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Background. Due to the high maintenance costs, it is critical to make full use of operating rooms (ORs). Operative duration is an
important factor that guides research on surgery scheduling. Clinical effects, for example, surgery type, rationally influences
operative duration. In this study, we also investigate whether the planning and scheduling decisions in ORs influence the operative
duration. Methods. For our study, we collected and reviewed data on 2,451 thoracic operations from a large hospital in China. The
study was conducted over a period of 34 months. Linear and nonlinear regression models were used to detect the effects on the
duration of the operations. We have also examined interactions between the factors. Results. Operative duration decreased with
the number of operations a surgeon performed in a day (P < 0.001). It was also found that operative duration decreased with the
number of operations allocated to an OR, as long as there were not more than four surgeries per day (P < 0.001). However, they
increased with the number of operations if it was more than four (P < 0.01). The duration of surgery was affected by its position in
the sequencing of surgeries performed by a surgeon. In addition, the effects of surgeons depend on the surgery type as well as the
position in the sequencing order. Conclusions. Operative duration was affected not only due to clinical effects but also some
nonclinical effects. Scheduling decisions significantly influenced operative duration.

1. Introduction

It is important to utilize the operating rooms (ORs) well
since the OR costs account for a great part of the expenses in
hospitals. OR costs are largely based on the planning and
scheduling decisions, which are made according to the in-
formation related to the duration of operations. Therefore, it
is important to investigate which factors influence operating
durations. Usually, it is believed that operative duration
depends on factors related to clinical issues or patients [1],
e.g., age, gender, and body mass index. It is also found that

operative duration is affected by the surgeon’s operating
skills [2, 3], assistant surgeons [4, 5] management policies
[6], switching of teams [7], and surgeon fatigue [8]. Pre-
dictors of operative duration of general thoracic surgeries
are identified in [9]. However, nonclinical factors have not
been taken into consideration for understanding the effects
on operative durations to the same extent. Nevertheless,
researchers have examined the effects of nonclinical factors
such as length of stay (LOS), hospital’s history of mortality
rate, and readmission rate. The typical nonclinical factors
include the day of the week, occupancy rate in the medical
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ward, and the physician’s workload. It is shown that ad-
mission on weekends results in higher mortality [10, 11], and
higher workload results in shorter LOS [12, 13], high
number of readmissions [13], and high mortality rates [14].
As for the workload in ORs, previous investigators find that
high workload is associated with work distractions [15]. It is
worth noting that the workload in ORs is different from that
in medical wards. This can be explained as the workload in
medical wards is often represented by the number of patients
in a given clinical unit since the work is performed nearly
simultaneously. In contrast, in the ORs, the surgeries are
scheduled in a regular order, and the operations of a surgeon
are performed sequentially. It would be interesting to in-
vestigate the effects of the workload consisting of sequential
jobs. Therefore, this paper is motivated by the studies
considering clinical effects on operative duration as well as
those relevant to nonclinical effects on medical services.
The aim of this study is to identify the factors that in-
fluence operative duration from both clinical and non-
clinical perspectives. Specifically, this paper focuses on the
clinical factors: (1) surgery types and surgeons performing
the procedure, and the nonclinical factors (2) days of the
week, (3) workloads (i.e., the surgeon’s workload the
workload in the OR), and (4) the sequencing order of
surgeries performed. Hence, we hypothesize as follows.

Hypothesis 1. Operative duration depends on the type of
surgery and on the surgeon performing the surgery.

Past literature focused on if and how surgeries per-
formed during weekends affected operative duration
[10, 11, 16]. In addition, the day of a week might also in-
fluence operative duration since aside from operations in the
ORs, and surgeons may have other work responsibilities in
different weekdays, for example, administrative jobs and
attending outpatients, which will have already been planned
several weeks ago. These additional job responsibilities may
also influence operative durations. We thus hypothesize as
follows.

Hypothesis 2. The day of the week has an effect on operative
duration.

Based on the assumption that the workload has an effect
on other situations, we hypothesize the following hypothesis.

Hypothesis 3. The operative duration decreases with the
amount of workload, i.e., (a) the number of surgeries per-
formed by the surgeon in a day and (b) the number of
surgeries scheduled in the OR.

Additionally, we hypothesize the following.

Hypothesis 4. The time of the day has an influence on the
duration of surgery, if comparing same procedures.

