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How Many Lymph Nodes Are Enough? Assessing the
Adequacy of Lymph Node Yield for Papillary Thyroid Cancer
Timothy J. Robinson, Samantha Thomas, Michaela A. Dinan, Sanziana Roman, Julie Ann Sosa, and Terry Hyslop

A B S T R A C T

Purpose
Patients who undergo surgery for papillary thyroid cancer with only a limited lymph node exami-
nation are thought to be at risk for potentially harboring occult disease. However, this risk has not been
objectively quantified and may have implications for subsequent management and surveillance.

Methods
Data from the National Cancer Database (1998 to 2012) were used to characterize the distribution of
nodal positivity of adult patients diagnosed with localized $ 1-cm papillary thyroid cancer who
underwent thyroidectomy with one or more lymph nodes (LNs) examined. A b-binomial distribution
was used to estimate the probability of occult nodal disease as a function of total number of LNs
examined and pathologic tumor stage.

Results
A total of 78,724 patients met study criteria; 38,653 patients had node-positive disease. The
probability of falsely identifying a patient as node negative was estimated to be 53% for patients
with a single node examined and decreased to less than 10% when more than six LNs were
examined. To rule out occult nodal disease with 90% confidence, six, nine, and 18 nodes would
need to be examined for patients with T1b, T2, and T3 disease, respectively. Sensitivity analyses
limited to patients likely undergoing prophylactic central neck dissection resulted in three, four, and
eight nodes needed to provide comparable adequacy of LN evaluation.

Conclusion
To our knowledge, our study provides the first empirically based estimates of occult nodal disease
risk in patients after surgery for papillary thyroid cancer as a function of primary tumor stage and
number of LNs examined. Our estimates provide an objective guideline for evaluating adequacy of
LN yield for surgeons and pathologists in the treatment of papillary thyroid cancer, and especially
intermediate-risk disease, for which use of adjuvant radioactive iodine and surveillance intensity are
not currently standardized.

J Clin Oncol 34:3434-3439. © 2016 by American Society of Clinical Oncology

INTRODUCTION

Thyroid cancer is the most rapidly increasing
cancer in the United States, with an estimated
62,980 incident cases diagnosed in 2014.1 Papil-
lary thyroid cancer predominates, and lymph
nodes (LNs) represent the most common site of
persistent, recurrent, and/or progressive disease.2

Surgical resection is the mainstay of treatment;
however, the adequacy of the number of LNs re-
sected and examined at the time of surgery has not
been determined and remains a controversial issue.
Adjuvant treatment using radioactive iodine (RAI)
may be used to mitigate the risk of recurrence;
however, its use is known to have adverse effects,

including impaired fertility and secondary ma-
lignancies.3 It is not recommended for all pa-
tients and must be balanced with the benefit of
reduced risk of recurrence or improved survival.
The presence of nodal involvement impacts sur-
vival in patients older than age 45 years, and new
data suggest that the same is true for younger
patients.4 As a result, in part, of this concern,
roughly half of all patients with differentiated thy-
roid cancer receive adjuvant RAI,5 and nearly 20%
may be inappropriately treated,6 stressing the need
for objective data to guide treatment decisions.

One approach to addressing the concern for
occult LN disease is to use prophylactic central LN
dissection (PCLND) in which LNs are harvested
from the central neck in the absence of clinically
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apparent metastases. The benefit of this approach is to provide more
adequate staging and, in some cases, pre-emptively obviate the need
for adjuvant treatment.7 However, added risks of surgical compli-
cations, such as hypocalcemia and recurrent laryngeal nerve injury,
may outweigh the benefits for many patients.7-11 Current guidelines
from both the National Comprehensive Cancer Network12 and
American Thyroid Association13 recommend consideration of LN
dissection and RAI ablation for intermediate- and high-risk tumors,
which are associated with an elevated risk of recurrence, progression,
and mortality. Specifically, these guidelines recommend central
LN compartment dissection for all patients with clinically in-
volved central nodes (therapeutic) and consideration of PCLND for
patients with advanced primary tumors or where such information
might be used to plan further steps in therapy and indicate that
PCLND may or may not be appropriate for small, clinically node-
negative tumors. Despite these guidelines, significant variation in
practice surrounding LN resection and RAI use exists at a national
level,5,14 suggesting that additional objective criteria are needed to
assess the risk of residual disease in these patients.

