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Abstract

Purpose: As transanal total mesorectal excision (taTME) is performed worldwide, the optimization of existing training
and guidance programs to enhance new taTME learners’ competence in performing this procedure is warranted. This
study aimed to evaluate the taTME learning curve in patients with mid-low rectal cancer.

Methods: Patients who underwent taTME for mid-low rectal cancer between October 2015 and August 2021 at a
single center were included. A cumulative sum (CUSUM) learning curve analysis was performed with the total opera-
tion time as the study outcome. The learning curve was analyzed using risk-adjusted CUSUM analysis, with postopera-
tive complications and anastomotic leakage (AL) as outcomes.

Results: In total, 104 consecutive patients were included in this study. The CUSUM learning curve for total operative
time started declining after 42 cases (309.1 4 84.4 vs. 220.2 4 46.4, P < 0.001). The risk-adjusted CUSUM (RA-CUSUM)
learning curve for postoperative complications fluctuated in cases 44-75 and declined significantly after case 75. The
RA-CUSUM learning curve for AL declined after 68 cases.

Conclusions: taTME had learning curves of 42, 75, and 68 cases for total operative time, postoperative complications,
and AL, respectively. A surgeon may require 42 and 75 cases to achieve “proficiency”and “mastery”in taTME proce-
dures, respectively.
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Introduction gradually accepted by some colorectal surgeons as a safe

In 2010, Sylla et al. [1] first proposed transanal TME
(taTME) to improve the quality of surgical specimens for
middle and low rectal cancers. Since its introduction to
surgical practice, taTME has been conceived as “a new
solution to some old problems [2]” In particular, taTME
potentially achieves circumferential resection mar-
gin (CRM) and distal resection margin (DRM) in male
patients with obesity and narrow pelvis, and it has been
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and feasible procedure [3, 4]. However, high multifocal
pattern local recurrence rates were reported in two stud-
ies on taT ME oncological outcomes [5, 6].

As the taTME procedure is widely performed world-
wide, evidence regarding the reliability of this tech-
nique in terms of oncology safety is increasing [7, 8].
This appears to encourage more colorectal surgeons to
attempt this procedure. Although taTME has unique
advantages in the treatment of low and middle rectal
cancer over relatively complex surgeries, such as lapa-
roscopic radical rectal cancer, it often has an inherent
learning curve [9]. In a recent study in the Netherlands
that reported local recurrence rates during taTME imple-
mentation in a structured national training program, the
authors noted that even when surgeons were supervised,
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there was a significant learning-curve effect in the first 10
cases [6].

Therefore, it is crucial to study the taTME learning
curve to determine the learning stage of the technique.
This study aimed to evaluate the learning curve for
taTME to determine the number of procedures required
to achieve proficiency and mastery, respectively.

Methods

Patient selection

One-hundred and four consecutive patients who under-
went taT ME for mid-low rectal cancer between October
2015 and August 2021 at a single center (Beijing Friend-
ship Hospital, Capital Medical University, China) were
included. Patient data were included in an institutional
database of prospective records and retrospectively ana-
lyzed for the purposes of this study. Inclusion criteria
included adults with a diagnosis of rectal adenocarci-
noma located up to 10 cm from the anal verge undergo-
ing elective taT ME and the absence of exclusion criteria.
Exclusion criteria were specific contraindications to lapa-
roscopy, procedures performed in an emergency setting
(intestinal obstruction, perforation, etc.), and histology
other than adenocarcinoma. Patients treated through
local excision were excluded. All patients underwent pre-
operative colonoscopy and tumor biopsy. Chest/abdomi-
nal computed tomography (CT) and pelvic magnetic
resonance imaging (MRI) were performed on all patients,
except those with contraindications, after histological
diagnosis of rectal cancer to assess clinical staging. This
study was approved by the Institutional Research and
Ethics Committee.

Data collection

Collected data included sex, age, BMI, comorbidity
(hypertension, diabetes, cardiovascular disease, and res-
piratory disease), previous abdominal surgery, American
Society of Anesthesiologists (ASA) score, preoperative
tumor staging, preoperative neoadjuvant therapy, and the
distance of the tumor edge from the anal edge (measured
using MRI or colonoscopy/CT in patients who could
not undergo MRI). Intraoperative variables included
total operation time (transabdominal 4 transanal),
type of colorectal reconstruction, creation of a divert-
ing ileostomy, intraoperative blood loss, anal drainage,
and conversion to open surgery. The pathological char-
acteristics included specimen quality, tumor dimension,
pathological stage, and CRM and DRM statuses. Postop-
erative outcomes included length of postoperative stay
and 30-day postoperative complications (all postopera-
tive complications, reoperation, readmission, and mortal-
ity). Local recurrence and survival status were included
in the follow-up data.
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TME-specimen quality was categorized based on
the principles described by Nagtegaal et al. [10]. Speci-
men quality was assessed jointly by the pathologist and
surgeon. Positive CRM was defined as the presence of a
tumor or malignant lymph node < 1 mm from the CRM.
Local recurrence was defined as radiologic or endoscopic
evidence of one or more new pelvic lesions documented
during surveillance after removal of the primary tumor,
and distant recurrence was defined as disease recurrence
outside the pelvis that was not present at the time of
diagnosis or surgery.

