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Abstract
Background: Clinical outcomes for resected early-stage non-small cell lung cancer 
(NSCLC) are superior at high-volume facilities, but reasons for these differences re-
main unclear. Understanding these differences and optimizing outcomes across insti-
tutions are critical to the management of the increasing incidence of these cases. We 
evaluated the extent to which surgical best practices account for resected early-stage 
NSCLC outcome differences between facilities according to case volume.
Methods: We performed a retrospective cohort study for clinical stage 1 or 2 NSCLC 
undergoing surgical resection from 2004 to 2013 using the National Cancer Database 
(NCDB). Surgical best practices (negative surgical margins, lobar or greater resec-
tion, lymph node (LN) dissection, and examination of > 10 LNs) were compared 
between the highest and lowest quartile volumes.
Results: A total of 150,179 patients were included in the cohort (89% white, 53% 
female, median age 68 years). In a multivariate model, superior overall survival (OS) 
was observed at highest volume centers compared to lowest volume centers (hazard 
ratio (HR) = 0.89; 95% CI, 0.82-0.96; P = .002). After matching for surgical best 
practices, there was no significant OS difference (HR = 0.95; 95% CI, 0.87-1.05; 
P = .32). Propensity score-adjusted HR estimates indicated that surgical best prac-
tices accounted for 54% of the numerical OS difference between low-volume and 
high-volume centers. Each surgical best practice was independently associated with 
improved OS (all P ≤ .001).
Conclusion: Quantifiable and potentially modifiable surgical best practices largely 
account for resected early-stage NSCLC outcome differences observed between low- 
and high-volume centers. Adherence to these guidelines may reduce and potentially 
eliminate these differences.
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1 |  INTRODUCTION

There has been much discussion in recent decades about the 
relationship between facility type and volume and outcomes 
for non-small cell lung cancer (NSCLC) and other malignan-
cies, with many studies finding that institutional case volume 
is associated with improved surgical outcomes.1-7 This obser-
vation has major health-care practice and policy implications. 
As the population ages and uptake of computed tomography 
(CT)-based lung cancer screening increases, the number of 
early-stage, potentially resectable NSCLC cases is expected 
to grow. If optimal care requires treatment at a limited num-
ber of high-volume clinical centers, patients and their fami-
lies may be required to travel extensively or even temporarily 
relocate. Such arrangements could exacerbate the financial 
impact of diagnosis and treatment if individuals need to pay 
for travel and housing, or miss additional workdays.

Case volume may serve as a proxy for multiple factors as-
sociated with improved outcomes. These may include patient 
differences, clinician differences, and process differences.7 
Specifically, less sick individuals may be more likely to be 
referred or travel to high-volume centers. Surgeons and other 
physicians achieve proficiency by performing a procedure 
many times. Medical centers that perform more lung cancer 
resections may have greater institutional memory and clinical 
experience—variables that are challenging to define, measure, 
and replicate. Additionally, high-volume centers may be more 
likely to employ certain surgical and medical techniques and 
protocols that directly produce better risk-adjusted outcomes.

Although many patient and clinician differences are difficult 
to ascertain, characterize, and control, process variables may be 
more readily addressed. Most widely accepted best practices for 
lung cancer surgery are readily defined, easily measured, and 
potentially feasible to benchmark across centers. Examples in-
clude the type of resection (lobar vs sublobar),8 surgical margin 
status,9 and the nature of lymph node (LN) examination.10-12 To 
determine the extent to which these variables may account for 
improved overall survival (OS) at high-volume institutions, we 
examined surgical practices and clinical outcomes in a nationally 
representative sample, the National Cancer Database (NCDB).

2 |  MATERIALS AND METHODS

2.1 | Data source and collection

Formed in 1989, the NCDB collects data from more than 
1500 US hospitals that have been accredited by the American 

College of Surgeons Commission on Cancer (CoC) and the 
American Cancer Society, capturing an estimated 80% of 
newly diagnosed lung cancers in the United States.13,14

We examined NCDB participant user files (PUF) from 
2004 to 2013 for NSCLC cases. The PUF includes pa-
tients with a histological diagnosis of NSCLC (squamous 
cell, adenocarcinoma, sarcomatoid, adenosquamous, and 
other NSCLC). We identified cases with American Joint 
Commission on Cancer (AJCC) 8th edition15 clinical stage 1 
or 2 NSCLC who underwent surgical resection. Cases staged 
per previous AJCC editions were forward-staged as previ-
ously described16; those that were unable to be forward-staged 
were excluded. Other histologic subtypes (carcinoid, other 
neuroendocrine histology, such as small cell lung cancer, and 
metastatic malignancies to the lung) were excluded.

