having initial recovery in their OR and longer than typical turnover times. Please see 
the Fig. 1 legend for details. This figure shows that the manager can limit application of resequencing to days when the least filled OR has fewer than 8 h 15 min of 
cases. 
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ORs, regardless of the sequence of those cases in their ORs. If any of the 
two changes resulted in a decrease in the latest finish time of one or 
more ORs, we performed the change and tentatively modified the OR 
schedule. 

This second step was then repeated multiple times until no addi-
tional change would reduce the estimated latest finish time for any of 
the 2 or 3 ORs. 

Third, we compared the OR schedule from the third step to the 
initial OR schedule from Scenario 1. If the tentative, new OR schedule 
from the third step would decrease the overall latest estimated finish 
time among the ORs by at least 30 min, the new OR schedule was 
adopted. We used 30 min based on prior survey of OR physician di-
rectors [20,21]. 

2.1.3. Scenario 3, cases were resequenced before and on the day of surgery 
Scenario 3 started with the OR schedule from Scenario 2 and added 

online resequencing on the day of surgery. “Online” means that changes 
were made whenever a task ended [17,22]. The online resequencing 
worked as follows. Whenever, in any of the 2 or 3 ORs, a regular OR 
case ended, initial phase I post-anesthesia care unit time in the OR 
ceased, or turnover was completed, resequencing was contemplated. 
The resequencing heuristic used was the same three steps as for Sce-
nario 2 but limited to cases not yet started. As for Scenario 2, we did not 
inconvenience surgeons by creating any gaps between their cases. 

2.1.4. Generation of the Tables 2, 3, 4, and 5 
Scenarios 1, 2, and 3 were compared pairwise by day. For each day, 

all the cases performed in Scenario 1 were present in Scenario 2, with 
Scenario 2 occasionally an extra case(s). Similarly, all the cases per-
formed in Scenario 2 were present in Scenario 3, with Scenario 3 oc-
casionally having an extra case(s). Therefore, Tables 3, 4, and 5 and  
Figs. 1 and 2 show pairwise comparisons among scenarios, feasible 
because we use simulation. 

For each of the scenarios, we first had to calculate the allocated OR 
time (i.e., the hours into which cases would be scheduled). We did this 
by simulating 1000 days for each of multiple candidate values for the 
allocated OR times, 9.5 to 11.5 h in 15-min increments. Exhaustive 
search was used, trying all options to select the largest allocated time 
with at least 90% of the observed OR-days finishing within the 12-h 
workday (See Section 1). 

The best allocated time for Scenarios 1,2 and 3 were 10.50, 10.75 
and 11.00 h, respectively, for both 2-OR and 3-OR settings. We then 
simulated 20,000 days for each scenario using that associated allocated 
OR time to produce the tables and figures. 

2.2. Parameter distributions 

2.2.1. Regular OR times 
By the regular OR time, we mean the anesthesia induction time, 

surgical time, and the period from end of surgery until when the patient 
normally would exit the OR for phase I recovery in the post-anesthesia 
care unit. These estimated durations were treated as following a two- 
parameter log-normal distribution. Validity of this model for collection 
of cases at surgical suites was shown in References [23–26]. 

The US national average OR times for hospital outpatient surgery 
departments was 2.25 h [27]. The mean for ambulatory procedures in 
general was 1.02 h [28]. Our interest would be lower airway surgery, 
and thus we used the longer estimate. The standard deviation in the log 
scale of OR times at the University of Iowa was 0.725 [23]. Combining 
these two estimates, mean 135 min in the time scale and standard de-
viation of 0.725 in the log scale, the corresponding mean in the log 

Table 1 
Highlights of model features and relationship with pandemic, explanations and scientific references being in the listed sections.    

Highlights of model features Section  

2-OR and 3-OR settings were simulated, suitable numbers of rooms when surgical procedures with aerosol production have been isolated to the fewest rooms possible 
and for the longest hours appropriate to minimize disruption to as many surgeons, patients, and ORs, as feasible. 

2.1 

Scenario 1 represented the baseline, with no case resequencing performed. The two other scenarios were compared with this scenario. 2.1.1 
Scenario 2 considered case resequencing the night before surgery (e.g., 6:30 PM) and/or early the day of surgery (e.g., 6:30 AM). Each surgeon's cases were kept in their 

original, consecutive sequence without splitting between ORs. Cases were moved between ORs only if this would reduce the latest finish time among all ORs by at 
least 30 min. 