Surgical technique

All surgical procedures were performed by the same sur-
gical team. The taTME procedures were performed by 3
laparoscopic colorectal surgeons. Transanal procedures
were performed by the same surgeon, and transabdomi-
nal procedures were performed by the assisting team;
after 14 cases, the transabdominal operation was per-
formed by another member of the team. In the first 14
cases, transabdominal and transanal operations were
performed sequentially, and from the 15th case, transab-
dominal and transanal operations were performed simul-
taneously. These surgeons had extensive experience in
laparoscopic colorectal surgery, and each had performed
> 300 laparoscopic rectal resections. All patients under-
went preoperative mechanical intestinal preparation 1
day before surgery and prophylactic intravenous infusion
of antibiotics 30—60 min before surgery.

Transabdominal phase

Laparoscopic exploration, dissection of the inferior
mesenteric artery or superior rectal artery root, and
mesenteric-membrane dissection were the same as in
conventional laparoscopic-assisted TME surgery. Splenic
flexure mobilization was performed when necessary for
tension-free anastomosis.

Transanal phase

After disinfecting and fully expanding the anus, a Lone
Star Retractor = was positioned to better expose the anal
canal. Depending on the tumor location, the transa-
nal operation platform and surgical instruments were
directly inserted, or intersphincteric resection (ISR) was
initially performed transanally.

Purse-string suture

Discontinuous annular pre-labeling of the intesti-
nal wall was performed on the mucosal surface of the
intestinal wall 1-2 cm from the tumor’s lower edge. A
2-0 suture was used to purse-string suture the muscu-
lar layer of the rectal wall at the labeled site and subse-
quently tighten the purse and tie the knot to close the
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rectal lumen. The mesorectum was isolated through the
anus in the “Holy Plane” of the TME until total meso-
rectal resection was completed by meeting with the
transabdominal operating plane.

According to tumor height and preoperative anorectal
function, one of the following two surgical procedures
was performed: (1) TME resection and one-stage anas-
tomosis or (2) TME resection with end colostomy. After
the anastomosis was completed, it was examined through
the anus, and, if necessary, reinforced by manual suture.

In the early stages, surgeons attempted transanal
endoscopic microsurgery (TEM), single-incision lapa-
roscopic surgery (SILS) port, and STAR-port platforms
(Fig. Sla—c). After 33 cases, the STAR-port platform
(Starport, Surgaid Medical, Xiamen, China) was used
regularly. The part of the anal canal inserted is made of
hard material, which can open the anal canal to better
expose the surgical field, and the operation of surgical
instruments is more flexible. All patients received post-
operative care according to the enhanced recovery after
surgery protocol.

Endpoints

The main outcome of this study was the number of pro-
cedures required to achieve proficiency and mastery,
respectively. Cumulative summation (CUSUM) analy-
sis was used to evaluate the learning curve, with opera-
tive time, incidence of postoperative complications,
and anastomotic leakage (AL) as endpoints. The point
at which the operative time became consistent with
the mean, without further significant changes in terms
of operative time, was defined as the point of “profi-
ciency” of the technique [11]. “Mastery” was consid-
ered achieved when there was a significant decrease in
the learning curve graph with the outcomes of postop-
erative complications and anastomotic leakage. Opera-
tive time was defined as the sum of the transabdominal
and transanal operation times. Thirty-day postoperative
complications were classified according to the Clavien—
Dindo classification [12] to separate minor (I-II) from
major complications (III-V). Major surgical postop-
erative complications were defined as grade 3 or higher
complications, excluding extra-abdominal and stoma-
related morbidities. AL was diagnosed and graded
according to the definition provided by the International
Study Group of Rectal Cancer [13].

Statistical analyses

The CUSUM method is a time-weighted control chart
method that has received increasing attention in recent
years for detecting the value of learning curves [14]. This
method calculates the degree of deviation of each sample
observation from the target value and cumulative sum
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using summation methods. The target time was defined
as the mean operative time for all patients. If the CUSUM
curve rose, it indicated that the corresponding observa-
tion was above the sample mean, and if the curve fell, it
indicated that the corresponding observation was below
the sample mean. The peak of the curve is the turning
point for crossing this surgical learning curve.