We abstracted the following variables for each case: patient 
characteristics [age, sex, race, Hispanic origin, insurance status, 
income, education, Charlson-Deyo (CD) comorbidity score 
(0, 1, 2, ≥3)17], disease characteristics [AJCC clinical stage, 
tumor-node-metastasis (TNM) edition number, primary site, 
laterality, histology, grade, size of tumor, and year of diagno-
sis], treatment characteristics [surgical margin status (positive/
negative), surgical procedure of the primary site (wedge resec-
tion, segmental resection, lobectomy, and pneumonectomy), 
number of regional LNs examined, regional LN dissection per-
formed (yes/no), administration of radiation therapy (yes/no), 
administration of chemotherapy (yes/no)], facility characteris-
tics [location (geographic region) and total number of NSCLC 
stage 1-2 surgical cases during the study period], and clinical 
outcome measures [last contact or death, and PUF vital status]. 
We defined surgical best practices as achievement of negative 
surgical margins, performance of lobar or greater resection, ex-
amination of >10 LNs, and performance of regional LN dissec-
tion (yes or no), consistent with current clinical guidelines.18,19

2.2 | Statistical analysis

We abstracted total number of lung cancer resections per-
formed at each NCDB facility in the most recent year of 
analysis, as described previously,4 and used this metric to de-
fine annual surgical volume for each facility. We then calcu-
lated summary statistics of annual surgical resection volumes 
across facilities and used quartile estimates to define low- and 
high-volume facilities. Centers in the lowest quartile were 
determined to be low-volume (<6 annual NSCLC resection 
cases) and those in the highest quartile were deemed high-
volume (>34 annual NSCLC resection cases). For survival 
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T A B L E  1  Patient demographics and clinical characteristics

Variable Overall

Annual surgery volume

P-value<6 6-15 16-34 >34

Number of cases, N (%) 150 179 7027 (4.7) 17 250 (11.5) 35 839 (23.9) 90 063 (60)

Number of hospitals, N (%) 1264 299 (23.7) 316 (25) 331 (26.2) 318 (25.2)

Age, mean (IQR) 67.7 (61, 75) 67.7 (62, 75) 67.9 (62, 75) 67.9 (62, 75) 67.6 (61, 75) .0004

Gender, N (%)

Female 79 913 (53.2) 3619 (51.5) 8915 (51.7) 18 878 (52.7) 48 501 (53.9) <.0001

Male 70 266 (46.8) 3408 (48.5) 8335 (48.3) 16 961 (47.3) 41 562 (46.1)

Race, N (%)

White 133 597 (89) 6129 (87.2) 15 141 (87.8) 32 235 (89.9) 80 092 (88.9) <.0001

Black 11 859 (7.9) 648 (9.2) 1571 (9.1) 2618 (7.3) 7022 (7.8)

Other 3680 (2.5) 227 (3.2) 465 (2.7) 847 (2.4) 2141 (2.4)

Unknown 1043 (0.7) 23 (0.3) 73 (0.4) 139 (0.4) 808 (0.9)

Ethnicity, N (%)

Hispanic 3522 (2.3) 189 (2.7) 686 (4) 677 (1.9) 1970 (2.2) <.0001

Non-hispanic 136 583 (90.9) 6482 (92.2) 15 604 (90.5) 32 234 (89.9) 82 263 (91.3)

Unknown 10 074 (6.7) 356 (5.1) 960 (5.6) 2928 (8.2) 5830 (6.5)

Charlson-Deyo comorbidity score, N (%)

0 76 492 (50.9) 3699 (52.6) 8790 (51) 17 932 (50) 46 071 (51.2) <.0001

1 53 193 (35.4) 2413 (34.3) 5981 (34.7) 12 747 (35.6) 32 052 (35.6)

2 20 494 (13.6) 915 (13) 2479 (14.4) 5160 (14.4) 11 940 (13.3)

Clinical stage, N (%)

Stage I 115 487 (76.9) 5114 (72.8) 13 128 (76.1) 27 492 (76.7) 69 753 (77.4) <.0001

