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Abstract

Background: To address the US Food and Drug Administration’s recent safety concern on robotic surgery procedures, we
compared short- and long-term mortality for stage I non-small cell lung cancer (NSCLC) patients treated by robotic-assisted thor-
acoscopic surgical lobectomy (RATS-L) vs video-assisted thoracoscopic surgical lobectomy (VATS-L). Methods: From the
National Cancer Database, we identified 18 908 stage I NSCLC patients who underwent RATS-L or VATS-L as the primary oper-
ation from 2010 to 2014. Cox proportional hazards models were used to estimate hazard ratios (HRs) for short- and long-term
mortality using unmatched and propensity score–matched analyses. All statistical tests were 2-sided. Results: Patients
treated by RATS-L had higher 90-day mortality than those with VATS-L (6.6% vs 3.8%, P ¼ .03) if conversion to open thoracot-
omy occurred. After excluding first-year observation, multiple regression analyses showed RATS-L was associated with in-
creased long-term mortality, compared with VATS-L, in cases with tumor size 20 mm or less: hazard ratio (HR) ¼ 1.33 (95% con-
fidence interval [CI]¼ 1.15 to 1.55), HR¼ 1.36 (95% CI ¼ 1.17 to 1.58), and HR ¼ 1.33 (95% CI ¼ 1.11 to 1.61) for unmatched, N:1
matched, and 1:1 matched analyses, respectively, in the intention-to-treat analysis. Among patients without conversion to an
open thoracotomy, the respective hazard ratios were 1.19 (95% CI ¼ 1.10 to 1.29), 1.19 (95% CI ¼ 1.10 to 1.29), and 1.17 (95% CI ¼
1.06 to 1.29). Similar associations were observed when follow-up time started 18 or 24 months postsurgery. No statistically signifi-
cant mortality difference was found for patients with tumor size of greater than 20 mm. These associations were not related to
case volume of VATS-L or RATS-L performed at treatment institutes. Conclusions: Patients with small (�20 mm) stage I NSCLC
treated with RATS-L had statistically significantly higher long-term mortality risk than VATS-L after 1 year postsurgery.

Lung cancer is the leading cause of cancer-related mortality in
the United States and worldwide (1,2). Non-small cell lung can-
cer (NSCLC) accounts for approximately 83% of lung cancer
cases, with 16%-26% of patients diagnosed at stage I (3–5).
Invasive, open surgical resection with anatomic lobectomy
and mediastinal nodal dissection is the primary, evidence-
based method for the treatment of early-stage NSCLC, for
which a minimally invasive approach is preferred (6,7). Video-
assisted thoracoscopic surgical lobectomy (VATS-L) is a mini-
mally invasive technique for lung cancer resection and has
been associated with less pain, decreased need for pain medi-
cations, less blood loss, shorter hospital stay, fewer

complications, faster recovery time, and return to normal ac-
tivities compared with resection by open thoracotomy (8–14).
This technique is reported to be as effective as traditional tho-
racotomy in terms of long-term survival (15). The American
College of Chest Physicians Lung Cancer Guidelines recom-
mend that, for patients with clinical stage I NSCLC, a mini-
mally invasive approach such as video-assisted thoracic
surgery (thoracoscopy) is preferred over a thoracotomy for an-
atomic pulmonary resection and is indicated in experienced
surgical treatment centers (6).

In the past decade, robotic-assisted thoracoscopic surgical
lobectomy (RATS-L) has emerged as an alternative minimally
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invasive approach for lung lobectomy, offering the advantages
of 3-dimensional visualization, superior visual optics, and im-
proved maneuverability within confined spaces (16–18). A num-
ber of studies have reported that RATS-L offers a lower rate of
conversion to open, more radical lymph node dissection, less
bleeding, less impairment of pulmonary function, postoperative
pain reduction, shorter hospital stay, and 30-day mortality rate
compared with VATS-L (19–23). However, the higher cost of RATS-
L compared with VATS-L has been reported (17,24,25). To date,
evaluation of robotically assisted surgical treatment in oncology
settings has generally focused on determining whether the compli-
cation rate at 30 days is clinically comparable with other surgical
techniques (26). The relative benefits and risks of using robotically
assisted surgical devices, particularly regarding long-term out-
comes, have not been established, which prompted the US Food
and Drug Administration’s (FDA’s) recent call for more investiga-
tion on long-term safety and effectiveness of robotic devices as
minimally invasive cancer surgical treatments for cancer patients
(26,27). To address this gap, we used data from the National Cancer
Database (NCDB) to evaluate long-term mortality for patients with
stage I NSCLC treated with VATS-L or RATS-L. The NCDB is a clini-
cal oncology database jointly sponsored by the American Cancer
Society and American College of Surgeons and represents approxi-
mately 70% of newly diagnosed cancers in more than 1500 hospi-
tals in the United States (28). Since 2010, the NCDB has been
collecting information to monitor patterns and trends in the adop-
tion and utilization of minimally invasive surgical techniques for
cancer treatment, providing a unique resource to evaluate VATS-L
and RATS-L for long-term outcomes in lung cancer (28).

