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ABSTRACT

Background: Stanford type A aortic dissection (TAAD) is
the most common cause of death caused by aortic disease in
the Chinese mainland. Patients suffering TAAD need imme-
diate surgical treatment [Pompilio 2001; Di Eusanio 2003;
Ueda 2003; Li 2013; Afifi 2016; Zhou 2019; Zhou 2021].
Emergency aortic arch replacement is difficult and risky. The
prognosis following surgery varies depending on the different
surgical approaches [Pompilio 2001; Kazui 2002; Di Eusa-
nio 2003; Ueda 2003; Moon 2009; Li 2013; Afifi 2016; Zhou
2019; Zhou 2021]. Aortic arch replacement includes total-
arch replacement (Sun's operation) and hemi-arch replace-
ment. The comparative analysis of learning curves between
the two procedures has not been systematically studied. In
this study, we studied and analyzed the learning curves of
total-arch replacement and hemi-arch replacement using
cumulative sum (CUSUM) analysis.

Methods: From January 2013 to December 2019, a total of
139 Stanford TAAD operations were performed by the same
surgeon and two assistants, including 61 cases of hemi-arch
replacement and 78 cases of total-arch replacement. Baseline
information, including preoperative conditions, intraopera-
tive related data and postoperative prognosis, were collected.
Descriptive statistics and CUSUM were used to analyze the
total operation time, cardiopulmonary bypass (CPB) time,
aortic clamping (AC) time, operative mortality, incidence of
postoperative complications, postoperative intensive care unit
(ICU) time, hospital stay, and postoperative drainage volume.

Results: A total of 139 patients with TAAD (age 48.8 =
12.3, male, 107, female, 32) underwent emergency aortic
arch replacement. A total of 61 patients (43.9%) underwent
hemi-arch replacement, and 78 patients (56.1%) underwent
total-arch replacement. The total time, cardiopulmonary
bypass (CPB) time, and aortic clamping (AC) time of hemi-
arch operation were 434.2 + 137.0 minutes, 243.3 + 87.2 min-
utes, and 157.0 £ 60.2 minutes. The total, CPB, and AC times
of total-arch operation were 747.8 = 164.3 minutes, 476.4 =
121.6 minutes, and 238.5 + 67.6 minutes. The mortality of
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hemi-arch operation was 3.3%, and that of total-arch opera-
tion was 6.4%. The incidence of complications after hemi-
arch operation was 11.3%, and that after total-arch operation
was 46.2%. The ICU time and hospital stay after hemi-arch
surgery were 7.3 = 4.4 days and 27.2 + 16.2 days, respectively,
and the ICU time and total hospital stay after total-arch sur-
gery were 7.2 + 5.9 days and 24.0 = 10.3 days, respectively. The
total drainage volume after hemi-arch operation was 2182.4
+1236.4 ml, and that after total-arch operation was 2467.3 =
1385.7 ml. According to CUSUM analysis, the same cardio-
vascular surgery team seems to have different learning curves
in the time of two operations. CUSUM analysis of intraop-
erative and postoperative indicators shows that after a certain
period of professional and systematic cardiovascular surgery
training, aortic hemi-arch replacement has the characteristics
of short learning cycle and easy to master for surgeons, while
total-arch replacement requires a longer learning cycle.

Conclusions: Although the emergency operation of
TAAD is difficult and risky, according to results the of
CUSUM analysis, cardiovascular surgeons can achieve better
learning results in hemi-arch replacement than total-arch
replacement.

INTRODUCTION

The occurrence of aortic dissection typically has been con-
sidered to be due to the blood flowing through the torn intima
from the true lumen to the false lumen [Sherifova 2019], and
TAAD could also quickly lead to death from not enough
blood flow to the heart or rupture of the aorta [Wang 2020].
Delayed medical intervention will lead to increased mortal-
ity, the mortality of the disease will increase by 1% every 1
h since the onset, and mortality will be in the range of 30%
to 50% within 48 h [Braverman 2011; Sun 2011; Li 2013].
With the improvement in early imaging diagnosis technol-
ogy, hemostatic ability of artificial vascular materials, cardio-
pulmonary bypass technology and neuroprotection technol-
ogy, the operative mortality of aortic dissection has decreased
from 40% reported by DeBakey to about 8% [DeBakey 1965;
DeBakey 1966; DeBakey 1982; Pompilio 2001; Di Eusanio
2003; Ueda 2003; Li 2013; Afifi 2016; Wang 2021].