Stage II 34 692 (23.1) 1913 (27.2) 4122 (23.9) 8347 (23.3) 20 310 (22.6)

Laterality, N (%)

Right 87 334 (58.2) 4010 (57.1) 10 109 (58.7) 20 861 (58.2) 52 354 (58.1) .03

Left 61 909 (41.2) 2981 (42.4) 7009 (40.7) 14 780 (41.2) 37 139 (41.2)

Organ is not paired 824 (0.5) 34 (0.5) 97 (0.6) 169 (0.5) 524 (0.6)

Unknown 68 (< 0.1) 2 (< 0.1) 12 (0.1) 22 (0.1) 32 (< 0.1)

Histology, N (%)

Adenocarcinoma 87 622 (62.1) 3768 (56.3) 9695 (59) 20 517 (60.7) 53 642 (63.7) <.0001

Adenosquamous 3938 (2.8) 199 (3) 455 (2.8) 1016 (3) 2268 (2.7)

Large cell 2413 (1.7) 152 (2.3) 318 (1.9) 491 (1.5) 1452 (1.7)

Sarcomatoid 813 (0.6) 38 (0.6) 73 (0.4) 166 (0.5) 536 (0.6)

Squamous 41 139 (29.1) 2169 (32.4) 5113 (31.1) 10 168 (30.1) 23 689 (28.1)

Other NSCLC 5255 (3.7) 365 (5.5) 773 (4.7) 1453 (4.3) 2664 (3.2)

Tumor size (mm), N (%)

≤10 12 338 (8.2) 453 (6.4) 1170 (6.8) 2668 (7.4) 8047 (8.9) <.0001

(10, 20] 53 063 (35.3) 2287 (32.5) 5932 (34.4) 12 516 (34.9) 32 328 (35.9)

(20, 30] 40 210 (26.8) 1953 (27.8) 4866 (28.2) 9893 (27.6) 23 498 (26.1)

(30, 40] 22 891 (15.2) 1156 (16.5) 2699 (15.6) 5480 (15.3) 13 556 (15.1)

(40, 50] 12 138 (8.1) 655 (9.3) 1483 (8.6) 3002 (8.4) 6998 (7.8)

(50, 70] 9539 (6.4) 523 (7.4) 1100 (6.4) 2280 (6.4) 5636 (6.3)

Tumor grade, N (%)

(Continues)
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Variable Overall

Annual surgery volume

P-value<6 6-15 16-34 >34

1 24 198 (16.1) 935 (13.3) 2511 (14.6) 5665 (15.8) 15 087 (16.8) <.0001

2 64 468 (42.9) 2849 (40.5) 7526 (43.6) 15 404 (43) 38 689 (43)

3 47 937 (31.9) 2432 (34.6) 5519 (32) 11 728 (32.7) 28 258 (31.4)

4 2402 (1.6) 149 (2.1) 312 (1.8) 570 (1.6) 1371 (1.5)

Unknown 11 174 (7.4) 662 (9.4) 1382 (8) 2472 (6.9) 6658 (7.4)

Radiation therapy, N (%)

Yes 10 936 (7.3) 739 (10.5) 1396 (8.1) 2743 (7.7) 6058 (6.7) <.0001

No 137 055 (91.3) 6135 (87.3) 15 511 (89.9) 32 496 (90.7) 82 913 (92.1)

Unknown 2188 (1.5) 153 (2.2) 343 (2) 600 (1.7) 1092 (1.2)

Chemotherapy, N (%)

Yes 28 631 (19.1) 1663 (23.7) 3557 (20.6) 6913 (19.3) 16 498 (18.3) <.0001

No 116 086 (77.3) 5023 (71.5) 12 958 (75.1) 27 596 (77) 70 509 (78.3)

Unknown 5462 (3.6) 341 (4.9) 735 (4.3) 1330 (3.7) 3056 (3.4)

Facility location, N (%)

New England 8512 (5.7) 375 (5.3) 1152 (6.7) 2567 (7.2) 4418 (4.9) <.0001

Middle Atlantic 25 048 (16.7) 1003 (14.3) 2402 (13.9) 4401 (12.3) 17 242 (19.1)

South Atlantic 33 475 (22.3) 1618 (23) 2283 (13.2) 7274 (20.3) 22 300 (24.8)

East North Central 27 963 (18.6) 1265 (18) 4477 (26) 7228 (20.2) 14 993 (16.6)