Methods

Study Population and Patient Selection

For this analysis, NSCLC included adenocarcinoma, squamous-
cell carcinoma, and lung cancers other than small cell

carcinoma. The 7th edition of the American Joint Committee on
Cancer staging system was used to define the stage. The pri-
mary surgical approaches were coded as “open,” “endoscopic or
laparoscopic” (“VATS-L” in this analysis), “endoscopic or laparo-
scopic converted to open” (“VATS-L converted to open”),
“robotic-assisted” (“RATS-L” in this analysis), and “robotic con-
verted to open” (“RATS-L converted to open”). As shown in
Figure 1, we identified 50 703 patients with stage I NSCLC from
the NCDB who underwent lobectomy as the primary treatment.
We excluded patients who underwent open lobectomy, had no
information on date of diagnosis or date of surgery, or who had
received neoadjuvant chemotherapy and/or radiation therapy
before surgery. The final analytic cohort included 18 908
patients who received VATS-L (n¼ 14 279) or RATS-L (n¼ 4629).
This study was approved by the Vanderbilt University Medical
Center institutional review board as a human participant ex-
empt project.

Deidentified information on patient demographics, socio-
economic status, and clinical characteristics was extracted from
the NCDB NSCLC database and presented in Table 1. These in-
cluded age at diagnosis (continuous variable), sex (male, fe-
male), race or ethnicity (non-Hispanic White, African American
or Black, other), educational level (based on code-level esti-
mates of the proportion of residents without a high school di-
ploma), annual income (based on code-level estimates of
median income), insurance status (private insurance, Medicare,
Medicaid, other type of government insurance, or uninsured),
coexisting medical conditions (0, 1, 2, or more; based on the
Charlson/Deyo score, provided by the NCDB), facility type (aca-
demic research program, comprehensive cancer program, com-
munity cancer program, and integrated network cancer
program), distance to treatment center (mile), tumor size (milli-
meters), histology (adenocarcinoma, squamous cell carcinoma,
other), grade (well or moderately or poor differentiated or undif-
ferentiated), other cancer treatment (chemotherapy and/or ra-
diotherapy, or no further treatment), year of cancer diagnosis

Figure 1. Flat chart for case selection process. NCDB ¼ National Cancer Database; NSCLC ¼ non-small cell lung cancer; RATS-L ¼ robotic-assisted thoracoscopic surgical

lobectomy; VATS-L¼ video-assisted thoracoscopic surgical lobectomy.
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Table 1. Characteristics of patients with stage I NSCLC by surgical approaches (VATS-L and RATS-L), NCDB since 2010-2014

VATS-L vs RATS-L VATS-L matched to RATS-L by propensity score

Unmatched VATS-L to RATS-L 1:1 matched VATS-L to RATS-L N:1 matched

Surgical approaches VATS-L RATS-L Pa VATS-L RATS-L Pb VATS-L RATS-L Pb

No. of patients N¼ 14 279 N¼ 4629 N¼ 4537 N¼ 4537 N ¼ 12 056 N ¼ 4537
Age at diagnosis, mean 6 SD, y 66.6 6 10.1 66.9 6 9.9 .18 66.8 6 9.6 66.8 6 9.8 .94 66.8 6 9.9 66.8 6 9.8 .76
Sex (%)

Male 5891 (41.3) 2005 (43.3) .01 2012 (44.4) 1955 (43.1) .23 5111 (42.4) 1955 (43.1) .74
Female 8388 (58.7) 2624 (56.7) 2525 (55.6) 2582 (56.9) 6945 (57.6) 2582 (56.9)

Race or ethnicity, No. (%)
Non-Hispanic White 11 824 (82.8) 3638 (78.6) 3583 (79.0) 3614 (79.6) 9766 (81.0) 3614 (79.6)
Black or African American 1083 (7.6) 394 (8.5) <.001 412 (9.1) 375 (8.3) .10 1015 (8.4) 375 (8.3) .31
Other 845 (5.9) 412 (8.9) 340 (7.5) 377 (8.3) 794 (6.6) 377 (8.3)
Unknown 527 (3.7) 185 (4.0) 202 (4.5) 171 (3.8) 481 (4.0) 171 (3.8)

Educational attainment, No. (%)
<Median 5482 (38.4) 2054 (44.4) 1962 (43.3) 1971 (43.4) 4990 (41.4) 1971 (43.4)
>Median 8753 (61.3) 2566 (55.4) <.001 2569 (56.6) 2558 (56.4) .61 7047 (58.4) 2558 (56.4) .81

Data missing 44 (0.3) 9 (0.2) 6 (0.1) 8 (0.2) 19 (0.2) 8 (0.2)
Annual household income, No. (%)
<Median 5196 (36.4) 1910 (41.3) 1836 (40.5) 1833 (40.4) 4669 (38.7) 1833 (40.4)
>Median 9034 (63.3) 2708 (58.5) <.001 2690 (59.3) 2694 (59.4) .99 7362 (61.1) 2694 (59.4) .89

Data missing 50 (0.3) 11 (0.2) 10 (0.2) 10 (0.2) 25 (0.2) 10 (0.2)
Insurance status, No. (%)