In the field of cardiovascular surgery in the Chinese main-
land, the ascending aorta plus hemi-arch replacement has
been proposed for TAAD [Moon 2009]. Meanwhile total
aortic arch replacement and descending aortic stenting (Sun's
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operation) have also been considered as an alternative avail-
able treatment, which could significantly reduce the incidence
of distal anastomotic bleeding and has a high long-term false
lumen occlusion rate [Sun 2011; Ma 2013]. However, surgery
involving aortic arch is technically demanding and complex,
especially for young inexperienced cardiovascular surgeons.

Cumulative sum (CUSUM) analysis method could be
used to prove the specificity of learning cycle of surgical team
through clinical perioperative complications and mortality
[He 2021; Kudsi 2021; Toennesen 2021]. By accumulating the
clinical data information of each patient in a treatment, the
CUSUM analysis accumulate the biased data to achieve the
amplification effect, and the improved sensitivity of detecting
the biased data in the treatment has been achieved. In recent
years, CUSUM has been more and more widely used in the
analysis of clinical surgery, while few studies involving mac-
rovascular diseases [Liu 2020; Braca 2021; He 2021; Kudsi
2021; Lee 2021; Lenfant 2021; Szymczak 2021; Toennesen
2021; Verhaeghe 2021]. And the comparison of learning
curve effect between hemi-arch replacement and total-arch
replacement in the treatment of TAAD has not been system-
atically studied.

As one of the major cardiovascular centers in the Chinese
mainland, TAAD repair has been performed as a kind of rou-
tine procedure in our center. From January 2013 to Decem-
ber 2019, a total of 139 emergency aortic arch replacement
procedures have been performed in our center by the same
surgeon as well as two assistants. So far, more than 2000 heart
transplantation, coronary heart disease, valve disease, large
blood vessels, and minimally invasive heart surgeries have
been completed by this surgeon. A comprehensive database
has been established by us regarding TAAD repair. In this
study, the CUSUM analysis was used to evaluate the learn-
ing curve of two kinds of aortic arch replacement surgery in
patients with TAAD based on the above data, and its effec-
tiveness and reliability for the learning experience of cardio-
vascular surgery team also were further analyzed.

METHODS

Study population and preoperative evaluation: From
January 2013 to December 2019, a total of 178 emergency
aortic arch replacement procedures, including aortic hemi-
arch and total-arch replacement, were performed in our
center by the same surgical team. Patients suffering acute cor-
onary syndrome, recent stroke, cardiac arrest, poor splanch-
nic organ perfusion, hypoxemia requiring mechanical ventila-
tion and previous history of cardiac surgery were excluded.
A total of 139 patients eventually were included in the study.
The entire study cohort was divided into two groups, includ-
ing the hemi-arch replacement group and total-arch replace-
ment group. Baseline information, including preoperative
conditions, intraoperative related data and postoperative
prognosis of the two groups, systematically were compared
and analyzed.