Since the CUSUM method is based on purely observ-
ing surgical outcomes, this ignores the situation where
certain patients with high surgical risk factors have poor
surgical performance. The accuracy of the above results
was verified using the risk-adjusted CUSUM method
(RA-CUSUM) [15], as an extension of the CUSUM
method, which could be used to explain the difference
between predicted and actual events. It adjusts the risk
of preoperative surgical failure for each patient by means
of a likelihood-based scoring method to reduce the pos-
sibility that those deaths caused by differences in patient
mix will not be wrongly attributed to the surgeon. After
determining the risk factors in this experiment, the risk
probability of each specific value in the data was pre-
dicted using risk factor scores, which in turn allowed us
to determine the reliability of the CUSUM results.

Postoperative complications and anastomotic leakage
were further risk-adjusted CUSUM analyzed. The risk
factors associated with outcomes were first identified by
univariate logistic regression analysis, and at the same
time, by reviewing studies on the risk factors for taTME
postoperative complications [16, 17], the risk factors were
finally identified: male, BMI > 25, ASA score > 2, tumor
height, preoperative neoadjuvant therapy, intraopera-
tive blood loss > 100 ml, and tumor size. These risk fac-
tors were included in the multivariate logistic regression
analysis to determine the probability of complications (p)
for each patient, and the independent risk factors were
male, ASA score > 2, MRI-N stage. Similarly, the cutoff
point of the CUSUM curve was considered as the end of
the learning period. Regarding RA-CUSUM with AL, the
same method was used for the analysis.

Baseline demographic, clinical, and surgical charac-
teristics as well as crude outcomes of participants are
presented as frequencies and percentages for categori-
cal variables, means and standard deviations (SDs), or
median and interquartile ranges for continuous vari-
ables, depending on whether datasets were normally
distributed. Between-group differences in categorical
variables were evaluated using the chi-square test. The
two-tailed #-test (normal distribution) or Mann—Whit-
ney U-test (skewed distribution) was used to determine
any significant differences between the means or medi-
ans of the groups. A normal Q-Q plot was used to assess
the normality of the data distribution. All analyses were
performed using the Statistical Package for the Social
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Sciences (version 26.0; IBM, Armonk, NY, USA). Statisti-
cal significance was set at P < 0.05.

Results

Patient characteristics

A total of 104 consecutive patients (77 men, 74.0%)
were included in this study. The demographic data,
tumor characteristics, and treatment characteristics of
the entire cohort are shown in Table 1. The mean age of
the cohort was 61.5 years (&= SD 11.5, range 35-87). The
median BMI was 24.2 kg/m* (IQR 22.2-26.0). Twenty-
one patients (20.2%) underwent abdominal and pel-
vic surgeries for various reasons. A total of 51 patients
(49.0%) received preoperative neoadjuvant chemoradia-
tion therapy. Eighty-four (80.8%) patients were at clini-
cal stage T3-4, 51 (49.0%) had N +, and 22 (21.2%) had
positive preoperative MRI-CRM. The median preopera-
tive distance from the lower margin of the tumor to the
anal margin was 50.0 mm (/QR 40.0-66.8). There were
56 (53.8%) and 48 (46.2%) cases of low rectal and middle
rectal cancers, respectively.

Surgical details

As shown in Table 2, 98 (94.2%) patients underwent
taTME resection and primary anastomosis. Of these
patients, 26.5% (26/98) and 92.9% (91/98) underwent
manual anastomosis and defunctioning ileostomy,
respectively. No patients underwent APR surgery. The
remaining six patients (5.8%) underwent talTME resec-
tion and permanent colostomy. Two patients (1.9%, cases
31-32) were converted to laparotomy.

Histopathological results

The histopathological results of the 104 patients are sum-
marized in Table 2. Complete and near-complete TME
specimens were obtained in 78 (75.0%) and 18 patients
(17.3%), respectively, while incomplete TME specimens
were reported in eight patients (7.7%). DRM- and CRM-
positivity rates were 4.8% (5/104) and 3.8% (4/104),
respectively. The median tumor size was 30.0 mm (/QR:
20.0-42.3).

Postoperative complications

Postoperative outcome details are shown in the third
module of Table 2. The median length of hospital stay
was 7 days (IQR: 6-9). The incidences of postopera-
tive and major complications (Clavien—Dindo > III)
within 30 days were 37.5% and 6.7%, respectively, and
nine patients (8.3%) developed post-discharge compli-
cations. The incidence of AL was 17.3% (17/98), and
three cases occurred after discharge. Of these patients,
70.6% (12/17) received interventional drainage or con-
servative treatment with antibiotics (grade B), and
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Table 1 Patient demographics, preoperative staging, and treatment
of cancer cases

Variable Values
Sex, n (%)

Male 77 (74.0)

Female 27 (26.0)
Age, mean =+ SD 615£115
BMI, kg/m?, median (IQR) 242 (22.2-26.0)
Comorbidity, n (%)

