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Method to Assist in the Scheduling of Add-on Surgical
Cases—Upper Prediction Bounds for Surgical Case
Durations Based on the Log-normal Distribution
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Background: A problem that operating room (OR) managers
face in running an OR suite on the day of surgery is to identify
“holes” in the OR schedule in which to assign “add-on” cases.
This process necessitates knowing the typical and maximum
amounts of time that the case is likely to require. The OR
manager may know previous case durations for the particular
surgeon performing a particular scheduled procedure. The “up-
per prediction bound” specifies with a certain probability that
the duration of the surgeon’s next case will be less than or equal
to the bound.

Methods: Prediction bounds were calculated by using meth-
ods that (1) do not assume that case durations follow a specific
statistical distribution or (2) assume that case durations follow
a log-normal distribution. These bounds were tested using du-
rations of 48,847 cases based on 15,574 combinations of sched-
uled surgeon and procedure.

Results: Despite having 3 yr of data, 80 or 90% prediction
bounds would not be able to be calculated using the distribu-
tion-free method for 35 or 49% of future cases versus 22 or 22%
for the log-normal method, respectively. Prediction bounds
based on the log-normal distribution overestimated the desired
value less often than did the distribution-free method. The
chance that the duration of the next case would be less than or
equal to its 90% bound based on the log-normal distribution
was within 2% of the expected rate.

Conclusions: Prediction bounds classified by scheduled sur-
geon and procedure can be accurately calculated using a
method that assumes that case durations follow a log-normal
distribution. (Key words: Operating rooms; operating room
information systems; prediction bound; staff scheduling; statis-
tical interval.)
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“ADD-ON” surgical cases usually are scheduled individ-
ually. A problem that operating room (OR) managers
face in running an OR suite on the day of surgery is to
identify “holes” in the OR schedule in which to assign
add-on cases. Often, this process necessitates knowing
the typical and maximum amounts of time that the case
is likely to require. For example, consider that at 1:00 pm
anesthesiologists and nurses are available to staff an OR
until 4:00 pm and a surgeon would like to perform a
procedure. How does the OR manager determine
whether the case would typically (eg., has a 50%
chance) be finished by 3:00 pm or whether there is a
reasonable (e.g., 80% or 90%) chance that the case will
be finished by 4:00 pm? The “upper prediction bound” is
the predicted case duration for which there is a specified
probability that the duration of the surgeon’s next case
will be less than or equal to the predicted duration.' For
example, the functional definition of the case’s “90%
upper prediction bound” is that it is a value that will,
with 90% degree of confidence, be equal to or greater
than the duration of the next case.” Prediction bounds
differ from confidence bounds in that the former refers
to durations of future cases, whereas the latter refers to
mean durations. If previous (Ze., historical) case dura-
tions for a particular surgeon performing a particular
scheduled procedure are stored in an information sys-
tem, the 90% prediction bounds (or 50% or 80%, what-
ever is desired) can be calculated.

We' previously investigated how to calculate upper
prediction bounds for case duration by using a distribu-
tion-free methodology” (i.e., a nonparametric method).
This approach does not assume that the statistical distri-
bution of case duration follows any particular distribu-
tion. However, the method needs at least nine historical
cases to calculate a 90% prediction bound, and optimally
would need 19 historical cases. As shown herein, this
requirement is often not satisfied when case durations
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are classified based on the combination of surgeon and
scheduled procedure. Case durations have two charac-
teristics that are representative of log-normal statistical
distributions: (1) case durations are always greater than
zero and (2) outliers tend to be very long in duration, not
short. In this study, we therefore evaluate the accuracy
of an alternative approach to calculating prediction
bounds for surgical case durations, which is based on
log-normal statistical distributions.®

Methods

Data Set

Case duration was defined to equal the time from
when the patient enters an OR to when the patient
leaves the OR. Case durations were obtained for all
surgical cases performed during the 1994 through 1997
fiscal years at the OR suites of the University of lowa
Hospitals and Clinics. The 48,847 cases were classified
based on the 15,574 combinations of scheduled surgeon
and scheduled procedure. Procedures with the same
combination of scheduled Current Procedural Terminol-
ogy 1997 codes were considered the same procedure.
Procedures were defined using the scheduled (versus
actual) procedure code because (1) for the new case to
which a prediction bound will be compared, only the
scheduled procedure is known and (2) for some sur-
geons and scheduled procedures, actual procedures oc-
casionally differed from scheduled procedures.