East South Central 13 494 (9) 388 (5.5) 962 (5.6) 2628 (7.3) 9516 (10.6)

West North Central 11 784 (7.8) 449 (6.4) 1064 (6.2) 3415 (9.5) 6856 (7.6)

West South Central 9384 (6.2) 446 (6.3) 1999 (11.6) 2376 (6.6) 4563 (5.1)

Mountain 5380 (3.6) 454 (6.5) 740 (4.3) 1936 (5.4) 2250 (2.5)

Pacific 14 123 (9.4) 989 (14.1) 2080 (12.1) 3815 (10.6) 7239 (8)

Unknown 1016 (0.7) 40 (0.6) 91 (0.5) 199 (0.6) 686 (0.8)

Income, N (%)

<$30k 18 565 (12.4) 966 (13.7) 2128 (12.3) 4629 (12.9) 10 842 (12) <.0001

[$30k, $35k) 26 995 (18) 1479 (21) 3065 (17.8) 6747 (18.8) 15 704 (17.4)

[$35k, $46k) 41 103 (27.4) 1898 (27) 4917 (28.5) 10 053 (28.1) 24 235 (26.9)

≥$46k 57 881 (38.5) 2388 (34) 6434 (37.3) 13 010 (36.3) 36 049 (40)

Unknown 5635 (3.8) 296 (4.2) 706 (4.1) 1400 (3.9) 3233 (3.6)

Education, N (%)

<20% did not graduate high 
school in zip

86 727 (57.7) 3750 (53.4) 9425 (54.6) 21 157 (59) 52 395 (58.2) <.0001

≥20% did not graduate high 
school in zip

57 801 (38.5) 2981 (42.4) 7116 (41.3) 13 279 (37.1) 34 425 (38.2)

Unknown 5651 (3.8) 296 (4.2) 709 (4.1) 1403 (3.9) 3243 (3.6)

Insurance status, N (%)

Not insured 2542 (1.7) 157 (2.2) 353 (2) 724 (2) 1308 (1.5) <.0001

Private insurance 45 583 (30.4) 1980 (28.2) 4854 (28.1) 10 645 (29.7) 28 104 (31.2)

Medicaid 6089 (4.1) 368 (5.2) 813 (4.7) 1371 (3.8) 3537 (3.9)

Medicare 92 766 (61.8) 4349 (61.9) 10 798 (62.6) 22 169 (61.9) 55 450 (61.6)

Other government 1333 (0.9) 57 (0.8) 149 (0.9) 324 (0.9) 803 (0.9)

Unknown 1866 (1.2) 116 (1.7) 283 (1.6) 606 (1.7) 861 (1)

T A B L E  1  (Continued)

(Continues)



   | 4141ITZSTEIN ET al.

analyses, we defined OS as the time from definitive surgi-
cal procedure to death from any cause or last contact. Cases 
without a known date of death were censored at the last date 
of known follow-up. Kaplan-Meier OS curves were gener-
ated to visualize OS. Cox regression models and Wald tests 
were used to compare OS differences and estimate hazard ra-
tios in both univariate and multivariate analyses. Because our 
sample size is sufficiently large, we excluded all records with 
missing data. We did not use any imputation methods in this 
study. To rule out the effect of potential confounders, propen-
sity score matching was used to balance patient groups with 
different demographic and clinical characteristics.20 All vari-
ables listed in Table 1 were considered in propensity score 
matching to minimize the effect of collinearity. To ensure the 
comparability between Model 1 (propensity score matching 
on clinical and demographic variables) and Model 2 (pro-
pensity score matching on clinical, demographic, and surgi-
cal best practice variables), we used fixed caliper = 0.0001 
and ratio = 1 for both propensity score matching processes. 
We included in the analyses all demographic and clinical data 
variables available in the NCDB considered to have poten-
tial importance in lung cancer resection outcomes. Ratio = 1 
was chosen to reflect the study design of 1-to-1 matching. To 
select an appropriate caliper, we scanned a list of descend-
ing calipers to compare the stability of the matching results. 
We chose caliper = 0.0001 as there was no substantial dif-
ference observed when using smaller caliper values. All P-
values were two-sided; results were considered significant at 

P < .05. All analyses were performed with R software, ver-
sion 3.4.2.21 We used R packages “survival” (version 2.44-
1.1), “survminer” (version 0.4.3), and “MatchIt” (version 
3.0.2).