Surgical procedure: Under the condition of hypothermic
circulatory arrest (DHCA), ante-grade cerebral perfusion was
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performed in all cases, and ice caps were used to strengthen
brain protection. During operation, bilateral cerebral oxygen
saturation routinely was monitored by cerebral oxygen satu-
ration monitor. The patient took the supine position, and we
cut through the midpoint of the right subclavian to the axil-
lary to expose the right axillary artery. After heparinization,
it was anastomosed with the artificial blood vessel, and then
connected with the artery tube of cardiopulmonary bypass.
We adopted anterior median thoracotomy, inserted a bica-
val intravenous cannula through the right atrium to estab-
lish cardiopulmonary bypass, placed a left cardiac drainage
tube through the right upper pulmonary vein, clamped and
cut the ascending aorta, and perfused HTK cardioplegia
through the openings of the left and right coronary arteries.
Transection was performed at about 3cm above the junction
of the sinus canal, the ascending aorta was explored, location
of the breach was determined, and the aortic valve annulus
and leaflet structure were examined. Aortic sinus plasty was
performed after transection at about Smm above the junc-
tion of the sinus canal. Cool down to the anal temperature
of 21°C and the nasopharyngeal temperature of 18.5°C. Free
the upper three branches of the aortic arch and set a blocking
band, blocked the roots of the three blood vessels, opened the
ascending aortic blocking forceps, continue cerebral perfu-
sion through the axillary artery, and started lower body cir-
culatory arrest. Before total-arch replacement, the elephant
trunk stent was implanted into the descending aorta, and the
proximal end of the stent was located at the proximal end of
the left common carotid artery at the aortic arch. We repaired
the proximal end of the arch and reshaped it. Disconnected
the three arteries above the aortic arch, anastomosed the two
branches of the four artificial vessels with the left subclavian
artery and the left carotid artery, respectively, blocked the
two segments of the artificial vessel with vascular blocking
forceps, connected the other integrated external circulation
artery tube with the branch of the artificial vessel for per-
fusion, and performed bilateral carotid cerebral perfusion.
The proximal end of the aortic arch was reconstructed and
reshaped again, anastomosed with the main artificial blood
vessel, completely vented, the distal end of the artificial blood
vessel was opened, and lower body perfusion was restored.
The proximal end of the artificial blood vessel was properly
constructed and anastomosed with the residual end of the
ascending aorta. Finally, we anastomosed the last branch of
the four-branch artificial blood vessel with the innominate
artery and completely exhausted the air at the same time.
Rewarming began after venous oxygen saturation was greater
than 80%. After the heart returned to beating, it gradually
returned to sinus rhythm. After rewarming to anal tempera-
ture of 34°C, cardiopulmonary bypass was stopped gradu-
ally, and ventricular systolic motion and valve function were
evaluated by transesophageal ultrasound. We stopped bleed-
ing thoroughly, neutralized heparin with protamine, and
removed the cardiopulmonary bypass intubation. The artifi-
cial blood vessel of right axillary artery was ligated, the chest
was closed layer by layer, and wound was sutured layer by
layer. Above, we describe the surgical process of total aortic
arch replacement, while hemi-arch replacement is simpler. It

E89




The Heart Surgery Forum #2021-4399

only needs to remove the small, curved side of the aortic arch
after opening the ascending aorta blocking forceps, build the
arch and plastic, and replace the hemi-arch after appropriate
construction of artificial blood vessels.

Data collection: The baseline information, including pre-
operative basic characteristics, intraoperative and postopera-
tive data of all patients, were collected from the cardiovascu-
lar surgery database of PLA general hospital.

Study endpoints: The main learning end point of this
study was the total operation time. Secondary end points
included cardiopulmonary bypass time, aortic clamping time,
postoperative ICU days, total hospital stay, postoperative
total drainage volume, postoperative complication rate, and
operative mortality.

Postoperative complications were defined as postopera-
tive complications without preoperative complications, such
as stroke, pericardial tamponade, artificial vessel rupture,
arrhythmia, nervous system complications, acute liver, and
kidney dysfunction caused by organ ischemia, etc. Operative
mortality was defined as hospital death or death within 30
days after surgery.

Statistical analysis: The CUSUM analysis in minitab19.0
software was used to analyze the data, so as to evaluate the
learning curve of hemi-arch replacement and total-arch
replacement for TAAD. CUSUM is a time-weighted control
chart method. It calculates the deviation degree between the
observed value and target value of each sample and calculates
the cumulative sum by summation. In our study, the differ-
ence between the sample observation value of each patient in
chronological order and the average target value of the whole
group of patients was cumulatively summed to obtain the
learning curve value. The calculation formula of the learning
curve evaluation index is a=X-X; a is the quantitative value
of surgical indicators. X is the probability that the evaluation
index fails to reach the target value, and X, represents whether
each operation reaches the target value. When the surgical
evaluation index reaches the target value, X.=0. If the target
value is not reached, X.=1. Draw the learning curve based on