Not insured 263 (1.8) 72 (1.6) 81 (1.8) 72 (1.6) 199 (1.6) 72 (1.6)
Private insurance or managed care 4714 (33.0) 1447 (31.3) 1349 (31.7) 1432 (31.5) 3839 (31.8) 1432 (31.5)
Medicaid 668 (4.7) 206 (4.5) .001 184 (4.0) 206 (4.5) .77 558 (4.6) 206 (4.5) .77
Medicare 8386 (58.7) 2793 (60.3) 2731 (60.2) 2724 (60.0) 7217 (59.9) 2724 (60.0)
Other government 148 (1.1) 64 (1.4) 57 (1.3) 61 (1.4) 145 (1.2) 61 (1.4)
Unknown 100 (0.7) 47 (1.0) 45 (1.0) 42 (1.0) 98 (0.8) 42 (1.0)

Facility type, No. (%)
Academic or research program 6409 (44.9) 2199 (45.8) 2090 (46.1) 2071 (45.7) 5481 (45.5) 2071 (45.7)
Community cancer program or other 538 (3.8) 175 (3.8) 157 (3.5) 173 (3.8) 481 (4.0) 173 (3.8)
Comprehensive community cancer program 5706 (40.0) 1770 (38.2) .03 1731 (38.1) 1738 (38.3) .10 4677 (38.8) 1738 (38.3) .80
Integrated network cancer program 1483 (10.4) 533 (11.5) 539 (11.9) 523 (11.5) 1326 (11.0) 523 (11.5)
Data missing 143 (1.0) 32 (0.7) 20 (0.4) 32 (0.7) 91 (0.7) 32 (0.7)

Charlson/Deyo score, No. (%)
0 7397 (51.8) 2216 (47.9) 2225 (49.0) 2189 (48.2) 5992 (49.7) 2189 (48.2)
1 4994 (35.0) 1742 (37.6) <.001 1606 (35.4) 1704 (37.6) .71 4334 (36.0) 1704 (37.6) .95
�2 1888 (13.2) 671 (14.5) 706 (15.6) 644 (14.2) 1730 (14.3) 644 (14.2)

Tumor size, No. (%)
�20 mm 6749 (47.3) 2225 (48.1) 2206 (48.6) 2175 (47.9) 5720 (47.4) 2175 (47.9)
21-40 mm 6416 (44.9) 2055 (44.4) .60 1986 (43.8) 2019 (44.5) .95 5410 (44.9) 2019 (44.5) .84
Other or unknown 1114 (7.8) 349 (7.5) 345 (7.6) 343 (7.6) 926 (7.7) 343 (7.6)

Other cancer therapy, No. (%)
None 11 408 (79.9) 3675 (79.4) 3568 (78.7) 3599 (79.3) 9583 (79.5) 3599 (79.3)
Radiotherapy and/or chemotherapy 900 (6.3) 293 (6.3) .71 301 (6.6) 285 (6.3) .63 781 (6.5) 285 (6.3) .64
Unknown 1971 (13.8) 661 (14.3) 668 (14.7) 652 (14.4) 1692 (14.0) 652 (14.4)

Year of diagnosis, No. (%)
2010 2122 (14.9) 356 (7.7) 442 (9.7) 354 (7.8) 1229 (10.2) 354 (7.8)
2011 2675 (18.7) 673 (14.5) 719 (15.80 673 (14.8) 1967 (16.3) 673 (14.8)
2012 2793 (19.6) 1006 (21.7) <.001 856 (18.9) 997 (21.9) .46 2371 (19.7) 997 (21.9) .09
2013 3184 (22.3) 1259 (27.2) 1119 (24.7) 1236 (27.3) 3030 (25.1) 1236 (27.3)
2014 3505 (24.6) 1335 (28.8) 1401 (30.9) 1277 (28.3) 3459 (28.7) 1277 (28.3)

Histology, No. (%)
Adenocarcinoma 8530 (59.7) 2736 (59.1) 2681 (59.1) 2684 (59.2) 7196 (59.7) 2684 (59.2)
Squamous cell carcinoma 2857 (20.0) 993 (21.5) .08 932 (20.5) 972 (21.4) .54 2459 (20.4) 972 (21.4) .93
Other 2892 (20.3) 900 (19.4) 924 (20.4) 881 (19.4) 2401 (19.9) 881 (19.4)

Grade, No. (%)
Well differentiated 3113 (21.8) 1060 (22.9) 1056 (23.3) 1034 (22.8) 2723 (22.6) 1034 (22.8)
Moderately differentiated 6283 (44.0) 2003 (43.3) 1991 (43.9) 1973 (43.5) 5257 (43.6) 1973 (43.5)
Poorly differentiated 3693 (25.9) 1227 (26.5) .09 1159 (25.5) 1197 (26.4) .76 3153(26.2) 1197 (26.4) .81
Undifferentiated 142 (1.0) 47 (1.0) 42 (0.9) 46 (1.0) 122 (1.0) 46 (1.0)
Unknown 1048 (7.3) 292 (6.3) 289 (6.4) 287 (6.3) 801 (6.6) 287 (6.3)

(continued)
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(since 2010-2014), case volume of VATS-L and RATS-L per-
formed at the institutional level, and time since diagnosis to
surgery (days).

