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Abstract

BACKGROUND
In robot-assisted (RA) spine surgery, the relationship between the surgical
outcome and the learning curve remains to be evaluated.

AIM
To analyze the learning curve of RA pedicle screw fixation (PSF) through fitting
the operation time curve based on the cumulative summation method.

METHODS

RA PSFs that were initially completed by two surgeons at the Beijing Jishuitan
Hospital from July 2016 to March 2019 were analyzed retrospectively. Based on
the cumulative sum of the operation time, the learning curves of the two surgeons
were drawn and fit to polynomial curves. The learning curve was divided into the
early and late stages according to the shape of the fitted curve. The operation time
and screw accuracy were compared between the stages.

RESULTS

The turning point of the learning curves from Surgeons A and B appeared in the
18™ and 17" cases, respectively. The operation time [150 (128, 188) min vs 120 (105,
150) min, P = 0.002] and the screw accuracy (87.50% vs 96.30%, P = 0.026) of RA
surgeries performed by Surgeon A were significantly improved after he
completed 18 cases. In the case of Surgeon B, the operation time (177.35 £ 28.18
min vs 150.00 £ 34.64 min, P = 0.024) was significantly reduced, and the screw
accuracy (91.18% vs 96.15%, P = 0.475) was slightly improved after the surgeon
completed 17 RA surgeries.

CONCLUSION

After completing 17 to 18 cases of RA PSFs, surgeons can pass the learning phase
of RA technology. The operation time is reduced afterward, and the screw
accuracy shows a trend of improvement.
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Core Tip: After completing 17 to 18 cases of robot-assisted pedicle screw fixations,
surgeons can pass the learning phase of robot-assisted technology. The operation time
is reduced afterward, and the screw accuracy shows a trend of improvement.
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INTRODUCTION

Because spine surgeons cannot see deep tissues, they cannot directly apply preo-
perative designs to the operation[l]. In addition, their hand stability is often
insufficient. Due to the special anatomical structure of the spine, the accuracy of
freehand pedicle screw fixation (PSF) is not very high[2,3]. Inaccurate screw positions
can cause serious complications, such as damage to blood vessels and nerves[4]. It is
also sometimes necessary to repeatedly adjust the screw trajectory, which reduces
fixation strength.

Surgical robots have been successfully used in many surgeries[5-7], and robotic
systems have been developed to improve the accuracy of screw placement in spine
surgery[8-12]. The advantage of surgical robots is that they allow doctors to see deep
tissues through three-dimensional real-time navigation, and direct positioning after
intraoperative planning.

Every new surgical technique has a unique learning curve[13]. The relationship
between the learning curve and the outcome is an important indicator for evaluating a
new surgical technique. It takes a certain process for the surgeon to be familiar with
and master surgical robot technology. In robot-assisted (RA) spine surgery, the
relationship between the surgical outcome and the learning curve remains to be
evaluated.

In this study, the cumulative summation method was used to analyze the learning
curve of RA PSF through fitting the operation’s time curve.

MATERIALS AND METHODS
Study design

This study is a retrospective case control study of clinical data. The data come from the
medical record management and imaging system of the Beijing Jishuitan Hospital. The
learning curve of RA lumbar PSF was analyzed by measuring the operation time and
screw accuracy of two of the hospital’s surgeons.

Study objective

Patient inclusion criteria were: (1) over 18 years old; (2) diagnosed as having lumbar
spinal stenosis or lumbar spondylolisthesis; and (3) having undergone RA single-
segment minimally invasive pedicle screw surgery. Patient exclusion criteria were: (1)
having undergone multi-segment surgery; (2) severe preoperative comorbidities; (3)
abnormal coagulation function; and (4) requiring revision surgery.

This study retrospectively analyzed the first 45 cases for Surgeon A and the first 30
cases for Surgeon B of RA single-segment minimally invasive PSF at the Department
of Spine Surgery of Beijing Jishuitan Hospital from July 2016 to March 2019. Prior to
the first RA operation, these two surgeons had independently completed more than
200 freehand pedicle screw internal fixations. Both surgeons had accepted formal
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training before starting the operation. This study was approved by the ethics review
committee of Beijing Jishuitan Hospital. RA procedures were performed according to
the guideline for thoracolumbar pedicle screw placement assisted by the TiRobot
Orthopedic Robotic System[14] (Beijing TINAVI Medical Technology Co. Ltd.).

Sample size
The estimate of sample size is based on the operation time in the early and late stages
of the learning curve. The formula for calculating the sample size is n = 2 [0 * (z,,,+
215)/ (Pa- pu) ™

According to previous research, j1, (pre-operation time) was assumed to be 180 min,
M (post-operation time) was assumed to be 150 min, 6 was 25, a was 0.05, and B was
0.20. Based on these calculations, each group required at least 12 cases; that is, each
surgeon needed to include at least 24 cases.