Table 1. Demographics and baseline characteristics

the cumulative summation value and fit the polynomial curve.
When the curve slope k changes from positive to negative,
it will successfully cross the learning curve. The data were
statistically analyzed, and the fitting curve was established by
spss 23.0. The measurement data of normal distribution are
expressed as mean + standard deviation, and two independent
sample t-test is used for comparison. Rank sum test was used
for comparison between non-normal distribution measure-
ment data groups. Chi square test was used to compare the
counting data, with P < 0.05 indicating that the difference was
statistically significant.

RESULTS

Demographics and baseline characteristics: From Janu-
ary 2013 to December 2019, the center received 178 patients
with TAAD, of whom 139 underwent emergency aortic arch
replacement (age 48.8 = 12.3, male, 107, female, 32). Hemi-
arch replacement was performed in 61 cases and total-arch
replacement in 78 cases. According to past medical history, 80
patients (57.6%) had hypertension, and 70 patients (50.4%)
had diabetes. According to relevant examination results and
genetic consultation, 13 patients (9.4%) were considered to
have Marfan syndrome. The degree of aortic regurgitation
was more than mild in 86 cases (61.9%). Except that the age
of hemi-arch replacement group was higher than that of
total-arch replacement group (P < 0.05), there was no signifi-
cant difference in other basic characteristics. (Table 1)

Procedural and postoperative outcomes: Among 139
patients who underwent aortic surgery, 61 cases (43.9%)
underwent hemi-arch replacement, and 78 cases (56.1%)
underwent total-arch replacement. In terms of intraoperative
indexes, the total operation time, cardiopulmonary bypass
time and aortic clamping time in the hemi-arch replacement
group were 434.2 + 137.0 min, 243.3 + 87.2 min, and 157.0 =
60.2 min, respectively. The total operation time of total-arch
replacement group was 747.8 = 164.3 min, cardiopulmonary

Characteristic Hemi-arch replacement (N = 61) (43.9)  Total-arch replacement (N = 78) (56.1) Total (N = 139) (100) P

Male 43 (70.5) 64 (82.0) 107 (77.0) 0.108
Age* 51.6+11.8 46.7+12.2 48.8+12.3 0.019*
BMI 26.6+3.9 26.3+4.0 26.4+3.9 0.718
Smoke 37 (60.7) 54 (69.2) 91 (65.5) 0.291
Alcohol 46 (75.4) 53 (67.9) 99 (71.2) 0.335
Hypertension 35 (57.3) 45 (57.7) 80 (57.6) 0.970
Diabetes 30 (49.2) 40 (51.3) 70 (50.4) 0.806
Marfan syndrome 5(8.2) 8(10.3) 13 (9.4) 0.679
Aortic regurgitation (>2+) 37 (60.7) 49 (62.8) 86 (61.9) 0.794

*Age in the hemi-arch replacement group was significantly higher than the other group
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bypass time was 476.4 + 121.6 min, and aortic clamping time
was 238.5 = 67.6 min. There was a significant difference
between the two groups at these three times (P < 0.05). In
terms of postoperative indexes, there was no significant dif-
ference between the two groups except for the incidence of
postoperative complications (P < 0.05). Details of intraopera-
tive and postoperative results are shown in Table 2. (Table 2)