Main Outcomes

The primary outcomes of this study were long-term total mortal-
ity for patients who survived at least 12 months post VATS-L or
RATS-L in the intention-to-treat or end treatment analyses. The
intention-to-treat group included all cases in the study, and the
end treatment group included cases without conversion to open
lobectomy during operation of VATS-L or RATS-L. Because 1 ma-
jor limitation of NCDB data is the lack of information on cause of
death, we used landmark analyses (follow-up time starting from
12, 18, or 24 months postsurgery) to access the possible influence
of death-related surgical complications, with an assumption that
death occurring close to diagnosis was more likely to be associ-
ated with surgical complications. Other outcomes of interest in-
cluded short-term (�90 days) mortality risk, rates of conversion
from VATS-L or RATS-L to open surgery, and 30-day rehospitali-
zation rates after VATS-L or RATS-L procedures.

Statistical Analyses

Descriptive statistics (means and proportions) were used to de-
scribe the distributions of each variable. To examine the differ-
ences in patient characteristics between VATS-L and RATS-L, v2

(for categorical data) and analysis of variance (for continuous
data) tests were applied for participants included in the
unmatched analyses, and Cochran–Mantel–Haenszel and analy-
sis of covariance tests were used to assess characteristics of
participants included in the propensity score–matched analy-
ses. Rates of conversion to open surgery and 30-day unplanned
hospitalizations between VATS-L and RATS-L were compared
using a v2 test. The Kaplan–Meier method was used to derive
30-day and 90-day mortality rates as well as to generate overall

survival curves. Mortality differences between VATS-L and
RATS-L were examined by the log-rank test.

To control for potential confounders, we carried out 3 sets of
analyses: unmatched multivariable analysis and propensity
score 1:1 or N:1 matched analyses. We used Cox proportional
hazards models to estimate hazard ratios (HRs) and 95% confi-
dence intervals (CIs) of surgical approaches of interest (VATS-L
and RATS-L) associated with all-cause mortality. For the
unmatched analysis, potential confounding factors adjusted in-
cluded age at diagnosis, sex, race or ethnicity, median census-
tract education and income levels, Charlson/Deyo score, facility
type, distance to treatment center, tumor size, histology, grade,
other cancer treatment, year of cancer diagnosis, center volume
of surgery (VATS-L and RATS-L) performed, and time since diag-
nosis to surgery. These factors were further evaluated for their
potential modifications on the association of surgical approaches
(VATS-L or RATS-L) with survival (Supplementary Table 1, avail-
able online). We identified a statistically significant interaction
between tumor size and surgical approaches (VATS-L or RATS-L)
and thus present the results stratified by tumor size.

Propensity scores were derived to reflect the probability of
receiving VATS-L vs RATS-L treatment, conditional on age at di-
agnosis, sex, race or ethnicity, education, income, Charlson/
Deyo score, facility type, distance to treatment center, tumor
size, histology, grade, other cancer treatment, year of cancer di-
agnosis, case volume of surgery (VATS-L and RATS-L) per-
formed at the institutional level, and time since diagnosis to
surgery. For propensity score–matched analyses, patients who
received VATS-L were matched to those treated by RATS-L
based on their propensity score, with a caliper size of 0.0001 (1:1
matching) or 0.05-0.00001 (N:1 matching). After matching, 4537
pairs of VATS-L to RATS-L cases were included in the 1:1
matched analysis; 12 056 VATS-L cases and 4537 RATS-L cases
were included in N:1 matched (2, 3, or 4 VATS-L to 1 RATS-L)
analyses. Love plots and mirror histograms showed all covari-
ates were balanced after propensity score matching
(Supplementary Figure 1, available online; Figure 2). Cox

Table 1. (continued)

VATS-L vs RATS-L VATS-L matched to RATS-L by propensity score

Unmatched VATS-L to RATS-L 1:1 matched VATS-L to RATS-L N:1 matched

Surgical approaches VATS-L RATS-L Pa VATS-L RATS-L Pb VATS-L RATS-L Pb

Distance to treatment center, No. (%)
<25 miles 10 262 (71.9) 3414 (73.8) 3345 (73.8) 3351 (73.9) 8835 (73.3) 3351 (73.9)
25-100 miles 3327 (23.3) 1034 (22.3) <.001 1031 (22.7) 1024 (22.5) .61 2790 (23.2) 1024 (22.5) .56
>100 miles 642 (4.5) 154 (3.3) 155 (3.4) 154 (3.4) 414 (3.4) 154 (3.4)
Unknown 48 (0.3) 27 (0.6) 6 (0.1) 8 (0.2) 17 (0.1) 8 (0.2)

Center case volume (quartile 1-4), No. (%)
Quartile 1 (1-49) 3761 (26.3) 983 (21.2) 1145 (25.2) 971 (21.4) 3075 (25.5) 971 (21.4)
Quartile 2 (50-88) 3403 (23.8) 1335 (28.8) <.001 1064 (23.5) 1305 (28.8) .79 2826 (23.4) 1305 (28.8) .80
Quartile 3 (89-145) 3558 (24.9) 1169 (25.3) 1146 (35.3) 1158 (25.5) 3080 (25.6) 1158 (25.5)
Quartile 4 (>145) 3557 (24.9) 1142 (24.7) 1182 (26.0) 1103 (24.3) 2075 (25.5) 1103 (24.3)