The contributions of this paper include as follows: (1) we
examine the factors that influence operative durations from
both clinical and nonclinical perspectives, (2) we find the
nonlinear relationship between workloads in ORs and
surgery duration, and (3) we find the order of surgeries a
surgeon performs in a day impacts operative duration.
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2. Materials and Methods

2.1. Data Source. After the approval of the institutional
review board, data were collected from the department of
thoracic surgery from the Hospital Affiliated with Dalian
Medical University, Liaoning province, China. It is one of
the largest hospitals in the province and is one of the top 100
hospitals in China. The department of thoracic surgery is the
largest department in the hospital. Data were collected over
the period of January 2014 through October 2016 and in-
cluded 2,451 observations. All operations included in this
report are thoracic surgeries, of which pulmonary lobectomy
accounted for more than half (67.39%) the operations.
Compared with the ACS-NSQIP database that was
often quoted in the literature (e.g., [1, 4]), our database
included some additional variables, i.e., surgeon-specific
variable, OR-specific variable, and the variable on the
detailed timeline and sequencing of each surgery. Spe-
cifically, our data included the information about (1) the
surgeon and the anaesthetist of each surgery, (2) the OR
where the surgery was performed, and (3) detailed time
taken for each surgery (i.e., (i) the time a patient was
wheeled in, into the OR, (ii) the time when the patient was
given anaesthesia, (iii) the time when the surgeon began to
cut, (iv) the time when the surgeon finished sewing, and
(v) the time when the patient was wheeled out of the OR).
This allowed the analysis of the duration of surgery with
regard to information related to the surgeon and the OR
(time taken for the surgery in the OR). The sample data
with three records are illustrated in Table 1. Note that the
personal information related to the surgeons is kept
anonymous throughout the paper to protect their privacy.

2.2. Study Variables. 'The primary variables included in our
study are the surgeon performing the procedure, the number
of surgeries a surgeon performed in a day, the orderings (the
position of the surgery in the sequence of surgeries per-
formed by the surgeon on that day), the number of surgeries
scheduled in the OR where the surgery was performed, and
the day of the week when the surgery was performed. Other
variables included the surgery type and the anaesthetist. The
Hospital Affiliated with Dalian Medical University hospital
did not use the ICD-10 code. The hospital categorized
surgeries into the specific surgery type, according to an
internal manual of the hospital. Our database consists of 11

surgery types.

2.3. Outcome Variables. Normally, the medical staff in-
volved in an operation includes nurses, anaesthetists, a
surgeon, and assistants. The surgery procedure is divided
into four parts according to the five time points mentioned
above. The first two parts and the last part are mainly
completed by nurses and anaesthetists. The third part is
mainly performed by the surgeon and his/her assistants
since this part is critical for the quality/success of the surgery,
and surgeons are the critical human resource the hospital
and are held responsible for the success/failure of the sur-
gery. We focused on the effects of the surgeons, and the
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TaBLE 1: The sample data with three records.
1D Sex Age Date Day OR Surgeon
6952 x5 F 46 6/1/2016 Thu OR10 A
69 x 504 F 29 7/1/2016 Fri ORO02 A
69 x 541 M 57 8/1/2016 Sat OR15 A
Surgery type Anaesthetist Enter time Anaesthesia time Cut time Sew time Leave time
Surgery 11 A 11:15 11:29 12:18 13:25 13:40
Surgery 4 B 13:06 13:21 13:43 15:20 15:30
Surgery 4 C 10:54 11:56 12:28 14:00 14:10
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F1Gure 1: The box-plot about the relationship between operative duration and the number of surgeries in an OR. In the cases that there are
four or fewer surgeries in an OR, the surgery duration decreases with the number of surgeries, while the duration increases if the number of

surgeries in an OR is five or more.

Set k = 1, and initialize the change point y¥). Denote x as the number of surgeries in an OR.
1) letUR = (x —y®) and VO = T (x> W), where I (x>y®) =1 if x>y® and 0 otherwise.
(2)  Substitute the term ax in the linear model (c is the coefficient of x) with ax + fU® + yV(k)
(3)  Improve the change point estimate by y**) = (y/B) + y*).
(4)  Stop the process if YV — y® < ¢ where ¢ is a small number. Otherwise, let k = k + 1 go to Step 1.

ALGORITHM 1: LFFSA.

primary outcome in this paper is the length of the third part
of the operations, i.e., the cut-suture time. The log of op-
erative duration is used as the outcome variable in order to
avoid the skewed distributions.