Fitting curves of key indicators: According to the col-
lected patient data of key intraoperative indicators (total opera-
tion time, CPB time, AC time), the corresponding fitting curve
is established by SPSS software. We select the correct fitting
curve through the value of R?, because when P < 0.05, the fitting
is judged to be successful, and the R? value judges the fitting
degree. The closer the R’ value is to 1, the better the fitting
degree is. The equations of the fitting curves of the hemi-arch
replacement group at three times are Y=368.7847217330303
*0.9845546379211212**x (R?=0.540), Y=250.774545767489 *
0.9824435691951127**x (R?=0.557), Y=650.0974407629664 *
0.9853917144722686**x (R*=0.611). The equations of fitting
curves for three times of total-arch replacement group are
Y=575.6139169285684 * 0.9943417419120085**x (R?=0.223),
Y=265.0816241936741 * 0.9962866264940706**x (R?=0.082),
Y=879.1498066102731 * 0.9952777368326483**x (R?=0.218).
According to the assumed shape of the fitting curve, it can
be seen that the trend of total operation time, CPB time and
AC time in the hemi-arch replacement group has a relatively
steep slope, which indicates that the learning period is more
rapid. From the value of R’ we can see that the hemi-arch
replacement group has better fit than the total-arch replace-
ment group. (Figure 1) (Figure 2)

CUSUM analysis: We collected the intraoperative key
indexes (total operation time, CPB time and AC time) of
hemi-arch replacement group and total-arch replacement
group and linked them with the number of cases for CUSUM
analysis. (Figure 3) (Figure 4) We found that when the number
of operation cases reached 40, the learning curve reached the
peak and there was an obvious turning point, so the operation

Table 2. Procedural and postoperative outcomes

crossed the learning curve after 40 cases. When the number
of total-arch replacement reached 69 cases, the learning curve
reached the peak, so the operation crossed the learning curve
after 69 cases. Taking the peak as the boundary, the learning
curve is divided into two periods. The first period is the learn-
ing improvement period (1 ~ 40 cases of hemi-arch and 1 ~
69 cases of total-arch), and the second period is the mastery
period (41 ~ 61 cases of hemi-arch and 70 ~ 78 cases of total-
arch). First, the age, gender, body mass index (BMI), smoking
history, drinking history, history of hypertension, history of
diabetes, history of Marfan syndrome, and aortic valve regur-
gitation were compared between the two groups at two peri-
ods. (Table 3) (Table 4) The basic characteristics of the two
periods of hemi-arch replacement group were no different
except for diabetes history and aortic valve regurgitation (P <
0.05). There was no difference in the basic characteristics of
the two periods in the total-arch replacement group except the
history of smoking and Marfan syndrome (P < 0.05). Secondly,
the total operation time, CPB time, AC time, postoperative
ICU time, hospital stay, postoperative drainage volume, inci-
dence of postoperative complications, and operative mortality
of the two groups were compared. (Table 5) (Table 6) The
evaluation indexes of second period operation in hemi-arch
replacement group were analyzed. While there was no differ-
ence in mortality (P > 0.05), the second period was signifi-
cantly better than the first period. Except for aortic clamping
time, ICU time and total hospital stay, there was no significant
difference between the two periods in the total-arch replace-
ment group (P> 0.05). The other indexes in the second period
were significantly better than those in the first period.

Aortic dissection is a serious clinical cardiac macrovas-
cular disease, among which Stanford type A dissection is a
more serious type, and its disability rate and mortality rate

Outcomes Hemi-arch replacement (N = 61) (43.9)  Total-arch replacement (N = 78) (56.1) Total (N = 139) (100) P
Total-operative (min)* 434.2+£137.0 747.8+164.3 610.2+218.2 0.000*
CPB (min)* 243.3+87.2 476.4+121.6 374.1+158.2 0.000*
AC (min)* 157.0+60.2 238.5+67.6 202.8+76.0 0.000*
ICU stay (days) 7.3+4.4 7.2+5.9 7.3+5.3 0.300
Hospital stay (days) 27.2+16.2 24.0+10.3 25.4+13.3 0.563
Postoperative drainage 2182.4+1236.4 2467.3+£1385.7 2342.2+1345.2 0.112
volume (ml)

Complications** 7 (1.3) 36 (46.2) 43 (30.9) 0.000**
Operative mortality 2(3.3) 5(6.4) 7 (5.0) 0.402

*The mean total-operative time of CPB and AC in the hemi-arch replacement group was significantly different from the total-arch replacement group.