2.1.2 

Scenario 3 applied case resequencing per Scenario 2, but in addition applied the process on the day of surgery whenever a task had ended (e.g., patient begins initial 
phase I post-anesthesia care unit time in the OR, appropriate for the pandemic). 

2.1.3 

Mean case durations matched the US national average for hospital outpatient surgery departments, the latter used because the ORs under consideration are those for 
lower airway surgery during a pandemic. The proportional variation between estimated and actual duration used was that for cases with few historical data, 
appropriate because the pandemic resulted in changes in workflow. 

2.2.1 

Period of initial post-anesthesia care unit recovery was in the OR to avoid environmental contamination (e.g., from sputum during tracheal extubation). The time in the 
OR for initial recovery was brief, modeled after a Japanese hospital with no phase I unit, with anesthesiologists caring for the patient after extubation. 

2.2.2 

Median turnover times used were appropriate for hospital surgical suites, not ambulatory surgery center, because multimodal cleaning applied. There is dual risk of 
environmental contamination, from the aerosol producing procedure and tracheal extubation of the patient. 

2.2.3 

Cases per surgeon were chosen based on probability distributions from all Iowa hospitals, among days when a surgeon had at least one ambulatory surgery case. The 
probability of case cancellation was as observed for small hospitals, the focus being on hospital outpatient departments, because the model was for lower airway 
surgery during pandemic. Multiple efforts were made to schedule each add-on cases, matching scenario of long queues of patients seeking care, postponed because 
of acute phase of pandemic. However, no add-on cases were scheduled on the day of surgery, reflecting that modeling was for outpatient surgery only. 

2.3 

Table 2 
Simulated endpoints from the baseline (Scenario 1), no resequencing of cases 
among surgeons.     

Endpoint, with corresponding calculated mean 2 operating 
roomsa 

3 operating 
roomsa  

Workload per room (hours)b  8.9  9.0 
Standard deviation of workload among rooms (hours)  2.1  2.3 
Raw utilization (%)c  69.5  70.5 
Adjusted utilization (%)c  80.5  81.4 
Under-utilized time per room per day (hours)c  2.0  2.0 
Over-utilized time per room per day (hours)c  0.4  0.4 
Rooms with over-utilized time (%)b  25.2  25.8 
Cases per surgeon per day  1.5  1.5 
Cases per room per day  2.9  2.9 
Standard deviation of cases per room per day  0.8  0.9 

a The standard errors of the mean among the 20,000 simulated days 
were < 0.02 h, 0.02 cases, or 0.3%, respectively. 

b As an example of the simulations, “workload per room” was the mean 
among 20,000 simulated days of the (mean among the 2 or 3 rooms of the total 
hours of cases, initial recovery times, and turnovers). The final turnover was 
excluded. By arithmetic, this was the same as the mean among 40,000 or 
60,000 room days. 

c The allocated time of 10.5 h was, for both 2 or 3 rooms, the largest hours in 
15 min increments such that at least 90.0% of 1000 simulated days' rooms had 
the last case's initial phase I recovery time ending within 12 h from the start of 
the workday. Therefore, the quantities with this listed footnote were not ob-
tainable directly from an analytical formula for solution to the newsvendor 
problem.  
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scale was 0.55; for formula see page 889 of Reference [29]. 
The realized duration was 

X ,

where ln(ε)/0.27 follows a t-distribution with 4.64 degrees of freedom, 
restricted between 0.322 and 3.106. For explanation, from References 
[30,31], realized OR times equaled: 

+X exp t [2 ] 1 .

We used (α, β) = (2.32,0.142), the median of 3 teaching hospitals' 
estimates [32]. We used τ = 5.51, again the median from among the 3 
hospitals [32]. This gives 

X exp t(0.27 [4.64]).

However, 

= exp t(0.27 [4.64])

has an infinite expectation. Therefore, we restricted ε to be between 
0.322 and 3.106, representing the 0.5th and 99.5th percentiles. We 
rejected any randomly selected value of ε outside that range, and when 
so redrew another realization to be used instead. The resulting expected 
value of ε was close to 1.00, as desired. 