In this study, we present a statistical model to describe the risk
of occult nodal disease in patients with papillary thyroid cancer as
a function of primary tumor (T) stage and the number of nodes
examined, using a large sample from a nationwide database. We use
this model to provide objective, evidence-based estimates of the risk
of residual occult nodal disease to help guide in the assessment of pa-
tients who have undergone thyroidectomy with limited nodal sampling.

METHODS

Data Source
Data from the National Cancer Database (1998 to 2012) were used to

characterize the distribution of nodal positivity among adult patients di-
agnosed with $ 1-cm papillary thyroid cancers who underwent thyroid-
ectomy with one or more LNs surgically examined and no evidence of distant
metastatic disease at diagnosis. Patient characteristics were summarized and
compared by nodal status using x2 tests for categorical variables and t tests
for continuous variables. The study was deemed exempt by the institutional
review board.

Model of Adequacy of LN Yield
We adapted a previously described mathematical model15 using the

b-binomial distribution to estimate the probability of occult nodal disease
as a function of total number of LNs examined (equations 1 to 4 in
Appendix, online only). In step 1, we used node-positive patients to es-
timate the distribution percentage of positive LNs in these patients.
Analysis was limited to patients with at least two nodes examined because,
by definition, patients with node-positive disease and only one node
examined would be 100% positive. We then estimated the probability of
a false-negative LN evaluation as a function of LNs examined (equation 5,
Appendix). In step 2, we estimated the true prevalence of nodal disease
within the overall study population, accounting for false-negative results
using the estimates from step 1 (equation 6, Appendix). Finally, in step 3,
we combined the probability of a false-negative dissection in a truly node-
positive patient (derived in step 1) with the true prevalence of nodal
positivity (step 2) to estimate the risk of occult nodal disease (equations 7
and 8, Appendix). The American Joint Committee on Cancer TNM
staging16 was used to categorize patient tumor sizes and analyze the risk of
nodal disease occurrence. Although patients with pT4 tumors were used to
derive the b-binomial estimates of nodal positivity, the risk of occult
disease in T4 patients was not reported because the risk of nodal recurrence

was uniformly high and adjuvant RAI therapy already would be indicated
in such patients. We examined the association of quartile occult nodal
disease risk with overall survival (OS) in patients with pathologically node-
negative disease. Given the strong dependence of our metric on T stage, we
further examined OSwithin Tstage by comparing quartiles of occult nodal risk.

Analyses were independently derived, programmed, and cross-
validated by two authors (T.J.R. and S.T.) to ensure accurate derivation and
reproducibility of the mathematical model using R version 3.1.0 (R Found-
ation for Statistical Computing, Vienna, Austria). The VGAM package was
used to fit a and b parameters of the b-binomial distribution using a max-
imum likelihood approach.17 Survival analysis was completed using the
Kaplan-Meier method. The remaining analyses were performed using
SAS version 9.4 (SAS Institute, Cary, NC).

Sensitivity Analyses Limited to Patients With Central
Neck LNs

The intent of the main analysis was to assess the adequacy of LN
evaluation for all patients who underwent neck dissection, not just patients
undergoing PCLND for cN0 disease. To address this latter clinical scenario,
we performed sensitivity analyses restricted to patients who were most
likely to have only undergone central neck lymphadenectomy. A direct
variable to indicate PCLND was not available; therefore, to select for these
patients, we restricted our analyses to patients who only had positive
central neck LNs (pathologic stage N1a) and then further limited analysis
to patients who were clinically node-negative (cN0).