Yes 48 (46.2)

No 56 (53.8)
ASA, n (%)

I 9(8.7)

I 77 (74.0)

1l 18(17.3)
Neoadjuvant chemoradiation, n (%)

Yes 51(49.0)

No 53(51.0)
Previous abdominal surgery, n (%) 21(20.2)
Distance from anal verge, mm, median (IQR) 50.0 (40.0-66.8)

Middle rectum, n (%) 48 (46.2)

Lower rectum, n (%) 56 (53.8)
Preoperative T stage, n (%)

T 2(1.9)

T2 18(17.3)

T3 77 (74.0)

T4 7(6.7)
Preoperative N stage, n (%)

NO 43 (41.3)

N1 33(31.7)

N2 18(17.3)

NX 10(9.6)
Preoperative M stage, n (%)

MO 99 (95.2)

M1 5(4.8)
Preoperative CRM involvement, n (%) 22 (21.2)

BMI Body mass index, ASA American Society of Anesthesiologists

one patient underwent surgery (grade C). Overall, the
30-day readmission rate was 7.7% (8/108), including
five AL-related cases. Three patients (2.9%) underwent
reoperation, that is, cases 31, 62, and 63. The 31st case,
due to intraoperative hemorrhage of the anterior sacral
venous plexus, was treated for hemostasis with a cotton
pad, which was also removed surgically. The remain-
ing two patients underwent unplanned reoperations. A
ureteral stent was implanted in the 62nd case because
of urinary tract infection, and open debridement and
drainage were performed in the 63rd case because of
postoperative AL.
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Table 2 Operation details and pathological and postoperative
outcomes of all included patients

Variable Values

Operation details
240 (210-290)
100 (50-100)

Total operation time, min, median (IQR)
Intraoperative blood loss, mL, median (IQR)
Anastomotic technique, n (%)

Stapled 68 (65.4)
Manual 26 (25.0)
Stapled and reinforced by manual
None 6 (5.8)
Stoma creation, n (%)
None 7(6.7)
Diverting loop ileostomy 91 (87.5)
Permanent colostomy 6(5.8)
Transanal tube use, n (%) 72 (69.2)
Conversion to open, n (%) 2(1.9)
Pathology
Pathological T stage, n (%)
(y)pTo 13(12.5)
(y)pTis 3(2.9)
(y)pT1 13(12.5)
(y)pT2 25 (24.0)
(y)pT3 49 (47.1)
(y)pT4 1(1.0)
Pathological N stage, n (%)
(y)pNO 76 (73.)
(Y)pN1 20(19.2)
(Y)pN2 8(7.7)

Tumor max size, mm, median (IQR) 30.0 (20.0-42.3)

Quality of TME specimen, n (%)

Complete 78 (75.0)
Near complete 18(17.3)
Incomplete 8(7.7)
Circumferential margin involvement, n (%) 5(4.8)
Distal margin involvement, n (%) 4(3.8)
Postoperative outcomes
Length of postoperative hospital stay, days, median 7 (6-9)
(IQR)
Cases with complication(s) within 30 days, n (%) 39(37.5)
Clavien-Dindo |, n (%) 7 (6.7)
Clavien-Dindo I, n (%) 25(24.0)
Clavien-Dindo Ill, n (%) 4(3.8)
Clavien-Dindo IV, n (%) 3(2.9)
Clavien-Dindo V, n (%) 0
Anastomotic leakage, n (%) 17 (17.3)
Grade A 4(4.1)
Grade B 12(12.2)
Grade C 1(1.0)
Reoperation, n (%) 3(2.9)
Readmissions within 30 days, n (%) 8(7.7)

Deaths within 30 days, n (%)
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Follow-up

The median follow-up period for the entire popula-
tion was 28 months (IQR: 12-41.5). Local recurrence
occurred in five patients (4.8%) during this period, of
which one was DRM positive, one was CRM positive, and
two died during follow-up. Nine patients (8.7%) devel-
oped distant metastasis, including two with simultane-
ous local recurrence and one with preoperative stage 4.
The overall and cancer-related mortality rates were 7.7%
(8/104) and 4.8% (5/104), respectively, with one death due
to pulmonary infection 2 months after surgery, one death
due to pulmonary embolism 2 months after surgery, and
one death due to intestinal obstruction 15 months after
surgery.

