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Purpose: Upper hemisternotomy (UHS) has benefits over conventional full sternotomy because it ameliorates trauma during cardiac
surgery. Owing to its challenging and technically demanding nature, this incision in acute type A aortic dissection (ATAAD) has rarely
been reported. This study aimed to analyze the learning curve of total arch replacement (TAR) with moderate hypothermic circulatory
arrest via a single UHS approach, which is necessary to guide the training of surgeons in adopting minimally invasive procedures.
Patients and Methods: A total of 202 consecutive patients who were definitively diagnosed with ATAAD between July 2016 and
June 2021 were enrolled in this retrospective analysis. Patients were divided into three groups based on cumulative sum plots for
circulatory arrest time in chronological order. Perioperative characteristics were compared between the groups.

Results: There was significant difference in the circulatory arrest time and cross-clamp time respectively among three groups (39.0
min vs 28.0 min vs 15.0 min, P < 0.001; 104.5 min vs 106.2 min vs 84.1 min, P < 0.001). The ventilation time and first 24-h chest tube
drainage were statistically different among groups (35.5 h vs 24.0 h vs 19.0 h, P = 0.031; 220.0 mL vs 192.5 mL vs 125.5 mL, P =
0.043). No other clinical outcome was observed as significant difference.

Conclusion: A cardiac surgeon can convert a conventional full sternotomy to a single UHS for TAR after experiencing a learning
curve, to ensure patient safety. The mastery of this minimally invasive surgical technique may be beneficial for the prognosis of
patients with ATAAD.

Keywords: aneurysm, dissecting, cardiac surgical procedures, sternotomy, circulatory arrest, deep hypothermia induced, learning
curve

Introduction

Open surgical repair is considered the predominant management for most patients diagnosed with acute type A aortic
dissection (ATAAD), a rare and devastating disease with a high mortality rate."> Although the current surgical manage-
ment strategy has reduced the 30-day mortality for ATAAD to about 10%,> how to further minimize surgical trauma is
arising the attention of cardiac surgeons all over the world.* Since the first minimally invasive aortic valve was reported,’
several approaches have been used to achieve adequate exposure to conduct supra-cardiac structural procedures reliably
and effectively, mainly including right anterolateral thoracotomy and upper hemisternotomy (UHS). These less-invasive
approaches benefit from conventional full sternotomy by ameliorating trauma with fewer blood transfusions, incision
infections, perioperative pain, and in-hospital stays.®” Furthermore, advancements in medical image processing,
especially in predicting blood hemodynamics in aortic dissection, have significantly enhanced the planning and execution
of minimally invasive surgical approaches.'® We have previously reported our experience and outcomes using a single
UHS in patients with ATAAD under moderate hypothermic circulatory arrest.'' However, this surgical procedure is
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challenging and technically demanding; therefore, the evaluation of its learning curve is necessary to guide the training of
surgeons.

The cumulative sum (CUSUM), which can help discern the trend of a dataset intuitively, has proven to be particularly
valuable when analyzing the learning curve.'? A learning curve based on the CUSUM method may be helpful in guiding
training and allowing implementation of the new surgical technique. The learning curve for emergent total arch
replacement (TAR) in ATAAD was established based on the above analytical method."* To the best of our knowledge,
this is the first study on the required learning curve for TAR combined with frozen elephant trunk (FET) implantation via
a single UHS approach in ATAAD. Additionally, this is by far the largest-scale and single-center study that retro-
spectively analyzed the perioperative indicators of the challenging procedure.

Materials and Methods

Study Population

A total of 261 patients diagnosed with ATAAD were assessed from July 2016 to June 2021, out of which 202 consecutive
patients confirmed through computed tomographic arteriography (CTA) were enrolled in this retrospective study. All
surgeries were performed by the same surgeon, anesthetist, perfusionist, and nurse. Fifty-nine patients were excluded
based on our exclusion criteria, which encompassed neurological complications (N = 14), abdominal complications such
as acute hepatic failure, gastrointestinal bleeding, and acute renal failure (N = 21), and concomitant operations that
required full sternotomy, such as coronary heart disease, mitral valve disease, and congenital heart disease (N = 24).
Bilateral selective antegrade cerebral perfusion (bSACP) was then performed. All procedures adhered to the Declaration
of Helsinki and the standards of the Ethics Committee of the General Hospital of the Northern Theater Command,
Shenyang City, China (k-2020-19), ensuring patient rights, integrity, and confidentiality. Informed consent was obtained

from all the patients.