The realized regular OR times had mean 2.37 h and standard de-
viations of 2.23 h. The mean of 2.37 was, effectively, prespecified, as 
above. However, very long cases often failed to be assigned to an OR, 
see Section 2.3, below. Among performed cases, the realized durations 

had mean 2.19 h and standard deviation 1.95 h. To evaluate the va-
lidity of the standard deviation of 1.95 h, a series of 35 hospitals' cases' 
standard deviations ranged from 0.48 to 2.78 h [33]. Our value was 
within this range, as desired. 

2.2.2. Initial phase I post-anesthesia care unit recovery time in ORs 
At a Japanese hospital with no phase I post-anesthesia care unit, all 

patients recovered in the OR where they had surgery under the con-
tinued care of their anesthesiologist. The 16 consecutive patients un-
dergoing gynecological laparoscopic surgery had median 0.37 h from 
end of surgery until discharge to the ward [10]. We used that duration 
as the estimated time for initial phase I recovery in the OR. 

To obtain realized initial recovery times, we relied on the ob-
servation that estimated recovery times followed a three-parameter log- 
normal distribution with shift 0.04 h and standard deviation in the log 
scale equaling 0.65 [34]. The mean in the log scale was estimated using 
maximum likelihood estimation to obtain the prespecified median time. 
The realized mean and standard deviation in the time scale were 0.45 h 
and 0.30 h, respectively. 

2.2.3. Turnover times 
For a 5 OR multidisciplinary hospital, median turnover times were 

40 min [14]. We used that duration, 0.67 h, as the estimated, deliber-
ately long median. As explained in Section 1, we are simulating out-
patient surgery departments but applying multimodal environmental 
decontamination after each case with aerosol production [2,3,8]. 

Turnover times were modeled using two-parameter log-normal 

Table 3 
Means of differences between Scenario 3 with modification of start times of surgeons' lists of cases both on and before the day 
of surgery versus the baseline, Scenario 1 listed in Table 2.     

Endpoint, with corresponding calculated mean 2 operating roomsa 3 operating roomsa  

Workload per room (hours)  0.5  0.5 
Standard deviation of workload among rooms (hours)  −0.7  −0.7 
Raw utilization (%)b  0.7  0.8 
Adjusted utilization (%)b  1.4  1.8 
Under-utilized time per room per day (hours)b  −0.1  −0.1 
Over-utilized time per room per day (hours)b  −0.1  −0.1 
Rooms with over-utilized time (%)b  −2.6  −4.1 
Cases per surgeon per day  0.0  0.0 
Cases per room per day moved ≥30 min later  0.4  0.6 
Cases per room per day  0.1  0.1 
(Preceding row)/(cases per room per day in Scenario 1), %  5.6  5.5 

a The standard errors of the mean among the 20,000 simulated days were < 0.02 h, 0.01 cases, or 0.32%, respectively. 
b The allocated time of 11.00 h was chosen to assure there was ≥90% probability of each room's last case ending within 12 h 

from the start of the workday, excluding the final case cleanup. Therefore, these quantities were not obtainable directly from an 
analytical formula for solution to the newsvendor problem.  

Table 4 
Means of differences between Scenario 2 with modification start times of surgeons' lists of cases before the day of surgery versus 
the baseline, Scenario 1 listed in Table 2.     

Endpoint, with corresponding calculated mean 2 operating roomsa 3 operating roomsa  

Workload per room (hours)  0.2  0.3 
Standard deviation of workload among rooms (hours)  −0.4  −0.3 
Raw utilization (%)b  0.2  0.4 
Adjusted utilization (%)b  0.6  0.8 
Under-utilized time per room per day (hours)b  0.0  0.0 
Over-utilized time per room per day (hours)b  0.0  0.0 
Rooms with over-utilized time (%)b  −1.9  −2.2 
Cases per surgeon per day  0.0  0.0 
Cases per room per day moved ≥30 min later  0.3  0.4 
Cases per room per day  0.1  0.1 
(Preceding row)/(cases per room per day in Scenario 1), %  2.9  2.8 

a The standard errors of the mean among the 20,000 simulated days were < 0.02 h, 0.02 cases, or 0.32%, respectively. 
b The allocated time of 10.75 h was chosen to assure there was ≥90% probability of each room's last case ending within 12 h 

from the start of the workday, excluding the final case cleanup. Therefore, these quantities were not obtainable directly from an 
analytical formula for solution to the newsvendor problem.  
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distributions [35]. We used the median of the standard deviations in the 
log scale among 4 studied hospitals, 0.583 [35]. We then used max-
imum likelihood estimation to estimate the mean in the log scale, 0.41, 
to achieve median equal to the prespecified 40 min. Because turnover 
times longer than 1.50 h are uncommon, we set a maximum duration 
equal to that time [12]. The realized mean and standard deviation in 
the time scale were 0.75 h and 0.38 h, respectively. 