Time since diagnosis to surgery, No. (%)
0-7 days 4569 (32.0) 1344 (29.0) 1310 (28.9) 1324 (29.2) 3594 (29.8) 1324 (29.2)
8-30 days 3572 (25.0) 1058 (22.9) <.001 1093 (24.1) 1041 (22.9) .96 2973 (24.7) 1041 (22.9) .06
31-90 days 5318 (37.2 1928 (41.6) 1814 (40.0) 1881 (41.5) 4735 (39.3) 1881 (41.5)
>90 days 820 (5.7) 299 (6.5) 320 (7.0) 291 (6.4) 754 (6.2) 291 (6.4)

aP values derived from the v2 test (for categorical data) and analysis of variance test (for continuous data) and used to test for unmatched cohort. All statistical tests

were 2-sided. NCDB ¼ National Cancer Database; NSCLC ¼ non-small cell lung cancer; RATS-L ¼ robotic-assisted thoracoscopic surgical lobectomy; VATS-L ¼ video-as-

sisted thoracoscopic surgical lobectomy.
bP values derived from the Cochran-Mantel-Haenszel test and analysis of covariance test and used to test for propensity score–matched groups. All statistical tests

were 2-sided.
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regression model was applied for the analyses. All analyses
were conducted using SAS version 9.1 (SAS Institute, Cary, NC).
All statistical tests were based on 2-sided probability. A P value
of less than .05 was considered statistically significant.

Results

Among the 18 908 patients included in the study, 75.5% received
VATS-L and 24.5% received RATS-L as the primary treatment.
The range of postoperative follow-up time was 0-84.2 months.
Overall, compared with those who received VATS-L, patients
who underwent RATS-L were less likely to be White or women
and to have private insurance and more likely to have lower ed-
ucational levels and/or annual incomes (less than the median),

have existing medical conditions, be diagnosed with cancer in
recent years, and have longer time since diagnosis to surgery;
however, age at cancer diagnosis, tumor size, histology, grade,
and other cancer treatments were similar (Table 1). After pro-
pensity score matching, there were no statistically significant
differences observed in the distributions of all variables be-
tween these 2 groups of patients.

Overall, 30-day unplanned readmission rates and 30- and
90-day mortality rates were similar between the 2 groups
(Table 2). Also, no statistically significant differences were ob-
served between VATS-L and RATS-L in 30-day unplanned read-
mission rates or 30- or 90-day mortality rates if no conversion to
an open thoracotomy occurred during the procedure. VATS-L
had a higher rate of conversion to open thoracotomy than

Figure 2. Survival curves among patients with stage I non-small cell lung cancer according to surgical approaches. Survival curves were calculated and plotted using

the Kaplan–Meier method. A) Survival rate table shows 3-, 12-, 24-, 36-, 48-, and 60-month survival rates since surgery in intention-to-treat cases (all video-assisted

thoracoscopic surgical lobectomy [VATS-L] and robotic-assisted thoracoscopic surgical lobectomy [RATS-L] cases, with or without conversion to open lobectomy). B)

Survival rate table shows 3-, 12-, 24-, 36-, 48-, and 60-month survival rates since surgery in end treatment cases (VATS-L and RATS-L cases without conversion to open

lobectomy). Two-sided log-rank test was used to calculate the P values.
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RATS-L (15.2% vs 7.8%; P < .01). Compared with VATS-L con-
verted to open thoracotomy, on the other hand, RATS-L con-
verted to open had a higher 30-day unplanned readmission rate
(7.1% vs 4.6%; P ¼ .07) and a higher 90-day mortality rate (6.6%
vs 3.8%; P ¼ .03). Characteristics related to surgical type conver-
sion are shown in Supplementary Table 2 (available online).

Survival curves of all VATS-L and RATS-L patients showed no
difference in mortality up to 12 months postsurgery, after which
a gradual increasing mortality difference was observed in RATS-L
compared with VATS-L (Figure 2A). A similar trend was also ob-
served for VATS-L and RATS-L without conversion (Figure 2B).