3 |  RESULTS

3.1 | Demographics, clinical characteristics, 
facility characteristics, and surgical best 
practices

From NCDB PUF years 2004-2013, we identified an ini-
tial cohort of 1,163,465 NSCLC cases. We then limited 
our study sample to AJCC 8th edition clinical stage 1 or 
2 NSCLC that underwent surgical resection, resulting in 
a study sample of 150,179 (12.9%) cases treated at 1,264 
hospitals (Figure 1). Median age was 68 years, 89% were 
white, and 53% were female. Across institutions, median 
annual volume of stage 1 or 2 NSCLC surgical resections 
in 2013 was 16.

All demographic and clinical characteristics differed sig-
nificantly according to facility surgical volume (Table 1). 
The highest and lowest volume institutions performed 
more sublobar resections compared to other centers. High-
volume institutions were more likely to examine greater 
than 10 LN, perform LN dissection, and report negative 
surgical margins.

Variable Overall

Annual surgery volume

P-value<6 6-15 16-34 >34

Surgical procedure, N (%)

Sublobar resection 34 501 (23) 1618 (23) 3878 (22.5) 7983 (22.3) 21 022 (23.3) <.0001

Lobar resection or greater 114 951 (76.5) 5348 (76.1) 13 262 (76.9) 27 728 (77.4) 68 613 (76.2)

Unknown 727 (0.5) 61 (0.9) 110 (0.6) 128 (0.4) 428 (0.5)

Regional lymph nodes examined, N (%)

<10 95 285 (63.4) 4785 (68.1) 12 131 (70.3) 24 232 (67.6) 54 137 (60.1) <.0001

≥10 44 270 (29.5) 1625 (23.1) 4136 (24) 9203 (25.7) 29 306 (32.5)

Unknown 10 624 (7.1) 617 (8.8) 983 (5.7) 2404 (6.7) 6620 (7.4)

Regional lymph node dissection, N (%)

Performed 131 239 (87.4) 5836 (83.1) 14 608 (84.7) 31 001 (86.5) 79 794 (88.6) <.0001

Not performed 18 263 (12.2) 1075 (15.3) 2510 (14.6) 4665 (13) 10 013 (11.1)

Unknown 677 (0.5) 116 (1.7) 132 (0.8) 173 (0.5) 256 (0.3)

Surgical margins, N (%)

Positive 6283 (4.2) 394 (5.6) 794 (4.6) 1659 (4.6) 3436 (3.8) <.0001

Negative 141 441 (94.2) 6383 (90.8) 16 065 (93.1) 33 610 (93.8) 85 383 (94.8)

Unknown 2455 (1.6) 250 (3.6) 391 (2.3) 570 (1.6) 1244 (1.4)

T A B L E  1  (Continued)
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3.2 | Clinical outcomes

In univariate analysis, using the lowest volume quartile as 
reference, we observed further improvements in outcomes 
with each increase in facility case volume (Table 2). These 
trends were observed in the overall study cohort as well as 
stage 1 and 2 subgroups. In the overall cohort and stage 1 sub-
group, after base matching for 16 clinical and demographic 

confounders (Model 1), OS was statistically equivalent in the 
first, second, and third quartiles across stages, but remained 
superior in fourth quartile. For stage 2 NSCLC, there was 
no significant difference in OS across quartiles after con-
founder matching (Model 1). After controlling for surgical 
best practices (Model 2), numerical differences in OS were 
further reduced. There was no significant difference in OS 
across cohorts in the overall cohort or stage 2 subgroup. In 
the stage 1 subgroup, only the highest quartile institutions 
had improved OS.

In multivariate analysis, each of the examined surgical 
best practices independently impacted OS. In the overall 
cohort, improved OS was observed in cases with negative 
surgical margins (HR 0.51; 95% CI 0.46-0.56; P  <  .001), 
cases undergoing lobar or greater resection (HR 0.77; 95% 
CI 0.73-0.81; P < .001), cases undergoing regional LN dis-
section (HR 0.69; 95% CI 0.65-0.74; P <  .001), and cases 
including examination of >10 LNs, as recommended by the 
CoC guidelines,18 (HR 0.90; 95% CI 0.85-0.91; P <  .001). 
Similar effects were noted in the stage 1 and stage 2 sub-
groups (Table 3).