**The incidence of postoperative complications in the hemi-arch replacement group was significantly lower than in the total-arch replacement group.
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Table 3. The demographics and baseline characteristics of hemi-arch replacement

Characteristic First period (N = 40) (65.6) Second period (N = 21) (56.1) P
Male 31 (77.5) 12 (57.1) 0.098
Age 52.5+11.2 49.8+13.0 0.528

BMI 26.4+4.2 26.9+3.4 0.636
Smoke 26 (65.0) 1 (52.4) 0.338
Alcohol 32 (80.0) 14 (66.7) 0.251
Hypertension 24 (60.0) 1 (52.4) 0.568
Diabetes* 26 (65.0) 4(19.0) 0.001*
Marfan syndrome 5(12.5) 0 (0) 0.091
Aortic regurgitation** (>2+) 29 (72.5) 8 (38.1) 0.009**

*Diabetes in group “first period” was significantly higher than the other group.

**Aortic regurgitation in group “first period” was significantly higher than the other group.

Table 4. The demographics and baseline characteristics of total-arch replacement

Characteristic First period (N = 69) (88.5) Second period (N = 9) (11.5) P
Male 56 (81.1) 8 (88.9) 0.570
Age 47.2+12.6 42.8+9.2 0.244
BMI 26.4+4.0 25.2+3.4 0.450
Smoke* 45 (65.2) 9 (100.0) 0.033*
Alcohol 47 (68.1) 6 (66.7) 0.930
Hypertension 40 (58.0) 5(55.6) 0.890
Diabetes 38 (55.1) 2(22.2) 0.064
Marfan syndrome** 5(72) 3 (33.3) 0.015%*
Aortic regurgitation (>2+) 45 (65.2) 4 (44.4) 0.225

*Smoke in group “first period” was significantly higher than the other group.

**Marfan syndrome in group “first period” was significantly higher than the other group.

are quite high [DeBakey 1965; DeBakey 1966; DeBakey
1982; Pompilio 2001; Di Eusanio 2003; Ueda 2003; Li 2013;
Afifi 2016; Zhou 2019; Li 2020; Liu 2020; Wang 2021; Zhou
2021]. Ascending aorta and hemi-arch replacement typi-
cally have been used as the main treatment [DeBakey 1965;
DeBakey 1966; DeBakey 1982; Moon 2009]. In 1996, Kato
et al. reported the technique of reconstructing the ascend-
ing aorta and aortic arch with four branches of blood ves-
sels and inserting vascular stents into the descending aorta to
treat TAAD [Kato 1996]. On this basis, Professor Li Zhong
Sun proposed Sun's operation [Sun 2011]; the technique uses
a composite 4-branched graft for total aortic arch replace-
ment, and a specially designed frozen elephant trunk stent
is implanted in the descending aorta. He believes this new
operation cannot only significantly reduce the operative mor-
tality, but also reduce the risk of postoperative complications,
such as aneurysms and thrombosis. At present, many scholars
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in the Chinese mainland support his view and recommend
this new procedure as the standard procedure for TAAD [Sun
2011; Ma 2013; Luo 2021]. Some literature report no signifi-
cant difference in aortic complications or re intervention rate
between total aortic arch replacement and hemi-arch aortic
arch replacement [Kim 2011; Poon 2016]. This is different
from the results of our study.

In recent years, very few studies regarding CUSUM learn-
ing curve of emergency aortic arch replacement in the treat-
ment of TAAD have been reported, and there is basically no
comparative study on human factors of hemi-arch replacement
and total-arch replacement by CUSUM integral method. Liu
et al. showed that three cardiovascular surgeons completed
total aortic arch replacement [Liu 2020]; the learning curve
of two of them peaked in about 10 cases and 75 cases, but
his study chose different surgical teams. It was analyzed by
grouping method, which in turn resulted in subjective and
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Table 5. The procedural and postoperative outcomes of hemi-arch replacement

Outcomes First period (N = 40) (65.6) Second period (N = 21) (56.1) P
Total operative (min)* 509.6+98.4 290.6+66.8 0.000*
CPB (min)* 288.9+69.0 156.4+38.1 0.000*
AC (min)* 188.5+40.1 97.2+34.1 0.000*
ICU stay (days)# 8.2+4.6 5.743.6 0.005#
Hospital stay (days)# 31.9+£18.1 18.4+5.3 0.000#
Postoperative drainage volume (ml)## 2553.9+1241.2 1474.8+883.3 0.000##
Complications** 7 (17.5) 0 (0) 0.042%*
Operative mortality 2 (5.0) 0 (0) 0.297

*The mean time of total-operative, CPB and AC in the “first period” group was significantly different from the “second period” group.