Hazard ratios for all-cause mortality associated with VATS-L
and RATS-L with adjustment for or matched on multiple varia-
bles are presented in Table 3. Because there was a statistically
significant interaction between surgical approaches (VATS-L or
RATS-L) and tumor size on long-term survival (Pinteraction ¼ .007
to .02; Table 3), analyses for long-term survival or mortality risk
were stratified by tumor size. We found that, compared with
VATS-L, in both intention-to-treat cases or cases with noncon-
version, RATS-L was associated with an increased long-term
all-cause mortality risk across all 3 analytic models when tumor
size was 20 mm or smaller. For example, among cases with tu-
mor size 20 mm or less, when follow-up started from 12 months
postsurgery, hazard ratios for all-cause mortality were higher in
RATS-L than VATS-L for all participants (HR¼ 1.33, 95% CI ¼
1.15 to 1.55; HR¼ 1.36, 95% CI ¼ 1.17 to 1.58; and HR¼ 1.33, 95%
CI ¼ 1.11 to 1.61 for unmatched, N:1 matched, and 1:1 matched
analyses, respectively) and in the nonconversion subgroup
(HR¼ 1.19, 95% CI ¼ 1.10 to 1.29; HR¼ 1.19, 95% CI ¼ 1.10 to 1.29;
and HR¼ 1.17, 95% CI ¼ 1.06 to 1.29 for unmatched, N:1
matched, and 1:1 matched analyses, respectively). We did not
find a statistically significant difference in mortality for patients
with larger (>20 mm) stage I NSCLC. Similar association pat-
terns were also observed when follow-up started from 18 or 24
months postsurgery and were seen across all 3 types of analytic
models (Table 3). We did not find that patients who received
RATS-L or VATS-L had a statistically significant difference in 3-
month mortality (Table 3), nor was the association modified by
tumor size.

We also evaluated the potential role of center case volume
of VATS-L or RATS-L, which reflects the institutional experience
of minimally invasive operations performed, on survival. We
found that, although all-cause mortality risk was inversely as-
sociated with case volume (Supplementary Table 3, available
online), the latter did not explain the interactive association of
surgical type and tumor size on long-term mortality
(Supplementary Table 4, available online).

Discussion

In response to the recent US FDA’s call for studies on the effects
of robotic devices in minimally invasive cancer surgeries, espe-
cially on long-term oncologic endpoints (26,27), we evaluated
all-cause mortality, both short-term and long-term, associated
with VATS-L and RATS-L in stage I NSCLC patients using data
from the NCDB. We found that, compared with VATS-L, RATS-L
was associated with about up to 40% higher long-term all-cause
mortality among patients with small cancer (�20 mm). VATS-L
had a higher rate than RATS-L to convert to open thoracotomy.
However, once conversion occurred, RATS-L had a higher 90-
day mortality, although the difference became statistically in-
significant after multivariate adjustment. We did not find these
2 surgery types had a different mortality outcome when tumor
size was larger than 20 mm. To our knowledge, this is the first
large study to date to evaluate both short- and long-term sur-
vival outcomes of VATS-L vs RATS-L for the treatment of stage I
NSCLC.

Studies have documented that intraoperative conversion
rates from VATS-L to open thoracotomy range up to 23% in
lung cancer patients (29–35). An earlier analysis using NCDB
data from 2010 to 2012 (36) reported a statistically significantly
higher conversion rate associated with VATS-L (17.5%) com-
pared with RATS-L (10.3%). Similarly, a study using the Premier
Healthcare Database reported that, compared with RATS-L,
VATS-L was associated with a statistically significantly higher
conversion rate (13.1% vs 6.3%), although the rates of intrao-
perative complications, bleeding, transfusion, and iatrogenic
complications were similar between these 2 minimally inva-
sive cohorts (19). In line with the previous studies, we

Table 2. Select short-term outcomes of patients with stage I NSCLC by VATS-L and RATS-L

Surgical approaches VATS-L RATS-L Pa

Converted to open thoracotomy, No. (%)
No 12 118 (84.9) 4265 (92.1) <.001
Yes 2161 (15.1) 364 (7.9)

30-day unplanned readmission by surgical approaches (%)b

Procedure with or without conversion 608 (4.3) 201 (4.3) .66
Procedure without conversion 508 (4.2) 175 (4.1) .32
Procedure converted to open 100 (4.6) 26 (7.1) .07

30-day mortality after operation by surgical approaches (%)
Procedure with or without conversion 157 (1.1) 60 (1.3) .28
Procedure without conversion 106 (0.9) 47 (1.1) .18
Procedure converted to open 51 (2.4) 13 (3.6) .17

90-day mortality after operation surgical approaches (%)
Procedure with or without conversion 288 (2.0) 110 (2.4) .14
Procedure without conversion 206 (1.7) 87 (2.0) .15
Procedure converted to open 82 (3.8) 23 (6.3) .03

aDifferences between VATS-L and RATS-L in rate of conversion to open surgery and 30-day unplanned hospitalization rate were examined by using v2 test (2-sided);

30- and 90-day mortality rates were examined by using lifetable method, and v2 is calculated by using log-rank test (2-sided). NSCLC ¼ non-small cell lung cancer;

RATS-L ¼ robotic-assisted thoracoscopic surgical lobectomy; VATS-L ¼ video-assisted thoracoscopic surgical lobectomy.
bThe 30-day unplanned readmission includes patients who had an unplanned readmission only and those who had both a planned and an unplanned readmission.
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confirmed in our study a higher conversion rate in VATS-L
(15.2%) vs RATS-L (7.8%), although patients did not differ statis-
tically significantly in tumor size, histology, and grade.
Interestingly, we observed that once a conversion occurred,
patients who underwent RATS-L had a higher 30-day
unplanned readmission rate and elevated 90-day mortality
than those who received VATS-L, although no statistically sig-
nificant difference in 90-day mortality was observed in multi-
variate analyses.