We compared HRs with and without best practice pro-
pensity matching to numerically estimate the influence these 
variables have on outcome differences, with hazard ratio 1 
considered as equivalent outcome, determined as follows: 
surgical best practices influence = ((1 − HR1) − (1 − HR2))/
(1 − HR1) × 100. Using this approach, in the overall cohort 
after multivariate matching, surgical best practices accounted 
for 54% of the numerical OS difference between the lowest 
volume compared to the highest volume centers.

Figure 2 shows Kaplan-Meier plots of OS for the over-
all cohort between facility volume quartiles for univariate 
(Panel A), multivariate (Model 1, Panel B), and surgical 
best practice-matched (Model 2, Panel C) cohorts. P val-
ues and hazard ratios are propensity score-adjusted for the 
matched cohorts. Subgroup analyses for stages 1 and 2 are 
shown in Figure 3

4 |  DISCUSSION

For decades, it has been observed that high-volume centers 
have improved surgical outcomes for early-stage NSCLC. 
In the present study, we sought to identify specific and po-
tentially modifiable factors accounting for these differences. 
In this national cohort of more than 150 000 patients with 
surgically resected clinical stage 1-2 NSCLC treated at more 
than 1200 facilities, we again noted that OS was superior 
at high-volume centers, even after adjusting for more than 
one dozen demographic and clinical factors. As noted in 
earlier landmark studies,4 the greatest outcome differences 
occurred between the lowest- and highest volume centers, 
and the current study demonstrated a comparable trend for 

F I G U R E  1  Flow diagram of patient selection with inclusion and 
exclusion criteria
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volume-outcome association for OS. However, when we in-
corporated surgical best practices into the analysis, the mag-
nitude of these outcome differences declined substantially 
and no longer had statistical significance. Indeed, OS curves 
were essentially overlapping. These findings suggest that 

greater dissemination of and adherence to practice guidelines 
may largely close the outcome gap between large- and small-
volume facilities.

In this study, we selected surgical best practices that are 
widely endorsed,22 readily recorded and assessed, and have the 

T A B L E  2  Hazard ratio estimates prior to propensity matching (original cohort), after matching for case characteristics (Model 1), and after 
further matching for surgical best practices (Model 2)

Cohort
Annual surgery 
volume (ref: <6)

Overall Stage I Stage II

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Original Cohort 
(N = 150,179)

6-15 0.92 (0.88, 0.96) .0002 0.94 (0.89, 0.99) .01 0.93 (0.86, 1.00) .06

16-34 0.90 (0.86, 0.93) <.0001 0.91 (0.86, 0.95) <.0001 0.93 (0.87, 1.00) .06

>34 0.81 (0.78, 0.84) <.0001 0.81 (0.78, 0.85) <.0001 0.86 (0.80, 0.91) <.0001

Model 1a  (N = 16,572) 6-15 0.96 (0.89, 1.04) .31 0.93 (0.85, 1.02) .13 0.98 (0.84, 1.15) .85

16-34 0.95 (0.88, 1.02) .17 0.92 (0.84, 1.00) .05 0.98 (0.84, 1.13) .75

>34 0.89 (0.82, 0.96) .002 0.84 (0.77, 0.92) .0001 0.93 (0.81, 1.07) .31

Model 2a  (N = 12,498) 6-15 0.97 (0.87, 1.07) .54 0.93 (0.84, 1.04) .23 1.02 (0.74, 1.42) .89

16-34 0.97 (0.88, 1.07) .50 0.91 (0.82, 1.01) .08 1.05 (0.77, 1.43) .77

>34 0.95 (0.87, 1.05) .31 0.88 (0.80, 0.98) .02 0.96 (0.71, 1.30) .78
aTo ensure comparability between Model 1 (propensity score matching on clinical and demographic variables) and Model 2 (propensity score matching on clinical, 
demographic, and surgical best practice variables), we used fixed caliper = 0.0001 and ratio = 1 for both propensity score matching processes. 