CUSUM charts for the surgical outcomes

Surgical experience and operating time (Fig. 1)

The mean total operative time (transabdominal + transa-
nal) in this study was 256.1 min (+ 77.6). The CUSUM
plot decreased when the operative time exceeded this
value. According to the CUSUM operation-time dia-
gram, the curve dropped in the initial stage in cases
10-14 and rose again after case 14, a phenomenon that
may be related to the engagement of a new surgeon in the
abdominal operation group. Based on a visual analysis
of the learning curve, a peak was noted in the 42nd case
(Fig. 1); therefore, case 42 was defined as the learning-
curve cutoff point regarding surgical time, after which
the learning curve declined. A comparison of opera-
tive time between the two phases (cases 1-42 and cases
43-104) confirmed significant differences and a gradual
decrease in operative time after case 42 (309.1 + 84.4
vs 220.2 £ 46.4, P <0.001) (Table 4). In the initial stage,
manual anastomosis accounted for a high proportion of
patients (35.7% vs. 17.7%, P = 0.038) (Table 4). Sex, BMI,
complications, ASA grade, history of abdominal and
pelvic surgery, tumor location, and neoadjuvant ther-
apy exhibited no statistical differences between the two
stages (Table 3). There were no significant differences in
intraoperative blood loss, conversion rate to open sur-
gery, integrity of mesangial specimen, and CRM and
DRM statuses between the two stages (Table 4).

Surgical experience and postoperative complications (Fig. 2)

Postoperative complications occurred within 30 days
in 39 patients (37.5 %). The RA-CUSUM for postopera-
tive complications revealed changes in cases 43 and 75
(Fig. 2). As shown in the RA-CUSCUM diagram, the
curve realized a significant upward trend from case 1 to
43 and the highest peak at case 43. The curve fluctuated
significantly from the 44th to the 75th case, and after the
75th case, the curve generally showed a downward trend.
Therefore, the learning curve could be divided into three
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The learning curve of operative time by CUSUM method
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phases based on the endpoint of postoperative compli-
cations: phase 1 (case 1-43), phase 2 (cases 44-75), and
phase 3 (cases 76—104). See Tables 3, 4 and 5 for detailed
information regarding comparisons of the three phases.

The incidences of complications in the three phases
were 53.5%, 34.4%, and 17.2%, respectively (Table 5).
The incidence of postoperative complications was sig-
nificantly lower in the third phase than in the first phase,
and it was lower in the second phase than in the first
phase; however, the differences were not statistically dif-
ferent. The three phases were similar in terms of major
postoperative complications. The rates of neoadjuvant
therapy in the three phases were 44.2%, 71.9%, and 31.0%,
respectively, and there was a statistically significant dif-
ference between the third and second phases (Table 3).
The rates of stapled anastomosis in the three phases were
41.9%, 81.3%, and 82.8%, respectively, and those in the
second and third phases were significantly higher than
those in the first phase (Table 5). The rate of rectal tube
use increased gradually in the three phases, and there
were statistically significant differences between the three
phases (44.2% vs. 75.0% vs. 100.0%) (Table 4). No statisti-
cally significant differences were observed in the patients’
demographic data, tumor size, location, and stage
(Table 3). Other short-term outcomes, including conver-
sion to open surgery, reoperation, and readmission, did
not differ significantly among the three phases.

Surgical experience and AL (Fig. 3)

The incidence of AL within 30 days of surgery was 17.3%.
With operation time as the study outcome, the AL rate in
the first 42 cases was 19.0%, and that in the latter 42 cases
was 14.5%, revealing no statistically significant difference
(P = 0.540; Table 5). With postoperative complications
as the study outcome, AL rates in the three phases were
20.9%, 18.8%, and 6.9%, respectively (Table 5). In conclu-
sion, although there was no statistically significant dif-
ference, the incidence of AL gradually decreased with an
increase in the number of surgical cases.

In the RA-CUSUM plot, among the 98 patients under-
going anastomosis, the curve for cases 1-68 demon-
strated an upward trend and peaked at the 68th case.
Although there were obvious fluctuations during this
period, the curve presented a downward trend after
case 68. Therefore, the 68th case was used as the cutoff
for the curve, and the AL rates in the two phases (1-68
and 69-98) were 22.1% and 6.7%, respectively (P = 0.064;
Table 5).

As shown in Tables 3 and 4, the distance of the lower
tumor margin from the anal margin (50.7 + 15.5 vs 60.6
+ 23.1%, P = 0.014), neoadjuvant therapy (58.8% vs.
30.0%, P = 0.009), instrument anastomosis (63.2% vs.
83.3%, P = 0.047), and anal drainage (57.4% vs. 100.0%,
P < 0.001) were statistically different between the two
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Table 3 Patient demographics, preoperative staging, and treatment according to the inflection points in the three learning curves