Few studies have investigated long-term survival outcomes
of RATS-L vs VATS-L in treating early-stage lung cancer patients
(37–39). Yang et al. (37) compared 470 stage I NSCLC patients
(172 RATS-L, 141 VATS-L, and 157 open lobectomy) and reported
the 5-year overall survival rates for the RATS-L, VATS-L, and
open lobectomy matched groups were 77.6%, 73.5%, and 77.9%,
respectively, without a statistically significant difference.
Similarly, Park et al. (38,39) evaluated 325 consecutive patients
who underwent robotic lobectomy for early-stage NSCLC to

Table 3. Comparison of hazard ratios between VATS-L and RATS-L associated with all-cause death stratified by tumor size

All (unmatched)a N:1 matched by PSb 1:1 matched by PSb

Analytic models Death, all Adj. HR (95% CI) Death, all Adj. HR (95% CI) Death, all Adj. HR (95% CI)

Follow-up within 3 mo postsurgery
VATS-L (ref.), RATS-L (all cases) 398, 18 908 1.20 (0.96 to 1.50) 350, 16 593 1.18 (0.94 to 1.49) 196, 9074 1.21 (0.91 to 1.60)

Tumor size: 1-20 mm 135, 8975 1.27 (0.87 to 1.86) 122, 7895 1.20 (0.82 to 1.77) 74, 4381 1.08 (0.69 to 1.71)
Tumor size: 21-40 mm 214, 8471 1.34 (0.99 to 1.80) 186, 7429 1.35 (1.00 to 1.83) 101, 4005 1.58 (1.06 to 2.36)
Tumor size: other or unknown 49, 1463 0.59 (0.27 to 1.28) 42, 1269 0.55 (0.24 to 1.23) 21, 688 0.51 (0.21 to 1.26)
Pinteraction .22 .12 .07

VATS-L (ref.), RATS-L (no conversion) 293, 16 383 1.11 (0.97 to 1.26) 256, 14 487 1.11 (0.97 to 1.26) 143, 8069 1.16 (0.98 to 1.37)
Tumor size: 1-20 mm 96, 7741 1.17 (0.94 to 1.46) 87, 6875 1.14 (0.92 to 1.42) 49, 3885 1.23 (0.92 to 1.63)
Tumor size: 21-40 mm 164, 7393 1.16 (0.98 to 1.38) 142, 6526 1.17 (0.99 to 1.39) 81, 3581 1.22 (0.98 to 1.53)
Tumor size: other or unknown 33, 1243 0.67 (0.41 to 1.09) 27, 1086 0.66 (0.39 to 1.12) 13, 601 0.65 (0.36 to 1.17)
Pinteraction .23 .14 .13

Follow-up starting from 12 mo postsurgery
VATS-L (ref.), RATS-L (all cases)

Tumor size: 1-20 mm 915, 8298 1.33 (1.15 to 1.55) 766, 7279 1.36 (1.17 to 1.58) 447, 4014 1.33 (1.11 to 1.61)
Tumor size: 21-40 mm 1189, 7634 1.03 (0.90 to 1.19) 983, 6681 1.02 (0.89 to 1.18) 539, 3597 0.95 (0.80 to 1.13)
Tumor size: other or unknown 274, 1271 0.95 (0.70 to 1.29) 220, 1098 0.97 (0.71 to 1.31) 110, 595 1.12 (0.77 to 1.63)
Pinteraction .02 .01 .03

VATS-L (ref.), RATS-L (no conversion)
Tumor size: 1-20 mm 765, 7170 1.19 (1.10 to 1.29) 652, 6348 1.19 (1.10 to 1.29) 395, 3566 1.17 (1.06 to 1.29)
Tumor size: 21-40 mm 1022, 6700 1.01 (0.94 to 1.08) 847, 5906 1.01 (0.93 to 1.09) 474, 3234 0.97 (0.89 to 1.06)
Tumor size: other or unknown 226, 1090 1.01 (0.86 to 1.19) 180, 948 1.02 (0.87 to 1.20) 94, 529 1.13 (0.92 to 1.39)
Pinteraction .007 .008 .02

Follow-up starting from 18 mo postsurgery
VATS-L (ref), RATS-L (all cases)

Tumor size: 1-20 mm 575, 7606 1.36 (1.16 to 1.61) 625, 6625 1.40 (1.18 to 1.65) 362, 3623 1.40 (1.14 to 1.72)
Tumor size: 21-40 mm 960, 6920 1.03 (0.88 to 1.20) 785, 6022 1.01 (0.86 to 1.18) 424, 3233 0.94 (0.78 to 1.14)
Tumor size: other or unknown 197, 1126 0.91 (0.63 to 1.31 158, 970 0.95 (0.66 to 1.36) 80, 524 1.06 (0.68 to 1.64)
Pinteraction .02 .008 .02

VATS-L (ref.), RATS-L (no conversion)
Tumor size: 1-20 mm 632, 6571 1.20 (1.10 to 1.31) 532, 5780 1.21 (1.10 to 1.32) 323, 3219 1.18 (1.06 to 1.32)
Tumor size: 21-40 mm 822, 6073 1.01 (0.93 to 1.10) 676, 5329 1.00 (0.92 to 1.09) 374, 2909 0.97 (0.88 to 1.08)
Tumor size: other or unknown 159, 959 1.00 (0.82 to 1.21 127, 833 1.04 (0.86 to 1.26) 68, 456 1.13 (0.89 to 1.43)
Pinteraction .01 .01 .04