RESULTS

Patient Cohort
Overall, 78,724 patients met inclusion criteria for modeling

(Fig 1). Of these, 38,653 patients (49.1%) were observed to have
node-positive disease and were analyzed to derive estimates
of false-negative disease as a function of the number of LNs
examined. The remaining 40,071 patients with pN0 disease were
incorporated into estimates of true LN-positive disease prevalence

All patients with thyroid cancer in the NCDB, 1998 to 2012
(N = 355,028)

Study population
(n = 78,724)

No or unknown
number of LNs

examined
(n = 73,909)

Node-negative patients
(n = 40,071)

Did not meet inclusion criteria
(n = 202,316): 

Papillary thyroid cancer
No distant metastases
Tumor size ≥ 1 cm
Had surgery

Unknown number of
positive LNs

(n = 79)

Node-positive patients
(n = 38,653)

Fig 1. CONSORTdiagram. LN, lymph node; NCDB, National Cancer Database.

www.jco.org © 2016 by American Society of Clinical Oncology 3435

Adequacy of Lymph Node Dissection for Papillary Thyroid Cancer

http://www.jco.org


among the overall cohort. Patient characteristics were reflective of
the general population of patients with papillary thyroid cancer
(Table 1). Factors associated with node-positive versus node-negative
disease included advanced T stage, extrathyroidal extension, positive
surgical margins, and male sex. Node-positive disease prevalence
did not vary substantially by geographic region, patient insurance,
or income status. Patients with pathologic LN-positive disease
were significantly more likely to undergo adjuvant RAI than
patients with LN-negative disease (69.6% v 58.3%, respectively;
P , .001).

Step 1: Estimate Risk of False-Negative LN Dissection
as a Function of Number of LNs Examined

The distribution of the percentage of positive metastatic LNs
among all patients with at least one positive LN (n = 38,653) was fit

using a b-binomial distribution with resulting model parameter
estimates of a = 1.54 (95% CI, 1.51 to 1.57) and b = 1.71 (95% CI,
1.67 to 1.75). This single set of parameters was then used to es-
timate the probability of false-negative disease as a function of the
number of LNs examined. The probability of a false-negative LN
dissection was estimated at 53%, 33%, 24%, 18%, 14%, 11%, and
less than 10% for one, two, three, four, five, six, and greater than six
LNs examined, respectively (Fig 2).

Step 2: Estimate True-Positive LN Prevalence
True prevalence of node-positive disease in these patients was

then estimated for the overall population of 78,724 patients. The
observed (reported) and derived true (reported plus estimated
false negative) prevalence rates were then estimated for the
population overall and by pathologic T stage (Table 2). The

Table 1. Patient Demographic, Clinical, and Pathologic Characteristics on the Basis of Lymph Node Status

Characteristic

No. of Patients (%)

P*
All Patients
(N = 78,724)

Node-Negative
(n = 40,071)

Node-Positive
(n = 38,653)

Median age, years (IQR) 44 (34-54) 45 (36-55) 41 (32-53) , .001
Median LNs examined, No. (IQR) 4 (1-9) 2 (1-5) 7 (3-17) , .001
T stage , .001
1 30,369 (38.6) 19,184 (47.9) 11,185 (28.9)
2 24,322 (30.9) 13,253 (33.1) 11,069 (28.6)
3 17,878 (22.7) 6,319 (15.8) 11,559 (29.9)
4 6,155 (7.8) 1,315 (3.3) 4,840 (12.5)

Race , .001
White 67,992 (86.4) 34,754 (86.7) 33,238 (86)
Black 3,379 (4.3) 1,973 (4.9) 1,406 (3.6)
Other 5,548 (7) 2,411 (6) 3,137 (8.1)

Margins† , .001
Positive 12,666 (16.1) 3,810 (9.5) 8,856 (22.9)
Negative 61,544 (78.2) 34,583 (86.3) 26,961 (69.8)