Variable Operation-time group P Postoperative-complication group Anastomotic-leakage group P
Consecutive 1-42 43-104 1-43 44-75 76-104 1-68 69-98
no. of patients
Sex, n (%) 0.186 0.395
Male 34 (81.0%) 43 (69.4%) 35 (81.4%) 23 (71.9%) 19 (65.5%) 51 (75.0%) 20 (66.7%)
Female 8 (19.0%) 19 (30.6%) 8 (18.6%) 9 (28.1%) 10 (34.5%) 17 (25.0%) 10 (33.3%)
Age, mean (SD) 64.5(10.7) 59.5(11.7) 0.028 63.8(114) 58.6(10.8) 61.2(12.0) 60.8 (10.5) 60.4 (12.6) 0.883
BMI, kg/mz, 24.2(21.6-26.1) 24.1(225-26.0) 0691 24.2(21.6-26.1) 24.6(22.6-26.2) 23.9(222-26.0) 244(224-26.1) 239(22.3-26.0) 0.988
median (IQR)
Comorbidity, 22 (52.4%) 26 (41.9%) 0294 22 (51.2%) 12 (37.5%) 14 (48.3%) 29 (42.6%) 14 (46.7%) 0.712
n (%)
ASA, n (%) 0.058 0.745
I 6 (14.3%) 3 (4.8%) 6 (14.0%) 1(3.1%) 2 (6.9%) 6 (8.8%) 3(10.0%)
Il 26 (61.9%) 51 (82.3%) 27 (62.8%) 26 (81.2%) 24 (82.8%) 51 (75.0%) 24 (80.0%)
Il 10 (23.8%) 8 (12.9%) 10 (23.3%) 5(15.6%) 3(10.3%) 11 (16.2%) 3(10.0%)
Neoadjuvant 18 (42.9%) 33(53.2%) 0.299 19 (44.2%) 23 (71.9%) 9 (31.0%)& 40 (58.8%) 9 (30.0%) 0.009
therapy, n (%)
Previous 10 (23.8%) 11(17.7%) 0449 10(23.3%) 7 (21.9%) 4(13.8%) 15 (22.1%) 4(13.3%) 0314
abdominal
surgery, n (%)
Distance from  48.0(40.2-58.0) 52.5(39.8-70.8) 0428 47.0(40.0-58.0) 46.0(38.8-64.0) 58.0(43.0-77.0) 46.5(40.0-58.5) 59.0(43.0-79.2) 0.035
anal verge,
mm, median
(IQR)
Middle rectum, 16 (38.1%) 32 (51.6%) 0.175 16(37.2%) 13 (40.6%) 19 (65.5%) 26 (38.2%) 20 (66.7%) 0.009
n (%)
Lower rectum, 26 (61.9%) 30 (48.4%) 0.175 27 (62.8%) 19 (59.4%) 10 (34.5%) 42 (61.8%) 10 (33.3%) 0.009
n (%)
Preoperative 10 (23.8%) 12 (19.4%) 0.585 11 (25.6%) 8 (25.0%) 3(10.3%) 18 (26.5%) 3(10.0%) 0.067
CRM involve-

ment, n (%)

*P < 0.05, comparison between phases 2 and 1. #P < 0.05, comparison between phases 3 and 1. &P < 0.05, comparison between phases 3 and 2

phases. There were no significant differences in sex, age,
BMI, ASA grade, or tumor T stage.

Discussion
The analysis was based on a consecutive series of 104
mid-low rectal cancer patients who underwent taTME.
The evaluation of total operation time revealed a clear
learning curve, which improved significantly after 42
cases. The results showed a learning curve for postopera-
tive complications consisting of two peaks, which could
be considered three predictable turning points. The first
peak, at the 43rd procedure, is a “fluctuating” trend in
cases 44-75. The second peak, at the 75th procedure,
could be considered the point at which “mastery” is
reached. Learning curve analysis was performed after six
cases without anastomosis were excluded, and the curve
shows a significant downward trend after the 68th case.
Among the published studies on the taTME learning
curve, two studies adopted operation time as the study
outcome for analysis. Koedam et al. [17] studied the

learning curve of postoperative outcomes in 138 patients
undergoing different surgical approaches, including one-
and two-team approaches, and they defined operation
time as the time from incision to completion of wound
closure. The CUSUM curve exhibited a downward trend
in operation time around the 80th case, which was asso-
ciated with a shift to the two-team approach. Persiani
et al. [11] conducted a learning-curve analysis based on
a consecutive cohort of 121 patients with mid-low rec-
tal cancer who underwent taTME by the same surgi-
cal team. The first eight cases underwent surgery using
a two-team approach, whereas, in the ninth case, a syn-
chronous two-team approach was applied. The study
noted that “mastery” of the procedure was achieved on
the 71st occasion. However, the switch between the
one-team and two-team approaches is bound to have a
potential impact on learning-curve analysis. In addition,
in the two-team approach, when surgery was performed
simultaneously or sequentially in the transabdominal and
transanal groups, the timing of the intervention in the
transanal group affected the operation time. Therefore, in
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Fig. 2 Risk-adjusted cumulative sum (RA-CUSUM) curve for postoperative complications

Table 5 Postoperative outcomes according to the inflection points in the three learning curves