Follow-up starting at 24 mo postsurgery
VATS-L, RATS-L (all cases)

Tumor size: 1-20 mm 588, 6562 1.39 (1.15 to 1.67) 470, 5625 1.47 (1.21 to 1.78) 277, 3055 1.44 (1.13 to 1.82)
Tumor size: 21-40 mm 755, 5865 1.05 (0.88 to 1.26) 605, 5015 1.03 (0.86 to 1.24) 325, 2684 0.97 (0.78 to 1.21)
Tumor size: other or unknown 147, 938 0.81 (0.52 to 1.26) 114, 794 0.88 (0.57 to 1.36) 61, 426 0.85 (0.51 to 1.41)
Pinteraction .03 .009 .03

VATS-L (ref.), RATS-L (no conversion)
Tumor size: 1-20 mm 483, 5646 1.21 (1.09 to 1.34) 394, 4892 1.24 (1.12 to 1.38) 246, 2706 1.18 (1.04 to 1.34)
Tumor size: 21-40 mm 644, 5134 1.03 (0.94 to 1.13) 519, 4430 1.02 (0.93 to 1.13) 289, 2420 0.99 (0.88 to 1.11)
Tumor size: other or unknown 118, 793 0.91 (0.72 to 1.15) 90, 677 0.98 (0.78 to 1.24) 51, 378 0.99 (0.75 to 1.30)
Pinteraction .02 .01 .11

aIn unmatched model: adjusting for age at diagnosis, sex, race or ethnicity, educational level, annual income, insurance status, coexisting medical conditions, distance

to treatment center, facility type, histology, grade, tumor size, other cancer treatment, year of cancer diagnosis, time since diagnosis to surgery, and center case volume

of surgery (VATS-L and RATS-L) performed. CI ¼ confidence interval; HR ¼ hazard ratio; PS ¼ propensity score; RATS-L ¼ robotic-assisted thoracoscopic surgical lobec-

tomy; VATS-L ¼ video-assisted thoracoscopic surgical lobectomy.
bIn 1:1 and N:1 PS-matched models: adjusting for PS-matched set.
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assess long-term oncologic efficacy and reported that long-term
stage-specific survival did not differ statistically significantly
from that of VATS-L or thoracotomy. However, the previous
studies did not evaluate the potential modifying effect of tumor
size on the association of surgical approach (VATS-L or RATS-L)
with mortality. In this large-scale study that included 18 908
stage I NSCLC patients who underwent VATS-L (n¼ 14 279) or
RATS-L (n¼ 4629), we found that, compared with VATS-L, RATS-
L was associated with a statistically significantly higher long-
term all-cause mortality (from 1 year postsurgery up to 7 years
of observation) in treating patients with small tumors
(�20 mm). The results were consistently seen in the intention-
to-treat analyses or analyses including only patients without
conversion to open thoracotomy during operation.
Furthermore, we provided evidence that this tumor size–
specific association is independent of center case volume of
VATS-L or RATS-L performed. These findings are consistently
seen in our unmatched, N:1, or 1:1 propensity score–matched
analyses. Further investigations are needed to confirm our find-
ings and reveal the underlying reasons for such tumor size–
specific associations for long-term mortality between these 2
minimally invasive surgical approaches in treating early-stage
NSCLC.

We acknowledge that the present analysis has several no-
ticeable limitations inherited from the NCDB data, especially for
evaluation of long-term survival. First, the NCDB provides data
only on all-cause death, not on disease-specific death; there-
fore, associations of VATS-L and RATS-L with cancer-specific
mortality could not be examined and compared. Second, de-
spite the detailed information on clinical characteristics and
first-line treatment, we did not have information on many fac-
tors that may be associated with overall and lung cancer–
specific survival, such as lifestyle factors, particularly posttreat-
ment cigarette smoking habits, comorbidity, performance sta-
tus, physical activity, weight, health-related quality of life, and
genetic factors (37–40). Thus, we could not determine if the
higher all-cause mortality of RATS-L derived from the surgical
procedure or from the differences between RATS-L– and VATS-
L–treated patients on other mortality risk factors. In addition,
data from the NCDB were collected for patients diagnosed and/
or treated at Commission on Cancer–accredited facilities, which
are more likely to be located in larger, more urban areas com-
pared with facilities not accredited by the Commission on
Cancer. Therefore, our results may not be generalizable to all
cancer patients treated in the United States (40).

In summary, this is the first large study to our knowledge to
report that patients with small (�20 mm) stage I NSCLC treated
with RATS-L, compared with VATS-L, had a higher long-term
all-cause mortality and that such an association was not related

to center case volume of VATS-L or RATS-L performed. Our
study supports the United States Food and Drug
Administration’s call for additional research to evaluate the
long-term safety and effectiveness of robotic devices in mini-
mally invasive cancer surgeries. Future studies should include
assessments of disease recurrence or specific mortality and ac-
count for other mortality-associated factors in order to draw a
definitive conclusion.
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