Outcome measurement

A postoperative computed tomography (CT) scan was performed to evaluate the
accuracy of the pedicle screws. One surgeon and one radiologist who were blind to
this study independently assessed the accuracy of the pedicle screws through the
lumbar CT multiplanar reconstruction images. If the ratings of the two were
inconsistent, the evaluation was then conducted by a senior surgeon. The pedicle
screw position was graded according to the Gertzbein and Robbins grading scale[15]
(screw accuracy = number of grade A screws/total number of screws x 100%).

The operation time was recorded as the time from the installation of the patient
tracer to completion of the suture. According to the intraoperative use of gauze and
suction, the surgeon, anesthesiologist, and nurse calculated the amount of blood loss.
Surgery-related complications included postoperative infection, cerebrospinal fluid
leakage, vessel damage, and nerve damage.

Cumulative sum analysis of the learning curve

According to the method proposed by Bokhari et al[16] and Song et al[17], the
cumulative sum (CUSUM) method was used to determine the learning curve based on
the operation time.

The CUSUM,; value of the first case was the operation time (T,) minus the mean
operation time (M;); the CUSUM; value of the second case was the operation time of
the second case (T,) minus the M, then plus the CUSUM,; value of the first case. A
recursive process continued until the last case, and the CUSUM; value was zero at the
end. Polynomial curve fitting was performed on CUSUM,; to calculate the model’s fit.

According to the shape of the fitted curve, when the curve changes from rising to
falling, it indicated that the learning curve had been successfully crossed. We chose
this time point to divide the surgeries of one surgeon into early stage and late stage.
We then compared the results of screw accuracy, operation time, blood loss, and
complications in the early and late stages.

Statistical analysis

Statistical analysis was performed using IBM SPSS v 24.0 software). The categorical
variables were expressed by frequencies (percentage), and the y? test or Fisher’s exact
test was used for comparison between groups. The Shapiro-Wilk test was used to test
the normalcy of continuous variables. Normally distributed continuous variables were
represented by the mean * SD, and non-normally distributed continuous variables
were represented by the median (25% quantile, 75% quantile). The Student’s t-test was
used to compare between groups of normally distributed data, and the Mann-Whitney
U test was used to compare between groups of non-normally distributed data. A P
value < 0.05 was considered statistically significant.

RESULTS

Learning curve for Surgeon A

Surgeon A completed 45 RA PSFs. Patients included 24 males and 21 females, with an
average age of 60.38 years. Surgeon A placed a total of 180 pedicle screws. Posto-
perative CT showed that the accuracy of pedicle screws was 92.78%. The operation
time was 130 (120, 165) min. The intraoperative blood loss was 100 (80, 200) mL. There
were no perioperative complications related to the use of the robot. The operation time
showed a downward trend as the number of surgical cases increased (Figure 1A).
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Figure 1 Operation time for robot-assisted pedicle screw fixations performed by Surgeon A and Surgeon B. A: Surgeon A; B: Surgeon B.
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The fitting model formula of Surgeon A’s learning curve was CUSUM, = 0.014X*-
1.769X?+ 51.305X + 45.437 (X represents the case order). The goodness of fit was R? =
0.935. According to the shape of the learning curve for Surgeon A, the learning curve
for RA surgery can be divided into two stages (Figure 2A). The first 18 cases were in
the early stage (CUSUM, fitting curve continued to rise, representing the learning of
surgical technique), and the 19*to 45" cases in the late stage (CUSUM, fitting curve
continued to decline, representing the mastery of surgical technique).

The comparison of screw accuracy, operation time, and intraoperative blood loss in
the two stages of Surgeon A’s learning curve is shown in Table 1. The operation time
in the late stage was shorter than that in the early stage [150 (128, 188) min vs 120 (105,
150) min, P = 0.002]. The screw accuracy in the late stage was higher than that in the
early stage (87.50% vs 96.30%, P = 0.026). There was no statistically significant
difference in intraoperative blood loss between the two stages [100 (88, 200) mL vs 100
(80, 100) mL, P = 0.186].

Learning curve for Surgeon B
Surgeon B completed 30 RA PSFs. Patients included 14 males and 16 females, with an
average age of 57.57 years. Surgeon B placed a total of 120 pedicle screws.
Postoperative CT showed that the accuracy of pedicle screws was 93.33%. The
operation time was 165.50 = 33.54 min (Figure 1B). The intraoperative blood loss was
200 (100, 200) mL. There were no perioperative complications related to the use of the
robot.