Calculation of the Prediction Bounds

Mathematic algorithms, formulas, and comments re-
garding the two methods to calculate prediction bounds
are provided in the appendix. At least one, four, or nine
previous case durations are necessary to calculate 50%,
80%, or 90% upper prediction bounds using the distri-
bution-free method. At least two previous case durations
are necessary to calculate any of the 50%, 80%, or 90%
upper prediction bounds using the method based on a
log-normal distribution of case durations.

Testing the Two Methods to Calculate Prediction

Bounds

Separate analyses using the data set were performed
for (1) each of the two methods to calculate prediction
bounds; (2) 50%, 80%, and 90% prediction bounds; and
(3) values of N ranging from 2 to 19 that are appropriate
for the method to calculate prediction bounds. For each
of the analyses, the following methodology was used:
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1. A counter was set to zero.

2. The first surgical case in the data set was considered.

3. The date at which the case being considered was

performed was read.

Did the scheduled surgeon perform the scheduled

procedure at least N times before that date? If no,

then the next step was skipped, and processing ad-

vanced to step 6.

5. The most recent N of the previous cases were used to
calculate the prediction bound. If the duration of the
case being considered was longer than the prediction
bound, the counter was incremented by one.

6. Has the last of the 48,847 cases in the data set been

considered? If not, then the next case in the data set

was considered, and processing returned to step 3.

The proportion of cases exceeding the upper predic-

tion bound for the method to calculate prediction

bounds equaled the value of the counter divided by
the number of prediction bounds that was calculated

for the analysis (Z.e., the number of times that step 5

was performed).

=

~l

All analyses were performed using SAS (SAS Institute,
Cary, NO).

Results

Distribution-free Prediction Bounds

Prediction bounds cannot be calculated for all future
cases. For example, the first column and row combina-
tion of table 1 specifies the requirement that two previ-
ous cases are available to estimate a prediction bound.
The second and third columns reflect that at least two
cases would be available to calculate a prediction bound
for another case for 32% of the surgeon-and-procedure
combinations or 78% of cases. Referring to the third and
seventh rows of table 1, 80% and 90% prediction bounds
could be calculated using the distribution-free method
for 65% and 51% of future cases, respectively. Despite
having a data set of 48,847 previous cases, 80% or 90%
prediction bounds would not be able to be calculated for
35% or 49% of future cases (table 1). The finding that
90% prediction bounds cannot be calculated for 49% of
future cases is the disadvantage to the distribution-free
method that prompted this project.

Ideally, the 50%, 80%, or 90% prediction bounds would
exceed the duration of the next case exactly 50%, 20%,
or 10% of the time, respectively. Prediction bounds cal-
culated using the distribution-free method generally ex-
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Table 1. Method to Calculate Upper Prediction Bounds

% of Surgeon and
Procedure

% of Cases Exceeding the Specified Prediction Bound

Number of Combinations for % of New Cases Distribution-free Method Log-normal Method
Previous Cases Which a Prediction for Which a
Used to Bound Can Be Prediction Bound 50% 80% 90% 50% 80% 90%
Estimate Bound Calculated Can Be Calculated Bound Bound Bound Bound Bound Bound
2 32 78 33 = - 49 24 11
3 20 70 49 — = 49 20 10
4 14 65 39 19 = 49 19 10
5 il51 62 48 16 = 49 19 10
6 9 58 41 14 — 48 19 10
7 8 89 48 12 = 48 18 10
9 6 Sil 48 19 10 48 18 9
il 5 48 47 16 8 48 18 9
8 4 44 47 il8! 7 48 18 9
15 3 42 47 18 6 47 18 9
17 8 40 47 16 5 47 18 9
18 3 39 44 1|5 5 47 18 9
19 3 38 47 19 9 47 18 9

An increase in the number of previous cases used to estimate the upper prediction bound (column 1) causes a decrease in the percentage of new cases for which
a prediction bound can be calculated (column 3), because fewer surgeon and procedure combinations (column 2) have the minimum number of previous cases.
The standard errors of percentages (columns 4 to 9) ranging from 0 to 3%, 4 to 8%, 9 to 17%, and 18 to 78% were 0.1%, 0.1 to 0.2%, 0.2 to 0.3%, and 0.3
to 0.5%, respectively. If the prediction bounds worked perfectly, the percent of cases exceeding the 50%, 80%, and 90% bounds would equal 50%, 20%, and
10%, respectively. When the percent of cases exceeding these bounds is less than these specified (nominal) rates, the prediction bounds overestimated the
desired value. The vacant entries in the fourth and fifth columns show that at least 4 and 9 previous case durations are needed to calculate 80% and 90%

distribution-free upper prediction bounds, respectively.

ceeded durations of the next case by more than the
specified (nominal) percent of cases to exceed the
bound (table 1). Therefore, distribution-free prediction
bounds tended to overestimate the desired value. There
is generally a greater than 50%, 80%, or 90% chance that
the duration of the next case will be less than or equal to
the 50%, 80%, or 90% upper prediction bound calculated
using the distribution-free method.