2.2.4. Random number generation 
Uniform random numbers in the interval (0,1) were generated using 

Matlab's mcg16807 multiplicative congruential generator, with multi-
plier 16,807 and modulo 231–1 [36]. Log-normally distributed random 
numbers were obtained by generating normally distributed numbers via 
the Matlab's randn function, and then taking the exponential. The randn 
function derived standard normal random variates using the polar al-
gorithm and the output of mcg16807 [37]. The t-distributed random 
numbers were obtained using the Matlab trnd function, using trans-
formation of the standard normal random variate [38]. To assure re-
plicability, we used the Matlab rng function to set the seed equal to 1. 

2.3. Initial OR schedule (i.e., Scenario 1) 

OR schedules are created over weeks to months, usually by in-
dividual surgeons. However, among 117 hospitals in Iowa, on days 
when a surgeon performed at least one outpatient surgery case, the 
most common number of cases performed was one [39]. Therefore, our 
approach was first to generate cases, and then to assign the cases to 
surgeons. To create realistic schedules for an ambulatory surgery center 
[3], the assignment process was supplemented with case cancellations 
and additions before the day of surgery [16,40]. 

Cases were generated sequentially, each with independent and 
identically distributed estimated regular OR times, initial phase I post- 
anesthesia recovery times, and turnover times. Each case was assigned 
to the OR with the least remaining time (i.e., so-called “BestFit”) 
[23,40]. The addition of cases was terminated when a new case would 
not fit into any of the 2 or 3 ORs based on the allocated OR time. For 
selection of the allocated time, see Section 2.1.4, above. 

Cases were assigned to surgeons, with all cases of a surgeon being in 
the same OR. For the first surgeon, a uniform distributed random 
number between 0 and 1 was generated that corresponded to percen-
tiles in Table 3 of Reference [39]. That table shows all Iowa surgeons' 
facility-days number of cases and intraoperative relative value units of 
work [39]. The surgeon's hours of OR time that day was estimated by 
multiplying the relative value units by 22/83.5, assuming the maximum 
observed 83.5 units in the table represented 2 ORs each for 11 h 
(Table 2). Using linear interpolation, we obtained a randomly selected 

number of cases and total OR hours. If there were at least that count of 
cases in the OR, we chose the subset of the selected numbers of cases 
such that the total work hours in this subset were closest to the selected 
hours. If there were multiple possible combinations of cases, we chose 
one combination randomly. The chosen cases were removed from the 
list of cases available to be assigned to other surgeons in the OR. Then, 
the same process was repeated for subsequent surgeons until all cases 
had been assigned to a surgeon. 

Each case had independent probability of 5.0% of being cancelled. 
The probability of 5.0% was obtained from a national survey in 
Germany of small to mid-sized community hospitals [41]. For each 
cancelled case, an add-on case was generated. If the estimated total 
workload of the OR including the add-on case would be within the 
allocated OR time, we assigned the add-on case to be the last one in that 
OR. If not, new add-on cases were generated until one of them could be 
inserted into the OR. We stopped after 10 generation attempts. Each 
add-on case was assigned to a new surgeon. That was done because 
many surgeons with a backlog of cases were being represented for the 
pandemic (see Section 1) [3]. We did not include clustering of cancel-
lations by surgeon for that same reason [42]. 

In each OR, cases were rearranged so that the cases belonging to the 
same surgeon were in consecutive order. This was achieved as follows. 
Surgeons were indexed arbitrarily when they were assigned cases. 
Starting from the surgeon with the smallest index and assigned to the 
OR, all his/her cases were put at the start of the schedule in that OR. 
Then, consideration was made for the surgeon with the second smallest 
index, with all his/her cases put after the cases of the first surgeon, and 
so forth. 