The fitting model formula of Surgeon B’s learning curve was CUSUM, = -0.024X+
0.405X2+ 7.642X + 99.455 (X represents the case order). The goodness of fit was R? =
0.835. According to the shape of the learning curve of Surgeon B, the learning curve of

WJCC | https://www.wjgnet.com 10137 November 26,2021 | Volume9 | Issue33 |



Yu ] et al. Learning curves of RA pedicle screw fixation

Table 1 Comparison of the two stages in Surgeon A’s learning curve

Variables

Early stage Late stage P value

Number of surgeries
Number of screws
Screw accuracy
Operation time (min)

Blood loss (mL)

18 27

72 108

87.50% 96.30% 0.026
150 (128, 188) 120 (105, 150) 0.002

100 (88, 200) 100 (80, 100) 0186

A 600 T

500

400 T
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CUSUM;
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100 | 7

B 300
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200 1
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100

50 t
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Figure 2 Cumulative sum, learning curve for Surgeon A and Surgeon B. A: Surgeon A; B: Surgeon B. CUSUM;: Cumulative sum;.
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RA surgery can be divided into two stages (Figure 2B). The first 17 cases were in the
early stage (CUSUM, fitting curve continued to rise, representing learning of the
surgical technique), and the 18"to 30" cases in the late stage (CUSUM, fitting curve
continued to decline, representing mastery of the surgical technique).

The comparison of the screw accuracy, operation time, and intraoperative blood loss
in the two stages of Surgeon B’s learning curve is shown in Table 2. The operation time
during the late stage was shorter than that during the early stage (177.35 + 28.18 min vs
150.00 £ 34.64 min, P = 0.024). The screw accuracy in the late stage (96.15%) was
slightly higher than that in the early stage (91.18%), but the difference was not statist-
ically significant (P = 0.475). There was no statistically significant difference in intraop-
erative blood loss between the two stages [200 (100, 200) mL vs 100 (100, 200) mL, P =
0.095].

November 26,2021 | Volume9 | Issue33 |



Yu ] et al. Learning curves of RA pedicle screw fixation

Table 2 Comparison of the two stages in Surgeon B’s learning curve

Variables

Early stage Late stage P value

Number of surgeries
Number of screws
Screw accuracy
Operation time (min)

Blood loss (mL)

17 13
68 52
91.18% 96.15% 0.475
177.35 +28.18 150.00 + 34.64 0.024

200 (100, 200) 100 (100, 200) 0.095

Jaishideng®

DISCUSSION

Spine surgery requires surgeons to have sufficient professional knowledge, good
planning ability, and meticulous surgical techniques. The training process for spine
surgeons is usually long and arduous. Only after years of professional learning and
clinical practice can spine surgeons accurately and efficiently complete preoperative
planning, exposure, nerve decompression, internal fixation, and fusion[18]. Therefore,
any techniques that can improve the safety, accuracy, and efficiency and shorten the
learning curve of spine surgery will be welcome.

The use of surgical robots aims to make up for the surgeon’s physiological
shortcomings in vision and operation. Their emergence has brought about significant
improvements in spinal fixation. With the development of image navigation
technology, a variety of surgical robot systems have been developed to deal with the
problems encountered in spine surgery, especially for the accurate placement of
internal fixation[8,12]. The positioning of surgical robots is accurate and stable, which
can improve the accuracy and safety of PSF in minimally invasive spine surgery[9].
Studies have shown that the accuracy of pedicle screw placement in RA lumbar spine
surgery can reach about 95%, which is much higher than the accuracy of freehand
pedicle screw placement[19,20]. However, we still do not have enough knowledge on
the learning curve of RA PSF.

Looking at RA surgery of other disciplines, we see that the learning curve of RA
urological surgery is significantly shorter than that of freehand surgery[21]. Surgeons
can master surgical techniques after completing 50 RA gynecological surgeries.
Surgeons can also master surgical techniques after completing 16 to 32 cases of RA
cholecystectomy. The learning stage of RA gastric bypass surgery can be passed after
completing 14 cases[22,23].

As an emerging technology, RA spine surgery has a specific learning curve, which is
mainly reflected in the operation time and screw accuracy[18,24-26]. This study
included RA single-segment minimally invasive lumbar spine surgeries performed
separately by two surgeons, and evaluated the learning curve of RA PSF. The turning
points of the learning curve of surgeons A and B were in the 18th and 17th cases,
respectively. The screw accuracy and operation time in the late stage of the learning
curve were improved compared with the early stage, indicating that the surgeon can
master the surgical technique of RA lumbar spine surgery after completing 17 to 18
cases. Therefore, problems such as long operation time and insufficient screw accuracy
in the initial application of RA lumbar spine surgery would be gradually solved after
surgeons completed a certain number of surgeries.