Surgical Procedure

The surgery was performed as previously described.'' Briefly, an incision was made from the sternal notch to the level of
the fourth intercostal space and then extended to the right fourth intercostal space. Cardiopulmonary bypass (CPB) was
established by cannulation of the direct innominate artery (right subclavian artery or right or left carotid artery) via
arterial cannulation, with direct right atrial cannulation as venous cannulation. A left ventricular vent was placed through
the right superior pulmonary vein. Antegrade cardioplegia was delivered through the aortic root or the coronary orifice
after aortotomy. Moderate hypothermic circulatory arrest was instituted if the nasopharyngeal temperature was <28°C.
Aortic root procedures were done (if indicated), during cooling. The proximal ends of the left subclavian, left common
carotid, and innominate arteries were closed with Hem-o-lok ligation clips. The bSACP was started through arterial
cannulation and a 15Fr femoral arterial cannula was placed into the distal end of the right or left common carotid artery
after the innominate artery was cross-clamped, and the brain was perfused with the cardioplegia pump. Near-infrared
spectroscopy (NIRS) has also been used for cerebral protection. Circulatory arrest was induced after occlusion of the
innominate artery and FET implantation was performed. In the FET technique, a stent graft (MicroPort Medical Co.,
Ltd., Shanghai, China) was inserted into the true lumen of the distal aorta in a compressed state after the distal aorta was
usually transected between the origin of the innominate artery and the left carotid artery (Zone 1). The distal aorta
incorporating the stent graft was firmly attached to the distal end of the 4-branch prosthetic graft (Vascutek Ltd., Terumo
Aortic, Inchinnan, Scotland, UK) using the open aortic procedure. After anastomosis was completed, blood perfusion of
the lower body was started through the perfusion limb of the 4-branch prosthetic graft. The prosthetic graft was
sequentially anastomosed to the left common carotid artery, proximal aortic stump, left subclavian artery, and innominate
artery (to decrease SACP and cross-clamp times). After anastomosis to the left common carotid artery was accomplished,
bSACP was discontinued, cardiopulmonary bypass gradually returned to normal flow, and rewarming was started.
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Learning Curve-CUSUM

In our analysis of the learning curve using CUSUM plots, we focused on circulatory arrest time as the primary parameter
for assessing proficiency in ATAAD surgery with TAR combined with FET implantation via a single UHS approach. The
circulatory arrest time was selected due to its critical importance in determining the complexity and success of the
surgical procedure. The mean circulatory arrest time from the 1st to the 202nd patient was determined as the reference
value. Each data point was then compared against this reference, and the cumulative sum of these differences was plotted
to assess the learning curve. We calculated each CUSUM in chronological order and analyzed circulatory arrest time by
visually inspecting the plots. When two inflection points were observed in the CUSUM plot (71th and 137th patient), the
first 70 patients were assigned to the Initial Stage Group (early experience group), the following 66 patients were
assigned to the Platform Stage Group (middle experience group), and the last 66 patients were assigned to the Mastery
Stage Group (late experience group). Demographic and clinical outcomes were compared between the three groups. For
verification purposes, additional parameters such as cross-clamp and CPB times were also considered. These parameters
were analyzed using the same CUSUM methodology to provide a comprehensive understanding of the learning process
and to validate the results obtained from the circulatory arrest time analysis.

Statistical Analyses

Data were collected retrospectively and analyzed using SPSS Version 25.0 (SPSS Inc., Chicago, IL, USA). Continuous
variables are described as mean =+ standard deviation or median (interquartile range, IQR) for continuous variables and
frequency (%) for categorical variables. The chi-square test or Fisher’s exact probability test was used to compare the
distribution of categorical variables between the groups. Continuous variables were analyzed using one-way analysis of
variance with post-hoc Bonferroni test, Welch test with post-hoc Games—Howell test, or Kruskal-Wallis H-test with all
pairwise multiple comparisons. A 2-sided P-value of less than 0.05 was considered to indicate a significant difference.