Prediction Bounds Based on Log-normal

Distribution

The 50%, 80%, or 90% prediction bounds could not be
calculated using this method for 22% of future cases
(table 1). When 80% or 90% prediction bounds are de-
sired, the method based on the log-normal distribution
can calculate them for more cases than the distribution-
free method.

Ninety percent prediction bounds based on a log-nor-
mal distribution underestimated durations of the next
case 1% more often than the expected (nominal) percent
of cases to exceed the bound when there were two
previous cases (table 1). Therefore, if OR managers are
particularly interested in using the method to be nearly
(i.e., 10%) certain that a case will be performed within
the time specified by the prediction bound, then they
may only want to consider prediction bounds based on
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log-normal distributions when there are at least three
previous cases.

The prediction bounds based on the log-normal distri-
bution overestimated the desired value less often than
did the distribution-free method (table 1). The chance
that the duration of the next case would be less than or
equal to its 90% bound was within 2% of the expected
(nominal) rate of 10%.

Discussion

Examples of How an OR Manger Can Use Upper

Prediction Bounds for Case Duration

In the introduction we considered the application of
upper prediction bounds to scheduling of add-on cases
at the end of the regularly scheduled operating day.
There are at least two other applications of upper pre-
diction bounds to OR management.

1. A case in an OR is running late, and the OR manager
wants to move the next case in that OR to a different
OR. The anesthesiologist who would care for the
patient has to leave by 5:00 pm. Using the 80% or 90%
upper prediction bound, the OR manager can assure
the anesthesiologist that there is an 80% or 90%
chance that she will be finished by 5:00 pwm.
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2. A surgeon wants to repair an inguinal hernia. An OR
is available. However, another surgeon will arrive to
start a case in 2 h. Should you put the case into the
OR? On average, the surgeon can complete the pro-
cedure (including induction and emergence) within
the 50% upper prediction bound. However, the case
could necessitate more than average time. The 80% or
90% upper prediction bound can provide information
to help direct the decision.

Log-normal Distribution

The results in table 1 provide evidence that log-normal
distributions can be adequate to describe the statistical
distributions of case durations for a particular surgeon and
procedure. This result was expected because (1) case du-
rations are always greater than zero and (2) outlier cases
tend to be very long in duration, not short. Both of these
characteristics are hallmarks of the log-normal distribution,
and are not satisfied by the normal distribution.

Earlier we reported that surgical case durations for
common procedures, classified based on procedure
only, do not reliably follow either a normal or a log-
normal distribution." We therefore used a distribution-
free method to calculate prediction bounds,"® because
they can be used without concern regarding the appro-
priate statistical distribution. Table 1 shows that predic-
tion bounds based on a log-normal distribution are accu-
rate for case durations classified by surgeon and
procedure. Results from table 1 can explain the results
that we obtained in our previous study. In our previous'
study, case durations were classified based on proce-
dure. If case durations classified by surgeon and proce-
dure follow a log-normal distribution (table 1), then case
durations classified by procedure alone may not follow a
log-normal distribution. Instead, they will follow a statis-
tical distribution that represents a mixture of different
log-normal distributions weighted by the number of pro-
cedures performed by each surgeon. For small numbers
of different surgeons, this mixture of different log-nor-
mal distributions may differ significantly from a log-nor-
mal distribution. Based on this observation, we recom-
mend that OR managers do not use prediction bounds
based on the log-normal distribution for case durations
defined in a different manner without completing an
analysis similar to the one that we present in this article.