2.4. Statistical Analysis. We first examined the effects of the
primary variables. Since the two variables, i.e., the number
of surgeries a surgeon performed in a day and the surgery
position in the scheduling sequence, are collinear. Two
linear regression models (model I and model II) with
either of the variables are used to examine the effects. The
relationship between variables should be considered
[17, 18], and hence this study incorporated not only linear
but also nonlinear models. The box-plot of the operative
duration in two different ranges (cut-off on 4) of the
number of surgeries in an OR (Figure 1) showed a change
point. Specifically, when there are 4 or fewer surgeries

allocated in an OR, the operative duration of the surgeries
decreases, whereas the duration increases if there are more
than 4 surgeries in the OR. This suggests the existence of a
change point. We applied the algorithm proposed in [19]
to test it. The pseudocode of the algorithm is as follows
(Algorithm 1).

We performed variable selection by applying the LASSO
method. The sample size of 2451 is quite sizeable, so we did
not perform a power analysis. The technical details are
available in [20]. Also, a preliminary version of this paper
was posted on [21].

3. Results and Discussion

3.1. Results. We present the regression results in Table 2, and
use the referral of 0.005 as a threshold for statistical sig-
nificance. We interpret the results for the hypotheses as
follows.
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Hypothesis 1 was supported by the models. The re-
gression results in Table 2 found that operative duration
greatly depended on the surgery type, as based on the
complexity involved in the procedure. The results illustrated
the differences in operative duration for different surgery
types. The baseline was the surgery with the most number of
instances, named the thoracoscopic interior pulmonary
lobectomy.

The regression results in Table 2 illustrated that the
mean of operative duration was relevant to the surgeon
performing the procedure. Surgeons B and F were sig-
nificant, whose coeflicients are —0.094 and —0.272. That is,
the mean of the duration of surgeries performed by sur-
geons B (P <0.001) and F (P < 0.001) was 117 minutes (95%
confidence interval [114, 121]) and 110 minutes (95%
confidence interval [92, 109]), about 13 minutes and 36
minutes less than that performed by surgeon A (the in-
tercept is 4.97).

Hypothesis 2 was not supported by the two models.
Significant effects of the day of the week were observed
(Table 2). The days were all not significant. Tuesday and
Friday had the small P values, but still larger than 0.01.

Hypothesis 3(a) was supported by model I. The re-
gression results of model I showed that operative duration
decreased with the number of surgeries a surgeon per-
formed in a day since the coefficient is —0.061. With the use
of the algorithm in [19], the change point (as a continuous
variable) converged quickly to 3.94, which was very close to
the observed change point, 4. Hence, we formulated the
piece-wise linear regression models. Hypothesis 3(b) was
rejected by the two models. The results of models I and II
demonstrated that a change point of the workload in OR
existed. We plotted the mean and confidence interval in
Figure 2. When there were no more than four surgeries in
an OR, operative duration decreased if one more surgery
was scheduled in the OR (the coefficient is —0.067); when
there were more than four surgeries in the OR, operative
duration for one additional surgery in the OR (the coef-
ficient is 0.109). Additionally, the confidence intervals of 5
and 6 ([128, 137] and [144, 164], respectively) were much
larger than others.

Hypothesis 4 was tested by model II. As we mentioned
before, the schedule for operations for a surgeon was
prepared in a sequential order. Hence, the workload
pressure for surgeons is high for surgeries early in the day,
not in the later part of the day. The regression results of
model II verified this conjecture. However, this is not
significant when a surgeon performed five surgeries in a
day, they only handled 1.18% of the cases. The coefficients
were all negative, indicating that the mean of operative
duration decreased if a surgeon performed more than one
surgery in a day. Also, the mean of the duration of the first
surgery was less compared with the later surgeries, when a
surgeon performed two, three, or four surgeries in a day.
For example, the coefficient of 4~1 was —0.206, which
meant that when a surgeon performed four surgeries in a
day, the mean of the duration of the first surgery was 117
minutes (95% confidence interval [104, 130]), a decrease by
about 26 minutes (P <0.001).
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FIGURE 2: The relationship between the operative duration and the
number of surgeries in an OR in a day. When there were no more
than four surgeries in an OR, operative duration decreased around
8 minutes if one more surgery was allocated into the OR; when
there were more than four surgeries in the OR, operative duration
increased around 12 minutes for one more surgery additional
surgery into the OR. The confidence intervals of 5 and 6 are much
larger than others.

3.2. Discussion. The study had significant strengths in-
cluding the large numbers of operations, the uniformity of
the administrative procedures in the hospital, which
benefited the analysis of the effects of clinical and nonclinical
factors. We found surgeons tended to accelerate their work
when performing more number of surgeries. The most in-
teresting finding in this study was that the workloads in an
OR influence the operative duration. The increase of more
than 4 surgeries in an OR might be because when too many
surgeries were allocated to an OR, it would become disor-
dered, which would result in longer operative duration. This
study was insightful for surgery-scheduling problems since
the basic assumption that scheduling decisions were inde-
pendent of surgery duration was denied. With this new
finding, new models should be formulated.