Each existing case in each OR was again cancelled independently 
and with a probability of 0.05. No add-on cases would arrive. At this 
point, a preliminary schedule on the day of surgery was known. The 
estimated start times of each case was then computed. 

2.4. Check of the validity of simulated ORs 

Table 2 lists characteristics of the simulated ORs. Mean workload, 
adjusted utilization, etc., have face validity for the design of 12-h staff 
scheduling and each OR having < 10% probability of exceeding those 
work hours (again, see Section 1) [2,3]. 

The simulated standard deviations of hours of cases and turnovers 
among ORs were 2.07 h for 2 ORs and 2.29 h for 3 ORs, both 
SE = 0.01 h (Table 2). Marcon & Dexter showed a range among 34 
hospital ORs of 1.80 to 3.79 h, median 2.86 h [33]. Our calculations 
being within that range but less than the median was as desired because 
we were simulating fewer ORs than would be present at most hospitals. 

The simulations resulted in an average 1.54 and 1.52 cases per 

Table 5 
Means of differences between Scenario 3 with modification of start times of surgeons' lists of cases both on and before the day 
of surgery versus Scenario 2 with modification only before the day of surgery.     

Endpoint, with corresponding calculated mean 2 operating roomsa 3 operating roomsa  

Workload per room (hours)  0.2  0.2 
Standard deviation of workload among rooms (hours)  −0.3  −0.4 
Raw utilization (%)b  0.4  0.5 
Adjusted utilization (%)b  0.8  1.0 
Under-utilized time per room per day (hours)b  0.0  −0.1 
Over-utilized time per room per day (hours)b  0.0  −0.1 
Rooms with over-utilized time (%)b  −0.7  −1.9 
Cases per surgeon per day  0.0  0.0 
Cases per room per day moved ≥30 min later  0.4  0.6 
Cases per room per day  0.1  0.1 
(Preceding row)/(cases per room per day in Scenario 2), %  2.7  2.6 

a The standard errors of the mean among the 20,000 simulated days were < 0.02 h, 0.01 cases, or 0.32%, respectively. 
b The allocated time of 11.00 h was chosen to assure there was ≥90% probability of each room's last case ending within 12 h 

from the start of the workday, excluding the final case cleanup. Therefore, these quantities were not obtainable directly from an 
analytical formula for solution to the newsvendor problem.  
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surgeon per day for the 2 ORs and 3 ORs, respectively, both SE  <  0.01 
(Table 2). These statistics matched data from 117 hospitals in Iowa 
[39]. On days when a surgeon performed at least one outpatient sur-
gical case, 54% of the surgeon lists had 1 case and 77% had 1 or 2 cases 
[39]. 

2.5. Generation of Figs. 1 and 2 

To create the figures, we first sorted the 20,000 days of Scenario 1 in 
descending sequence of the OR with the least estimated workload. 
These 20,000 workloads were then partitioned into 10 deciles (e.g., the 
2000 days in the 1st decile had the greatest estimated workloads for the 
ORs on each date having the fewest estimated hours). The decile 
number was plotted along the bottom, horizontal axes. Within each 
decile, the mean of the estimated workload was computed and plotted 
along the upper horizontal axis. For each of the 2000 workdays in the 
decile, the difference in the total number of cases of that day was 
computed between Scenario 3 vs Scenario 2 (lower pane), or between 
Scenario 2 vs Scenario 1 (upper pane). The 2000 differences were 
sorted in ascending sequence. The lower 95% conservative confidence 
limit was calculated for the 90th, 75th and 50th percentiles. The con-
servative limits were obtained using binomial distribution. For ex-
ample, the lower 95% confidence limit for the 90th percentile of the 
2000 sorted differences was the 1777th value. These very large sample 
sizes, impractical for experimentation, were necessary because the 
cases performed per day are discrete distributions with little hetero-
geneity among days (Table 2, standard deviations among ORs of 0.79 
cases per day for 2 ORs and 0.89 cases per day for 3 ORs, both SE  <  
0.01). 