This study shows why it has been difficult to deter-
mine the appropriate statistical distribution for surgical
case durations. The clear approach to this problem
would be to test whether case durations for each com-
bination of scheduled surgeon and procedure follow a
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log-normal statistical distribution.* To do so, ideally
there would be approximately 200 case durations for
cach combination. However, in our data set of 48,847
ases there were 15,574 combinations of scheduled sur-
geon and procedure. These data are similar to those
reported by Strum et al” for “a large teaching hospital,”
at which 46,317 cases had 5,122 different procedures
(not surgeon and procedure) after excluding procedures
with more than one current procedural terminology
code.” The consequence of these many combinations is
that only 3% of combinations have at least 19 case dura-
tions (table 1), far from the 200 case durations that
would be desired. Even if 19 case durations were ade-
quate to test a statistical distribution, the results would
then apply only to 3% of the combinations.

Maximum Number of Previous Case Durations to

Use in Calculating Prediction Bounds

Surgeon case durations for specific procedures may
change progressively,' for example, as a result of subtle
changes in demographics of a patient population. When
OR managers calculate upper prediction bounds, they
may not want to include all previous case durations
available for the specified surgeon performing the spec-
ified procedure. The more previous cases that the OR
manager includes in calculating a prediction bound, the
greater the chance that the surgeon may have become
faster or slower progressively.' Therefore, there is an
advantage to including as few previous cases as possible
when calculating upper prediction bounds, yet ensuring
that the prediction bounds do not systematically overes-
timate or underestimate the desired value. Based on this
criterion and the results of table 1, OR managers may
want to consider limiting calculation of prediction
bounds based on the log-normal distribution to the most
recent nine previous case durations, when more than
nine previous case durations are available.

Summary

The upper prediction bound specifies with a certain
probability that the duration of the surgeon’s next case
will be less than or equal to the bound. Prediction
bounds classified by scheduled surgeon and procedure
can be calculated accurately using a method that as-
sumes that case durations follow a log-normal distribu-
tion. Such prediction bounds can be calculated from
only two previous cases and can be printed on the OR
schedule to assist managers in the scheduling of cases.
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Appendix

Distribution-free Prediction Bounds

The N previous case durations for the same scheduled surgeon and
procedure are sorted in ascending order. We let t, refer to the shortest
case duration, t, to the second shortest, and so forth to ty, the longest
The upper prediction bound is one of the previous case durations,
which we call t;, 1 = L = N. Letting (1 — a) = 0.5, 0.8, or 0.9 to obtain
50%, 80%, or 90% prediction bounds, then® L equals the smallest
integer, up to N, greater than or equal to (1 — @) X (N + 1). Because
80% of (4 + 1) = 4 and 90% of (9 + 1) = 9, N = 4 and N = 9 previous
case durations are needed to calculate 80% and 90% upper prediction
bounds, respectively

The even values of N in table 1 are 2, 4, 6, and 18. Prediction bounds
calculated using the distribution-free method are expected to overes-
timate future case durations more often than specified for these N. For
example, we consider the 50% prediction bound calculated using N =
2. The median of two numbers equals the mean. However, L equals the
smallest integer, up to N = 2, greater than or equal to 50% of (2 + 1)
or the maximum of the two numbers. Because upper prediction
bounds calculated using the distribution-free method can overestimate
future case durations more often than specified® and the method to
calculate prediction bounds based on the log-normal distribution per-
formed well (table 1), we chose at the University of lowa to use the
method based on the log-normal distribution. An alternative strategy
would be to interpolate between adjacent case durations when (1 — @)
X (N + 1) does not resolve to an integer. For example, when (1 — «)
=0.9and N = 13, L = 13 because (1 — @) X (N + 1) = 12.6. Instead,
= {i5)
could be used. The limitation to using interpolation is that we are not

of using t,, as the 90% upper prediction bound, t,, + 0.6 X (t, 4
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aware of a statistical theory for the technique, and therefore successful
testing of the method based on data from the University of iowa may
not apply to other OR suites.

Prediction Bounds Based on Log-normal

Distribution

The 1001 (NN
1)-\V1 + 1/N), where T= the mean of the natural logarithms of the N
previous case durations, s = the standard deviation of the natural
« N — 1) = the
percentile of the t distribution with (N — 1) degrees of

@)% prediction bound equals® exp(T + s * t,

logarithms of the N previous case durations, and t,
100(1 — )™
freedom. The V1 +1/N term is the appropriate factor when calculat-
ing a prediction bound, and differs from a V' 1/N term that would have
been appropriate if a confidence bound had been desired. Calculation
of the standard deviation requires at least two data. Therefore, to
calculate a prediction bound based on a log-normal distribution of case
durations, an OR manager must have at least two previous cases.
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