Results

Learning Curve

We drew CUSUM plots based on circulatory arrest time and calculated the fitting polynomial function: y = —3.17E-05x>-
0.084x7+18.328x-80.29, R? = 0.985, P < 0.001. By visually inspecting the CUSUM plots, two inflection points for
circulatory arrest time were observed at the 71th case and 137th case (Figure 1). The enrolled patients were divided into
three groups according to chronological order: the Initial Stage Group consisted of the first 70 patients, the Platform

1000 y =-3.17E-05x%-0.084x>+18.328x - 80.29
R*>=0.985,P<0.001

100 150 200 250

Circulatory Arrest Time CUSUM (min)

-200

Case Number

Figure | CUSUM plots of circulatory arrest time (Red point refers to 71th and 137th case).
Abbreviation: CUSUM, Cumulative summation.
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Stage Group consisted of the middle 66 cases, and the Mastery Stage Group consisted of the last 66 cases. CUSUM plots
of the cross-clamp and CPB times were also drawn according to the above method (Supplementary Figures 1 and 2).

Preoperative Characteristics

In this study, 202 patients in the surgical group underwent TAR combined with FET implantation for ATAAD. The case
series comprised 148 men (73.3%) and 54 women (26.7%) with a mean of age was 50.3 years, 150 (74.3%) were
diagnosed with hypertension, and 8 (4.0%) had diabetes. There were no significant differences in the preoperative
variables among the three groups (Table 1).

Intraoperative Data

In this cohort, emergent operations were quite prevalent, with 173 out of 202 cases (85.6%) being performed under
emergency conditions. Although the proportion of emergent operations did not show statistical differences between
groups, there was an observed trend of an increasing percentage of emergent surgeries with the progression of surgical
expertise. Regarding the conversion rate to full sternotomy, it was relatively low overall, with only 5 cases (2.5%)
requiring conversion. There were no significant differences in the conversion rates between groups.

There was significant difference in the median and mean of circulatory arrest time and cross-clamp time respectively
among three groups (39.0 min vs 28.0 min vs 15.0 min, P < 0.001; 104.5 min vs 106.2 min vs 84.1 min, P < 0.001). For
circulatory arrest time, all pairwise comparisons among groups were statistically significant. However, the median CPB
time did not differ significantly between the groups. The median of the minimum nasopharyngeal temperature was
26.9°C in these patients. When conditions were permitted, the innominate artery was selected as the pathway of arterial
perfusion in 185 (91.6%) cases, while four (2.0%) had right subclavian arterial perfusion, two (1.0%) had right common
carotid arterial perfusion, and 11 (5.4%) had left common carotid arterial perfusion. There were no significant differences
in the other intraoperative variables (Table 2).

Postoperative Outcomes

The median intensive care unit (ICU) stay and postoperative hospital stay were not significantly different among the
groups. However, there was significant different in ventilation time among groups (35.5 h vs 24.0 h vs 19.0 h, P=0.031).
The subsequent post hoc test demonstrated that the ventilation time in the Mastery Stage Group was significantly shorter
than that in the Initial Stage Group. And the median of the first 24-h chest tube drainage among groups was significantly
different (220.0 mL vs 192.5 mL vs 125.5 mL, P = 0.043). In-hospital mortality occurred in seven patients in the Initial
Stage Group, three in the Platform Stage Group, and three in the Mastery Stage Group. Postoperative adverse events,

Table | Demographics and History

Clinical Variables Total Initial Stage Platform Stage Mastery Stage P
(N=202) (N=70) (N=66) (N=66)

Age (Years) 50.3%£10.8 52.6%10.5 48.8+10.6 49.4x11.0 0.084*
Male, n (%) 148 (73.3) 47 (67.1) 52 (78.8) 49 (74.2) 0301t
Body Weight (kg) 76.5 (17.0) 76.0 (20.0) 75.0 (20.0) 79.0 (19.0) 0.485*
LVEF (%) 58.0 (2.0) 58.0 (3.0) 58.0 (3.0) 58.0 (1.0) 0.146*
Smoking, n (%) 108 (53.5) 34 (48.6) 40 (60.6) 34 (51.5) 0.3451
Diabetes, n (%) 8 (4.0) 2 (2.9) 2 (3.0 4 (6.1) 0.665°
Hypertension, n (%) 150 (74.3) 53 (75.7) 44 (66.7) 53 (80.3) 0.189*
Hyperlipemia, n (%) 8 (4.0 2 (2.9) 4 (6.1) 2 (3.0 0.665°
BAV, n (%) 4 (2.0) 1 (1.4) 2 (3.0 I (1.5) 0.844%
Marfan’s syndrome, n (%) 10 (5.0) 2 (2.9) 6 (9.1 2 (3.0 0.239%

Notes: *One-Way ANOVA test with post-hoc Bonferroni test; +Chi-squared test; *Kruskal-Wallis H-test with all pairwise multiple compar-
isons; SFisher’s exact probability test. N represents the number of patients included.
Abbreviations: kg, Kilogram; LVEF, Left ventricular ejection fraction; BAV, Bicuspid aortic valve.