T A B L E  3  Hazard ratio estimates for effect of each surgical best practice variable before and after matching for case characteristics

Cohort
Surgical best practice 
variable

Overall Stage I Stage II

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Original Cohort ( 
N = 150,179)

Surgical margins 
(negative vs positive)

0.50 (0.48, 0.51) <.0001 0.51 (0.48, 0.53) <.0001 0.61 (0.58, 0.64) <.0001

Surgical procedure 
(lobar resection or 
greater vs sublobar 
resection)

0.77 (0.76, 0.79) <.0001 0.70 (0.68, 0.71) <.0001 0.70 (0.67, 0.73) <.0001

Regional lymph nodes 
dissection (performed 
vs not performed)

0.70 (0.69, 0.72) <.0001 0.64 (0.63, 0.66) <.0001 0.62 (0.58, 0.66) <.0001

Regional lymph nodes 
examined (≥10 vs 
<10)

0.89 (0.87, 0.91) <.0001 0.82 (0.80, 0.84) <.0001 0.86 (0.84, 0.89) <.0001

Model 1a 
(N = 16,572)

Surgical margins 
(negative vs positive)

0.51 (0.46, 0.56) <.0001 0.53 (0.46, 0.60) <.0001 0.59 (0.52, 0.68) <.0001

Surgical procedure 
(lobar resection or 
greater vs sublobar 
resection)

0.77 (0.73, 0.81) <.0001 0.70 (0.66, 0.74) <.0001 0.67 ( 0.58,0.76) <.0001

Regional lymph nodes 
dissection (performed 
vs not performed)

0.69 (0.65, 0.74) <.0001 0.64 (0.60, 0.69) <.0001 0.51 (0.43, 0.60) <.0001

Regional lymph nodes 
examined (≥10 vs 
<10)

0.90 (0.85, 0.95) .0002 0.85 (0.79, 0.91) <.0001 0.82 (0.75, 0.90) <.0001

aThis is the cohort matched on clinical and demographic variables between surgery volume groups, using propensity score with caliper = 0.0001 and ratio = 1. 
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potential for widespread implementation and benchmarking for 
quality improvement: type of resection, LN examination, and 
surgical margin status. As previously shown,9,22 each of these 
variables was associated with clinical outcomes in this study 
including a previous analysis demonstrating that combining 
surgical quality measures improves OS.23 Among them, sur-
gical margin status had the strongest association, with a 50% 
reduction in the risk of death for cases with negative margins. 
Regional LN dissection was associated with a 30% reduction in 
the risk of death, while lobar or greater (anatomical) resection 
was associated with a 25% reduction in the risk of death. High-
volume clinical centers were more likely to achieve negative 
surgical margins and to perform an adequate LN dissection.

Each surgical best practice was independently statisti-
cally and clinically important across the overall cohort and 
both stage 1 and 2 subgroups. This is expected and consis-
tent with previous studies, and reinforces the importance and 
appropriateness of guideline-directed care for NSCLC resec-
tions. Interestingly, performance of LN dissection was most 
strongly associated with improved OS for the stage 2 cohort, 
being associated with a 50% reduction in mortality. This find-
ing could be related to the removal of occult metastasis with 
LN dissection or upstaging and appropriate treatment of LN 
disease when discovered.

Importantly, it seems feasible to benchmark and export 
these metrics to improve surgical outcomes across centers. For 
example, both provision of a surgical LN specimen collection 
kit and a novel, more thorough pathologic gross dissection 
method have been shown to significantly improve rates of ade-
quate LN examination independently and when performed to-
gether.24,25 It has also been shown that multidisciplinary lung 
cancer care can be implemented in a community health-care 
setting.26 Nevertheless, other recommendations may be more 
difficult to define and thus more challenging to transmit. The 
achievement of negative surgical margins could reflect tumor 
location and other attributes, and does not reflect an a priori 
decision such as LN dissection or resection type. Furthermore, 
although radiation therapy for positive margins is generally 
recommended as a treatment option for cases with positive 
margins, it has not been validated in population analyses.27

Even after adjusting for surgical best practices, a modest 
but significant OS benefit persisted for stage 1 cases. The 
precise reasons for this observation are not clear. Stage 1 lung 
cancer represents a widely heterogeneous population, rang-
ing from poorly differentiated, invasive cancers that likely 
have distant micrometastatic disease at diagnosis to inciden-
tally detected, small, non- or minimally invasive tumors that 
might never impact patient quantity or quality of life even if 
left untreated. One possibility is that some clinical stage 2 
cases derived OS benefit from removal of occult LN metasta-
sis that was not present in clinical stage 1 cases, leading to in-
creased effect of surgical quality measures. It is also possible 
that stage 1 cases at high-volume centers were more likely to 
represent particularly low-risk (based on size and/or histol-
ogy) tumors. These facilities performed a greater proportion 
of sublobar resections, which are recommended by numerous 
expert guidelines for cases such as pure ground-glass opac-
ities or adenocarcinoma in situ under 2 cm.19,28-30 Notably, 
sublobar resection was also performed more frequently at the 
lowest volume centers. We are unable to determine whether 
sublobar resections were performed (a) following guidance 
for the lowest risk tumors, (b) because the patient was not a 
candidate for lobectomy, or (c) because the treatment team 
was unaware of surgical best practices.