Variable Operation-time group P Postoperative-complication group Anastomotic-leakage P
group

Consecutive patients 1-42 43-104 1-43 44-75 76-104 1-68 69-98

Hospital stay, days, median (IQR) 7.0(6.0-12.0) 7.0(6.0-80) 0217 7.0(6.0-120) 7.0(6.0-8.2) 7.0(6.0-80) 7.0(6.0-9.0) 7.0(6.0-80) 0636

Cases with complication(s) within 30 22 (52.4%) 17 (274%) 0.010 23(53.5%) 11(344%) 5(172%)& 28 (41.2%) 6 (20.0%) 0.042

days, n (%)

Clavien-Dindo I-1l, n (%) 20 (47.6%) 12(194%) 0.009 21 (48.8%) 8 (25.0%) 3(103%)#  25(36.8%) 3 (10.0%) 0.021

Clavien-Dindo IlI-IV, n (%) 2 (4.8%) 5(8.1%) 0.009 2 (4.7%) 3(9.4%) 2 (6.9%) 3 (4.4%) 3(10.0%) 0.011

Anastomotic leakage, n (%) 8 (19.0%) 9 (14.5%) 0.540 9(20.9%) 6 (18.8%) 2 (6.9%) 5(22.1%) 2 (6.7%) 0.064

Reoperation, n (%) 1 (2.4%) 2 (3.2%) 1.0 1(2.3%) 2 (6.2%) 0 (0.0%) 2 (2.9%) 0 (0.0%) 1.00

Readmissions within 30 days, n (%) 6 (14.3%) 2 (3.2%) 0.059 6 (14.0%) 1(3.1%) 1 (3.4%) 6 (8.8%) 2 (6.7%) 1.00

*P < 0.05, comparison between phases 2 and 1. #P < 0.05, comparison between phases 3 and 1. &P < 0.05, comparison between phases

this study, the sum of the operation times in the transanal
and transabdominal groups was used for CUSUM analy-
sis to determine the learning curve.

In this study, based on the analysis of operation time
as the outcome, the CUSUM curve graph exhibited a
downward trend after the completion of 42 cases, and the
operation time decreased significantly after this change-
over compared with before. There were no significant
differences in baseline characteristics between the two
phases (1-42 and 43-104). Therefore, a surgeon can be

considered to have achieved “proficiency” in the taTME
procedure after completing 42 cases.

In the early phases of the procedure, various surgical
platforms, operating equipment, and inflatable devices
are used to determine the appropriate surgical mode. In
addition, as shown in Fig. 1, the curve rose again at the
14th case when the transabdominal surgeon changed, an
occurrence that might have had a certain impact on the
learning curve. In view of this, it can be speculated that,
for beginners, using sophisticated surgical equipment
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Fig. 3 Risk-adjusted cumulative sum (RA-CUSUM) curve for anastomotic leakage

and a fixed assistant team is potentially helpful in short-
ening the learning curve.

Operation time is often used to study learning curves;
nonetheless, a shorter operation time does not neces-
sarily result in improved clinical outcomes [18]. An
improvement in the clinical outcomes of patients reflects
an improvement in surgical techniques. Therefore, in
addition to surgical time, postoperative complications
and AL were included in the present study for learning-
curve analysis.

The incidence of postoperative complications was
37.5%. Learning-curve analysis using RA-CUSUM
demonstrated that postoperative complications in the
first 43 patients had the largest increase, and an obvi-
ous fluctuation between the 44th and 75th patients
occurred. After the 75th patient, the curve generally
showed a downward trend. Although the incidence of
postoperative complications decreased in the second
phase (44-75) compared with that in the first phase
(1-43), the difference was not statistically significant.
The incidence of postoperative complications was sig-
nificantly lower in cases 43-104 than in cases 1-42
(53.3% vs. 24.4%, P = 0.007) according to intergroup
comparisons based on operative time. However, the
RA-CUSUM learning curve for postoperative compli-
cations showed a “fluctuating” trend in cases 44-75.
Surgeons have been reported to select more challenging

cases as they become more experienced [11]. Patients
receiving neoadjuvant therapy often have more com-
plex tumor conditions. After chemoradiotherapy, it
is often difficult to obtain the correct resection plane
visual field during surgery because of the poor visibil-
ity of the anatomical plane [19, 20]. Some studies have
suggested that neoadjuvant therapy may be associated
with an increase in postoperative rectal-cancer compli-
cations [21, 22]. In this study, the rate of neoadjuvant
therapy increased at this phase (44—75) compared with
the first stage (71.9% vs 44.2%), possibly justifying the
nonsignificant decrease in postoperative complications
and “fluctuation” in the learning curve in phase 44-75.
In light of this, once a surgeon achieves “proficiency”
in the procedure, it may entail overcoming certain
challenges before “mastery” of the whole procedure is
achieved. Beginners are encouraged to avoid selecting
“difficult cases” before completely crossing the learning
curve.