3. Results 

With case resequencing applied before and on the day of surgery, 
there were increases averaging 1 case per OR every 7 days (Table 3). 
Proportionately, that was 5.6% and 5.5% more cases per OR per day for 
the 2 ORs and 3 ORs, respectively, both SE  <  0.1%. The additional 
cases could be scheduled before the day of surgery because resequen-
cing cases among ORs to start cases earlier permitted increases in the 
allocated time (i.e., the hours into which cases could be scheduled), 
from 10.5 to 11.0 h (Table 3 footnote b). The greater allocated time also 
resulted in less overutilized time, a mean of 4.2 min per OR per day for 
2 ORs (SE 0.5 min) and 6.3 min per OR per day for 3 ORs (SE 0.4 min). 

Table 4 and Fig. 1 show the incremental effects of resequencing 
cases only before the day of surgery. Table 5 and Fig. 2 show the in-
cremental effects of also resequencing cases on the day of surgery.  
Figs. 1 and 2 show that the manager can achieve the benefits while 
limiting application of resequencing to when the OR with the fewest 
estimated hours of cases has fewer than 8 h (2 ORs) or 8 h 15 min (3 
ORs). 

4. Discussion 

Changes in case scheduling alone that obtain even 1.0% increases in 
caseload have been treated as important [40], because such increases 
are obtained at negligible cost. We simulated no change in anesthetic 
drugs [10,11] or extra housekeepers [12,13,15], OR nurses, or nurse 
anesthetists [43]. We similarly simulated no change in each surgeon's 
list of cases (i.e., each surgeon was maintained within one OR and 
without gaps between cases). Still, the smaller increase of 5.5% was 
greater than the annual growth in surgical cases at 85.6% of Florida 
hospitals and 95.4% of Iowa hospitals [44]. Even larger increases in 
productivity can be accrued with using an extra OR (e.g., 4 ORs for 3 
ORs of cases) [43], but with the expense of more staff (e.g., another 
anesthesiologist). Conveniently, our results suggest that managers need 
not review all ORs for opportunities to change case start times, only 
when there is at least one OR estimated to have 8 or fewer hours of 

cases. 
Strengths of our study were that we made multiple decisions that 

resulted in our deliberately underestimating the maximum potential 
benefit of case rescheduling. First, Scenario 3 considered only changes 
made once tasks had finished (e.g., patient exits OR), and did not rely 
on statistical methods for predicting the time remaining in ongoing 
cases [45,46]. Second, we only moved cases to start sooner if the 
change in overutilized time was at least 30 min. We did that because 
many OR managers consider smaller changes not to warrant the effort 
of contacting surgeons, evaluating if the move is feasible because of 
constraints, etc. [20,21]. A facility aiming to reduce the queue of pa-
tients from the shutdown of elective surgery because of the acute phase 
of the pandemic could be more aggressive. Third, we considered only 
having extra elective, scheduled cases, not add-on cases that may not be 
completed [47,48]. However, hospitals may have options to perform an 
extra add-on case (e.g., tracheal stent placement) during the regular 
workday in the outpatient ORs rather than late at night in the hospital 
ORs. Add-on cases would considerably increase benefit of case re-
sequencing, because there were on average 2.0 h of under-utilized time 
per OR per day (Table 2). Fourth, by limiting consideration to all cases 
scheduled before the day of surgery, and in a few ORs designated for 
aerosol producing procedures, staff assignment decisions can be made 
to achieve reductions in turnover times [49]. Our lack of consideration 
of such opportunities in the model deliberately resulted in our under-
estimating potential benefits to case resequencing. Fifth, we assured 
a > 90% probability of staff working a 12-h shift to finish on-time. At 
hospitals, OR personnel on call routinely work more hours, but that was 
not what we planned. 

We limited our study to ambulatory surgery, following-up on our 
previous study of the economics of ambulatory surgery centers and 
hospital outpatient departments after the acute phase of the pandemic 
[3]. Second, we considered cases with longer than normal OR times and 
turnover times [3]. Our results do not apply to typical outpatient sur-
gery cases, pre-pandemic. Third, and most importantly, there will not 
be more cases performed if there are not cases waiting to be done be-
cause of unavailable OR time. Before the shutdown of elective surgery, 
that was not the situation at many facilities. For example, the United 
States' 2010 national ambulatory surgery survey included outpatient 
surgery performed at hospitals and unaffiliated free-standing surgery 
centers [28]. There was 64% (SE 1%) of all operating room time 
completed before 12 noon, and 90% (SE 1%) before 3:00 PM [28]. Our 
results depend on the human factor of patients and surgeons choosing 
to perform as many cases as possible. 
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