**The incidence of postoperative complications in the “first period” group was significantly higher than in the “second period” in group.
#The days of ICU and hospital stay in the “first period” group was significantly higher than in the “second period” in group.

##The postoperative drainage volume in the “first period” group was significantly higher than in the “second period” in group.

Table 6. The procedural and postoperative outcomes of total-arch replacement

Outcomes First period (N = 69) (88.5) Second period (N = 9) (11.5) P
Total operative (min)* 771.9£1471 563.2+180.2 0.001*
CPB (min)* 496.3+107.6 285.1+28.8 0.000*
AC (min) 242.7+65.1 206.4+81.2 0.053
ICU stay (days) 7.3+6.2 6.2+3.5 0.850
Hospital stay (days) 24.4£10.4 21.3+9.6 0.316
Postoperative drainage volume (ml)** 2622.1+1375.0 1280.0+786.1 0.001**
Complications# 34 (49.3) 2(22.2) 0.000#
Operative mortality 5(72) 0 (0.0) 0.01#

*The mean time of total operative and CPB in the “first period” group was significantly different from the “second period” group.

**The postoperative drainage volume in the “first period” group was significantly higher than the “second period” in group.

#The incidence of postoperative complications in the “first period” group was significantly higher than the “second period” in group.

##The incidence of postoperative complications in the “first period” group was significantly higher than the “second period” in group.

biased results. Moreover, the length of the learning cycle of
total-arch replacement is significantly related to the opera-
tor's experience and learning ability. Our study chose the
same surgical team, which can avoid the influence of factors
other than the surgery itself to the greatest extent.

In our study, the total operation time, cardiopulmonary
bypass time, aortic clamping time, operative mortality, inci-
dence of postoperative complications, postoperative intensive
care time, hospital stay, and postoperative drainage were used
as evaluation measures. CUSUM method was used to draw the
learning curve to analyze the effects of two different surgical
methods in the treatment of TAAD. According to the statisti-
cal results, our cardiac surgery team successfully crossed the
learning curve after 40 cases of hemi-arch replacement. The
total operation time, cardiopulmonary bypass time and aortic
clamping time was significantly decreased, while the surgical
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technology was significantly improved, and the learning curve
could be crossed after the completion of the 69th procedure.
Through the changes of intraoperative and postoperative data
of the two surgical methods in the two periods, we found that
the progress of hemi-arch replacement was more obvious, in
terms of aortic clamping time, ICU days, and total hospital
stay. Compared with hemi-arch replacement, the difference
in total arch replacement mainly was reflected in mortality.
In the field of cardiac surgery, the total operation time is very
important to the prognosis of postoperative patients, and it
also reflects the operator's proficiency in the operation to a
great extent. According to the results of preoperative case
discussion and the analysis of postoperative causes of death,
we found that total-arch replacement is complex and difficult,
while patients with aortic dissection are usually in a dangerous
condition, so it is necessary to accurately judge the location
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of the breach and eliminate the false lumen in time. Growing
surgeons need a long operation time to carry out Sun's opera-
tion in the early period, and too long an operation time often
brings serious complications. Of course, the perfect learning
curve is not achieved easily for the surgical team. Crossing the
turning point of the learning curve does not mean fully mas-
tering the technology. Sometimes, it also is affected by the
patient's condition, resulting in great differences. In short,
the learning curve of total-arch replacement has the charac-
teristics of long-time span, tortuous growth process, and high
requirements for the early level of the operator team.