The risk of post-AL permanent stoma was > 60% and
significantly associated with poor overall survival, dis-
ease-free survival, and cancer-specific survival [23].
Therefore, it is equally important to explore the influence
of the learning curve on post-taTME AL occurrence. In
this study, the incidence of AL at 30 days was 17.3%. RA-
CUSUM analysis was performed after six cases without
anastomosis were excluded, and the curve peaked at
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the 68th case. The AL rates in the two phases (1-68 and
69-98) were 22.1% and 6.7%, respectively (P = 0.064).
The AL rate decreased significantly in the second phase
(69-98), although there was no statistical difference,
a phenomenon that may be related to the small num-
ber of cases in the second phase. As the procedure pro-
gressed, the rate of rectal tube use (57.4% vs. 100.0%, P <
0.001) continued to rise, thus possibly contributing to AL
reduction [24]. A high proportion of manual anastomosis
in the early stages potentially influences AL occurrence
[16]. For beginners, these experiences may be helpful
in reducing AL. In addition, Fig. 3 shows that the curve
declined significantly after reaching the first peak in the
37th case but continued to exhibit a “fluctuation” trend in
the case 37-68 phase, reaching its peak in the 68th case.
This trend is relatively similar to the RA-CUSUM curve
for postoperative complications.

Conversion to open surgery, reoperation, readmission,
and major postoperative (surgical) complications (Cla-
vien—-Dindo > III) may be preferred learning-curve out-
comes, as they verify the safety of the procedure and are
of critical importance from a patient’s perspective. In this
study, the conversion rates to open surgery, reoperation,
and readmission were 1.9%, 2.9%, and 7.7%, respectively,
figures that are comparable to those reported in interna-
tional large-sample studies [25, 26]. Owing to the small
sample size, potential learning curves could be analyzed
based on these data. The incidence of major postopera-
tive complications was 6.7%, two of which were nonsur-
gically related, and it was considerably lower than the
28.2% rate of severe complications reported by Koedam
et al. [17] in the taTME learning curve. Therefore, this
study did not analyze the learning curve of postoperative
severe (surgical) complications as a study outcome.

Poor-quality resection was performed in 10.6%
(11/104) of cases, including positive CRM in 4.8%
(5/104), positive DRM 3.8% (4/104), and incomplete
TME in 7.7% (8/104). The specimen quality results of
this study were comparable to the current reports [27,
28]. Lee et al. [29] used a composite outcome of mar-
gins’ status and completeness of the specimen to deter-
mine the learning curve of taTME, and this study showed
that taT ME requires a minimum of 45-51 cases to reach
an acceptable incidence of high-quality TME and lower
operative duration. The results were consistent with the
number of cases required to achieve proficiency in this
study. A risk-adjusted CUSUM analysis with specimen
quality as outcome was also conducted (Fig. S2). The
curve trend was relatively similar to the RA-CUSUM
curve for postoperative complications. However, due
to the low incidence, no risk factors were found in uni-
variate and multivariate analysis, which may reduce the
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reliability of results. Therefore, specimen quality was not
included in the outcomes.

The main advantage of this study is that, as our center
is one of the earliest centers to conduct taTME proce-
dures in China, it has experienced several challenges and
attempts in the early stages, and this experience is poten-
tially useful as a reference to beginners preparing to per-
form taTME procedures. Furthermore, the study used
the sum of transabdominal and transanal operation time
as the total operation time so as to avoid the influence of
operation-approach switching and surgical-team connec-
tion on the operation time.

Notwithstanding, this study has certain limitations.
Considering that our center is one of the first to perform
this operation in China, colorectal surgeons in China
had not yet established a mature plan for reference in
the early stages of development, and the surgical team
made many attempts, such as surgical platforms, inflat-
able devices, and operating instruments, which might
have had a potential impact on the learning-curve find-
ings. Although the study included a reasonable number
of cases, it was limited by the small number of events
related to major (surgical) complications (Clavien—Dindo
> III), reoperation, and conversion to open surgery,
among others, in conducting a learning-curve analysis.
Finally, since follow-up was limited, and only short-term
outcomes were included in the analysis, further studies
are required to analyze long-term outcomes as well as the
learning curves of other surgeons to validate the existing
conclusions.

Conclusions

The evaluation of total operation time revealed a clear
learning curve, which improved significantly after 42
cases. However, the learning curves for postoperative
complications and AL were optimized after 75 and 68
surgeries, respectively. According to our findings, after
surgeons become “proficient” in the operation process,
they occasionally encounter some “challenging” cases;
however, this often causes postoperative complications.
Furthermore, surgeons may require > 75 cases to achieve
“mastery” in the taT ME procedure.
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