One previously proposed strategy to improve surgical 
outcomes is to limit who performs procedures. For NSCLC, 
it has been suggested that complex resections be performed 
only by individuals and facilities meeting minimal annual 
volume thresholds, specifically 20 per surgeon and 40 per 
facility.31 The facility cut-off suggestion is consistent with 
our study finding that the highest quartile of facilities per-
form >34 annual NSCLC resections, a threshold comparable 
to that of high-volume centers in earlier studies.4 Another 
recent analysis revealed that patients undergoing resection 
at top-ranked cancer centers have better postoperative out-
comes compared to those receiving care at their affiliated 
centers.32 In that study, there were large mean volume dif-
ferences between affiliated (8 cases/year) and top-ranked 
(77 cases/year) facilities. The current analysis suggests that 
clinically meaningful outcome differences could potentially 

F I G U R E  2  Kaplan-Meier overall survival for overall cohort prior to propensity matching (original cohort), after matching for case 
characteristics (Model 1), and after further matching for surgical best practices (Model 2)
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be minimized by promoting guideline-directed surgical 
care, rather than restricting access to only high-volume sur-
geons and facilities. A recent analysis of stage IIIA NSCLC 
found that in these cases, patients being treated at high-vol-
ume facilities were more likely to receive surgical resection 
and had improved OS compared to low-volume facilities.33 
Interestingly, another recent analysis revealed the improved 
OS trend at high-volume facilities persisted for an analysis of 
stage IV NSCLC, suggesting that factors other than surgical 
techniques are involved.34

A limitation of this study is the nature of available 
clinical data. While the NCDB provides extensive data 
on NSCLC cases, several variables relevant to clinical 
outcomes are not collected. These include the American 
Society of Anesthesiologists (ASA) physical status classi-
fication, smoking status, pulmonary function, weight, body 
mass index, performance status, and living arrangement.5,13 
Surgeon type and case volume were also not available, both 
of which may be associated with complications and mortal-
ity rates.7,35,36 Nor does the NCDB examine other factors 

F I G U R E  3  Kaplan-Meier overall survival for stage 1 and stage 2 cohort prior to propensity matching (original cohort), after matching for 
case characteristics (Model 1), and after further matching for surgical best practices (Model 2)
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that may influence outcomes, such as preoperative posi-
tron-emission tomography (PET)/CT, brain imaging, and 
bronchoscopy.37 Some patients may have had comorbidities 
that precluded lobectomy, and therefore sublobar resection 
may have represented best surgical practice in those cases. 
Charlson comorbidity score propensity matching and the 
finding that the rates of lobar or greater resection were com-
parable between the lowest and highest facilities make this 
limitation less important to study outcomes. It is also pos-
sible that surgical best practices could represent surrogate 
markers for one of the above variables that are known to 
influence outcomes or other unknown variables, for example 
other unmeasured surgical techniques or quality of patho-
logical examination. Although the current analysis does not 
provide details of surgical technique, such as video-assisted 
or robotic, these approaches have been shown to yield com-
parable survival to thoracotomy and therefore may not alter 
our findings.6,38,39

In conclusion, we have found that modifiable surgical best 
practices account for a meaningful proportion of outcome 
differences between high- and low-volume centers for resect-
able early-stage NSCLC. One response to these findings is to 
consolidate early-stage NSCLC surgical treatment at selected 
high-volume facilities, as has been suggested.31 However, 
growing case numbers, geographic distribution, and patient 
preferences and circumstances may not permit such an ap-
proach in many cases. For instance, smoking rates and lung 
cancer diagnoses are generally higher in rural areas,40,41 
which are less likely to have high-volume clinical centers. 
Because it may not always be practical to consolidate treat-
ment of the growing number of early-stage NSCLC at select 
sites nationwide, it seems reasonable to continue and expand 
efforts to promote best practices across centers to minimize 
outcome disparities.
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