In the literature, the interactions between factors were
considered to affect the OR efficiency and patient safety,
such as pairing surgeons with anaesthesiologists [22, 23]
and pairing surgeons and the assistants [4]. However, we
tested these two kinds of interactions, but no items were
significant. We also investigated other interactions, i.e., the
interactions among surgeons, surgery types, and ordering
sequences. The coefficients of surgeons and surgery posi-
tions in the sequencing, and their interactions are shown in
Table 3. Surgeons B and C were flexible; the duration of
these two surgeons’ surgeries depended significantly on the
surgery positioning. Specifically, surgeon B was much
faster when they performed the surgeries in position 4~3
(P <0.001).

3.3. Limitations of the Study. The principal limitation of this
study is that the results are obtained based only on one
database of a department of one hospital. The surgery types
were also limited, which are mainly thoracic surgeries.
Hence, more data should be used to verify whether the
results in this paper hold for other surgeons and surgery



Journal of Healthcare Engineering 7

TaBLE 3: The regression results relevant to surgeons, surgery positions, and their interaction. The coeflicients of other variables were not
listed in the table since they were quite similar to those of model II.

Variables Coefficient 95% confidential interval Pr(>|t])

Surgeon
Surgeon C 0.074 [0.031, 0.118] 0.001***
Surgeon F -0.269 [-0.359, —0.180] <0.001%**

Surgery position
Position 3~1 -0.155 [-0.217, —0.092] <0.001***
Position 3~3 —0.085 [-0.146, —0.024] 0.007**
Position 4~1 -0.165 [-0.268, —0.061] 0.002**
Position 4~2 ~0.102 [~0.211, 0.007] 0.067%
Position 4~4 -0.100 [-0.200, —0.001] 0.048*
Position 5~1 -0.422 [-0.755, -0.089] 0.013*

Interactions
Surgeon B: position 2~1 —-0.141 [-0.218, —0.064] <0.001***
Surgeon B: position 2~2 —-0.141 [-0.221, —0.061] 0.001***
Surgeon B: position 3~2 -0.228 [-0.366, —0.091] 0.001**
Surgeon B: position 3~3 -0.171 [-0.319, —0.024] 0.023*
Surgeon B: position 4~3 -0.434 [-0.642, —0.225] <0.001***
Surgeon B: position 5~5 -0.393 [-0.917, 0.131] 0.141%
Surgeon C: position 3~1 0.150 [0.010, 0.290] 0.036*
Surgeon C: position 3~2 -0.258 [-0.393, —0.123] <0.001***
Surgeon C: position 5~4 -0.756 [-1.283, —0.229] 0.005**
Surgeon D: position 5~1 0.980 [0.169, 1.790] 0.018*
Surgeon E: position 3~2 -0.361 [-0.790, 0.068] 0.099&
Surgeon E: position 3~3 —-0.428 [-0.766, —0.089] 0.013*

Adjusted R? 0.222

types. In addition, if more data are available in future, the Data Availabi]ity

effects of other factors might be investigated, such as
turnover time [24], interruptions [25-27], and surgeon
experience [28, 29], since these factors have been found to
affect the surgical quality.

Additionally, the fact that a surgeon working faster (or
slower) does not mean that he/she is better (or worse) at the
surgeries. Hence, another limitation is that the outcomes of
the surgeries (e.g., length of stay, readmission rate, and
mortality rate) are not mentioned in this paper. The effect of
surgery duration on healthcare quality is worthy of atten-
tion. We should take both efficient planning and surgical
quality into account seriously.

4. Conclusions

In this paper, the clinical and nonclinical effects on operative
duration were investigated based on a dataset on thoracic
surgeries. Instead of only focusing on the clinical factors,
nonclinical factors were also studied. It was found that the
operative duration was influenced by surgeons” workload and
workload in the OR where the surgery was performed. The
duration decreased with surgeons’ workload. However, it did
not monotonically decrease with the workload in the OR.
Specifically, the operative duration decreased with the number
of surgeries in the OR in a day if it was not more than four,
whereas it would increase with the number if it was beyond
four. Also, the duration was impacted by the position of the
surgery in a sequence of surgeries a surgeon performed in a
day. In addition, the interactions among surgeons, surgery
types, and surgery positions also influenced operative duration.

The dataset used and/or analyzed during the current study is not
publicly available because it contains very sensitive and private
information about patients and surgeon. But the dataset is
available from the corresponding author on reasonable request.
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