5304 | tes International Journal of General Medicine 2023:16

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=426882.docx
https://www.dovepress.com/get_supplementary_file.php?f=426882.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Xia et al

Table 2 Intraoperative Data
Clinical Variables Total Initial Stage Platform Stage Mastery Stage P

(N=202) (N=70) (N=66) (N=66)

Emergent operation, n (%) 173 (85.6) 58 (82.9) 55 (83.3) 60 (90.9) 0.330"
Conversion to full sternotomy, n (%) 5 (2.5) 4 (5.7) 0 1 (1.5) 0.130%
CPB time (min) 166.0 (39.0) 171.5 (37.0) 169.5 (36.0) 163.0 (54.0) 0.176*
Cross-clamp time (min) 98.4439.0 104.5+28.1 106.2427.0 84.1+37.8% && <0.001'
Circulatory arrest time (min) 28.5 (20.0) 39.0 (9.0) 28.0 (6.0) 15.0 (7.0)"## &&& <0.001%
Minimum nasopharyngeal temperature (°C) 26.9 (2.0) 26.7 (3.0) 27.2 (1.0) 26.8 (2.0) 0.248*
Arterial perfusion position
Innominate artery, n (%) 185 (91.6) 62 (88.6) 60 (90.9) 63 (95.5) 0.3421
Right subclavian artery, n (%) 4 (2.0 I (1.4) 2 (3.0 I (1.5) 0.844°
Right common carotid artery, n (%) 2 (1.0) 1 (1.4) 0 1 (1.5) 1.000°
Left common carotid artery, n (%) 11 (5.4) 6 (8.6) 4 (6.1) I (1.5) 0.207}
Commissural resuspension, n (%) 80 (39.6) 26 (37.1) 30 (45.5) 24 (36.4) 0.494%
Aortic valve replacement, n (%) 5 (2.5) 3 (4.3) 0 2 (3.0 0.375°
Bentall procedure, n (%) 31 (15.3) 7 (10.0) 12 (18.2) 12 (18.2) 0.308"
David procedure, n (%) | (0.5) I (1.4) 0 0 1.000%
Ascending aorta replacement, n (%) 134 (66.3) 48 (68.6) 46 (69.7) 40 (60.6) 0.4821
TAR+FET, n (%) 202 (100.0) 70 (100.0) 66 (100.0) 66 (100.0) 1.000
ECMO, n (%) 2 (1.0) I (1.4) 0 1 (1.5) 1.000%

Notes: TChi-squared test; SFisher’s exact probability test; *Kruskal-Wallis H-test with all pairwise multiple comparisons; 'Welch test with post-hoc Games-Howell test.

N represents the number of patients included. *P < 0.01, *#P < 0.001 vs the Initial stage group; %P < 0.01, %¥¥P < 0.001 vs the Platform stage group.

Abbreviations: CPB, Cardiopulmonary bypass; min, minute; °C, Degree Celsius; TAR, Total arch replacement; FET, Frozen elephant trunk; ECMO, Extracorporeal

membrane oxygenation.

Table 3 Postoperative Outcomes

Clinical Variables Total Initial Stage Platform Stage Mastery Stage P
(N=202) (N=70) (N=66) (N=66)

Ventilation time (h) 225 (31.0) 35.5 (46.0) 24.0 (27.0) 19.0 (23.0)* 0.031%
ICU stay (h) 43.5 (54.0) 48.0 (71.0) 43.0 (44.0) 43.5 (54.0) 0.565*
Postoperative hospital stay (d) 15.0 (9.0) 18.0 (8.0) 14.5 (9.0) 14.0 (8.0) 0.268*
First 24-h chest tube drainage (mL) 187.5 (328.0) 220.0 (364.0) 192.5 (444.0) 125.5 (258.0) 0.043%
RBC/FP transfusion, n (%) 163 (80.7) 61 (87.1) 55 (83.3) 47 (71.2) 0.050%
Reintubation, n (%) 6 (3.0 2 (2.9) 2 (3.0 2 (3.0 1.000°
Reoperation for bleeding, n (%) 5(2.5) 3 (43) 0 2 (3.0 0.375¢
Stroke, n (%) 3 (1.5) 2 (2.9) I (1.5) 0 0.775%
Dialysis, n (%) 14 (6.9) 5(7.1) 5(7.6) 4 (6.1) 1.000°
In-hospital death, n (%) 13 (6.4) 7 (10.0) 3 (45) 3 (4.5) 0.397}

Notes: *Kruskal-Wallis H-test with all pairwise multiple comparisons; 1‘Chi-squar'ed test; SFisher’s exact probability test. N represents the number of patients included. #p <

0.05 vs the Initial stage group.