Hu et al[25] studied the learning curve for Mazor Robotics” Renaissance RA pedicle
screw placement. They analyzed the results of the first 150 RA pedicle screw
placements performed by one surgeon. They divided 150 surgeries into five groups of
30. The success rate of RA surgery in groups 1 to 5 were 82%, 93%, 91%, 95%, and 93%,
respectively. The inaccurate rate of screws in groups 1 to 5 were 0.8%, 0.3%, 1.4%,
0.8%, and 0%, respectively. Therefore, they defined the first 30 cases as the learning
curve of RA spine surgery[25]. Siddiqui et al[24] analyzed the learning curve of the
ExcelsiusGPS® RA spine surgery. After a clear learning curve of 30 screws being
placed, the screw accuracy improved. The study of Kam et al[27] showed that the
learning curve of RA pedicle screw placement is very short. The study of Urakov et al
[18] showed that the operation time of RA surgery decreased with the increase in the
number of cases. In addition, RA pedicle screw placement can reduce the technical
training required for successful screw placement[18]. Schatlo et al[26] found that the
inaccurate rate of screws was higher in the 10™ to 20" cases in the SpineAssist RA spine
surgery. Hyun et al[28] found that the average insertion time per screw was reduced
from 5.5 min in the first 15 cases to 4.0 min in the subsequent 15 cases and that the
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average fluoroscopy time per screw was reduced from 4.1 s to 2.9 s. The study of Kim
et al[29] showed that the screw insertion time was reduced from 14.9 min in the first
eight cases to 9.3 min in the subsequent 29 cases and that the fluoroscopy time was
reduced by 30% after the eighth case.

The CUSUM method was originally used for quality control in the industrial field,
and was subsequently introduced into the medical field to analyze a surgery’s learning
curve[30]. CUSUM analysis is currently widely used to evaluate the learning curve of
new surgeries, such as RA rectal resection[31], laparoscopic hepatectomy[32], and
laparoscopic pancreaticoduodenectomy[33]. Kim ef al[20] believe that the CUSUM
method can be effective in studying the results of spine surgery. CUSUM analysis
converts the original data into continuous cumulative data that deviate from the
average value, which can display data trends that cannot be discerned by other
methods. In this study, the turning point of the learning curve cannot be derived from
the original data of the operation time. However, the CUSUM fitting curve of the
operation time can be used to divide the learning process of RA surgery into two
stages, according to the apex of the curve. The CUSUM, in the early stage of the curve
showed an upward trend, which represents the learning of the surgical technique. The
CUSUM,; in the late stage of the curve showed a downward trend, which represents
the mastery of the surgical technique. Through CUSUM analysis, it was found that the
learning stages of Surgeons A and B were the first 18 cases and the first 17 cases,
respectively.

This study has several limitations. First, the sample size of this study was limited to
75 surgeries performed by two surgeons. Secondly, these two surgeons came from the
leading orthopedic hospital in China. Whether other surgeons with less experience can
obtain the same learning curve remains to be seen.

CONCLUSION

This paper retrospectively studied the RA minimally invasive single-segment PSF
performed by two surgeons, and analyzed the learning curve of RA PSF using the
CUSUM method. After completing 17 to 18 cases of RA lumbar PSF, surgeons can pass
the learning phase of RA technology. Operation time is reduced, and screw accuracy
shows a trend of improvement.

ARTICLE HIGHLIGHTS

Research background

Every new surgical technique has a unique learning curve. The relationship between
the learning curve and the outcome is an important indicator for evaluating a new
surgical technique. It takes a certain process for the surgeon to be familiar with and
master surgical robot technology.

Research motivation
In robot-assisted (RA) spine surgery, the relationship between the surgical outcome
and the learning curve remains to be evaluated.

Research objectives
This study aimed to analyze the learning curve of RA pedicle screw fixation (PSF)
through fitting the operation’s time curve.

Research methods

Based on the cumulative sum of the operation time, the learning curves of the two
surgeons were drawn and fit to polynomial curves. The learning curve was divided
into the early and late stages according to the shape of the fitted curve. The operation
time and screw accuracy were compared between the stages.

Research results
The turning point of the learning curves from Surgeons A and B appeared in the 18"
and 17* cases, respectively.
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Research conclusions

After completing 17 to 18 cases of RA PSFs, surgeons can pass the learning phase of
RA technology. The operation time is reduced afterward, and the screw accuracy
shows a trend of improvement.

Research perspectives

These two surgeons came from the leading orthopedic hospital in China. Whether
other surgeons with less experience can obtain the same learning curve remains to be
seen.
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