The advantage of total-arch replacement (Sun's operation)
is that the unique stent used has good flexibility and dura-
bility [Sun 2011]. Since Sun's operation was popularized, it
has achieved a good reputation in the Chinese mainland [Sun
2011; Ma 2013]. However, the process of aortic arch repair
is complex, and there is an uncertain risk of stent entering
the descending aorta. It still is a great challenge for many
young or inexperienced cardiovascular surgeons. Although
the hemi-arch replacement operation takes a long time, the
operation process is simpler, and the operation time is shorter
compared with total-arch replacement. This kind of opera-
tion is relatively easy for cardiovascular surgeons in their
growth period to master and has a short learning cycle. Since
2003, Sun's operation continuously has been improved, while
there still are some deficiencies. Tamai et al. reported a case
of death caused by the accidental insertion of elephant trunk
stent into the false lumen [Tamai 2020], and concluded that
even if the chief surgeon is an experienced macrovascular sur-
geon, there are individual differences in some patients, such
as a large breach at the beginning of the descending aorta and
a small true lumen. The bending shape and radian of elephant
trunk stent mainly depend on the experience and hand feeling
of the surgeon, so it is possible to implant the distal end of the
stent through a large breach into the false lumen. For lack of
obvious sense of resistance, this phenomenon is difficult to
find in time, resulting in the death of patients. In the discus-
sion of death cases after total-arch replacement in our center,
although there was no case that the elephant trunk stent mis-
takenly entered the false lumen, there were other problems.
For example, due to the difficulty and complexity of opera-
tion, the average operation time is too long, which will lead to
a long time of organ ischemia, serious disorder of coagulation
system, and multiple organ failure in the state of circulatory
arrest in the lower body. Finally, the patient's condition could
not be reversed, and in turn resulted in death. On the other
hand, although total-arch replacement employed strategies,
such as selective cerebral perfusion and hypothermic circula-
tory arrest to protect the brain, the circulatory arrest time
is too long, resulting in neurological complications, such as
delirium, coma, drowsiness, limb numbness, and slow recov-
ery caused by cerebral ischemia and hypoxia. At this point,
hemi-arch replacement has obvious advantages.

Our research has some shortcomings. First, the average
age of our subjects was 48.8 + 12.3 years, which was younger
than the TAAD study cohort reported in the West [Moon
2009; Kim 2011; Poon 2016], and thus confounding factors
caused by age and regional factors may be an unavoidable.
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Second, this study is limited to the surgical team led by a chief
surgeon, who has rich experience in cardiovascular surgery.
Although the confounding factor of experience is removed,
which makes the results more likely to prove the effectiveness
of this operation, for inexperienced surgeons, this research
result is not well representative, which should be considered
in our follow-up research. Finally, due to the short time of
total-arch replacement (Sun's operation) in our center and
the insufficient number of cases involved in the study, there
are some uncertain results in the learning curve of this study,
so there is a certain bias.

In a word, CUSUM could be used to further analyze the
sample information by calculating the cumulative sum of the
difference between the reference value and the target value
of the observation measures [Liu 2020; He 2021; Toennesen
2021]. Therefore, the fluctuation could be avoided in the pro-
cess of surgeons learning a new operation, and the degree of
mastery of the operation could be more accurately judged.
CUSUM method gradually has become an objective evalua-
tion standard in the field of surgical medicine, which is used to
investigate the minimum number of surgical cases required to
learn new technology [Liu 2020; Braca 2021; He 2021; Kudsi
2021; Lee 2021; Lenfant 2021; Szymczak 2021; Toennesen
2021; Verhaeghe 2021]. In this study, the learning curves of
the two methods systematically were analyzed. The results of
the analysis are helpful to the popularization of the methods
for the treatment of TAAD. We believe this study has some
reference value for the growth of young doctors in our center.

Our results show that the therapeutic effect of TAAD is
related to the surgical method. After a certain period, the
learning curve of the surgical team regarding aortic hemi-
arch replacement surgery has an earlier turning point and
shorter learning cycle compare with total-arch replacement.
For growing surgeons, half-arch replacement has better safety
and effectiveness than total-arch replacement and can obtain
better learning effect.
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