Abbreviations: h, Hour; ICU, Intensive care unit; d, Day; mL, Milliliter; RBC, Red blood cell; FB, Frozen plasma.

including reintubation, reoperation for bleeding, stroke, and dialysis, did not differ significantly among the groups

(Table 3).

Discussion

Aortic arch surgery, particularly ATAAD, is a major challenge in modern cardiac surgery. Undoubtedly, the UHS adds to the

difficulty of TAR combined with FET implantation. Our surgical team has made long-term preparations to make this

minimally invasive strategy beneficial to patients. First, deep hypothermic circulatory arrest was applied to limit systemic

metabolism and provide a bloodless operative field when we started performing TAR for ATAAD. Second, moderate
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hypothermic circulatory arrest combined with SACP has been proven to be safe and promoted in many cardiac surgery
centers,'*'> This technique was also used by our operative team with gradual proficiency of surgical procedures in TAR. As

minimal access has been widely practiced and developed in aortic valve surgery,'®'®

the aortic valve replacement and the
Bentall procedure were performed via the UHS approach, which gave us the opportunity to perform complex aortic root
procedures in a limited surgical space. After this arduous exploration, the development of a minimally invasive surgical
strategy for ATAAD was attempted. However, large-scale clinical studies investigating minimally invasive techniques are
lacking. Our surgical team has conducted several studies on this procedure and achieved encouraging outcomes.'"'> And To
the best of our knowledge, the present study is the largest retrospective study to explore TAR with moderate hypothermic
circulatory arrest using a single UHS approach. The summary and analysis of the baseline characteristics of patients can help
establish the applicable population scope for this procedure, and the description of surgical details and perioperative results
can help more accurately evaluate and promote this technique. Although the use of this challenging incision in ATAAD may
be complicated and technically demanding, cardiac surgeons can overcome the difficulty of this minimally invasive operation
and improve the clinical benefits for patients after experiencing the scientific learning curve.

The CUSUM method is useful for early detection of data trends.'? And It provides a risk-adjusted, quantitative
measure of resident learning curves, which is necessary for cardiac surgery trainees.'® We carried out the first TAR
combined with FET implantation using a single UHS approach after gaining sufficient experience with conven-
tional full sternotomy. With an increase in the number of surgical cases, both cross-clamp and circular arrest times
showed a significant downward trend. However, it is noteworthy that despite these improvements, the total bypass
time remained relatively unchanged. This observation can be attributed to several factors: (1) Surgical Prudence:
Cross-clamp and circulatory arrest times are highly dependent on surgical maneuvers. Our surgeons, prioritizing
patient safety, make decisions regarding CPB arrest only after a comprehensive assessment of perioperative
parameters. This cautious approach, while improving specific operative times, may contribute to the constancy
of total bypass time. (2) Sample Size Limitations: Our study has a relatively small sample size, which might
hinder the ability to exhibit variations in certain statistical outcomes, including total bypass time.

In the present series, CUSUM plots of circulatory arrest time presented inflection points at the 71th case and 137th
cases, implying that 70 cases are needed to gain early proficiency in TAR combined with FET implantation via the
single UHS approach, and the surgeon’s application of this procedure stabilized after 136 operations. This is the first
report on the number of cases in which a surgeon is required to have worked on training and become proficient in this
challenging surgical procedure. We summarized the following characteristics based on a comparison of the clinical
data among the three groups. First, the incidence of postoperative adverse events (reintubation, reoperation for
bleeding, stroke, dialysis, and in-hospital death) was not high even in the initial stage compared to the following
period, which further confirms the safety of this procedure. Second, the advantages of minimally invasive aortic
surgery will gradually emerge from the initial learning period to the mastery period, such as ventilation time and first
24-h chest tube drainage.

Limitations
Our study had some limitations. First, it was a retrospective study. Second, this study lacked data on long-term clinical
outcomes.

Conclusion

A cardiac surgeon can convert a conventional full sternotomy to a single UHS for TAR with moderate hypothermic
circulatory arrest after experiencing a learning curve to ensure patient safety. The mastery of this minimally invasive
surgical technique is beneficial to the prognosis of patients with ATAAD, and the scope of indications may be the focus
of further exploration.
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