RAI use 50,264 (63.8) 23,348 (58.3) 26,916 (69.6) , .001
Facility type , .001
Academic 36,215 (46) 17,857 (44.6) 18,358 (47.5)
Community 4,504 (5.7) 2,295 (5.7) 2,209 (5.7)
Comprehensive 37,974 (48.2) 19,912 (49.7) 18,062 (46.7)

Extrathyroidal extension 16,745 (21.3) 4,497 (11.2) 12,248 (31.7) , .001
Sex , .001
Female 59,981 (76.2) 32,820 (81.9) 27,161 (70.3)
Male 18,743 (23.8) 7,251 (18.1) 11,492 (29.7)

Facility location , .001
Midwest 18,329 (23.3) 9,220 (23) 9,109 (23.6)
Northeast 19,648 (25) 10,863 (27.1) 8,785 (22.7)
South 24,319 (30.9) 12,365 (30.9) 11,954 (30.9)
West 16,428 (20.9) 7,623 (19) 8,805 (22.8)

Insurance status , .001
Private 60,643 (77) 31,317 (78.2) 29,326 (75.9)
Government 13,264 (16.8) 6,719 (16.8) 6,545 (16.9)
Not insured 2,490 (3.2) 1,006 (2.5) 1,484 (3.8)

Income , .001
, $35,000 17,217 (21.9) 8,508 (21.2) 8,709 (22.5)
$ $35,000 58,290 (74) 29,912 (74.6) 28,378 (73.4)

Surgery , .001
Total thyroidectomy 73,006 (92.7) 36,384 (90.8) 36,622 (94.7)
Lobectomy 3,999 (5.1) 2,966 (7.4) 1,033 (2.7)
Other surgery 1,719 (2.2) 721 (1.8) 998 (2.6)

NOTE. Percentages may not add up to 100% as a result of rounding or missing values.
Abbreviations: IQR, interquartile range; LN, lymph node; RAI, radioactive iodine.
*x2 test for categorical variables and t test for continuous variables.
†Margin status was either missing or could not be assessed in 5.7% of patients.
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observed percentage of patients with positive LNs varied by
T1b-4 stage (36.9% to 78.6%) and was substantially higher
after accounting for false negatives (47.1% to 98.4%). Because
the risk of estimated true LN-positive disease was so high in
patients with pathologic T4 disease, these patients were re-
moved from subsequently presented estimates of occult nodal
disease.

Step 3: Risk of Occult Nodal Disease
Finally, we combined our corrected estimates of the true LN-

positive prevalence with the likelihood of missing a positive LN to
estimate the risk of residual occult nodal disease after surgical
resection. To rule out occult nodal disease with 90% confidence,
a total of six, nine, and 18 nodes would need to be examined for
patients with pT1b, pT2, and pT3 disease, respectively (Fig 3).
Quartile of occult nodal disease risk was significantly associated
with OS (log-rank P , .001). Patients with the highest quartile
probability of occult nodal disease experienced an inferior 10-year
OS of 93%, compared with an OS of 96% to 97% in the remaining
quartiles. There was no significant difference in OS between
quartiles of occult nodal disease within tumor stage. However, for
both T2 and T3 tumors, patients with the lowest risk of occult
nodal disease had numerically higher OS (Appendix Figs A1, A2,
A3, and A4, online only).

Sensitivity Analyses Limited to Patients With Central
Neck LNs

For patients with only pN1a nodes resected from the
central compartment, our refit parameters were a = 1.59 (95%
CI, 1.53 to 1.65) and b = 1.68 (95% CI, 1.62 to 1.74). Further
limiting to patients to those with clinically node-negative
presentation (cN0) yielded a = 1.74 (95% CI, 1.63 to 1.86)
and b = 2.05 (95% CI, 1.92 to 2.20). Compared with the main
analysis, both sensitivity analyses estimated that fewer LNs
would need to be removed to achieve 90% confidence of having
no occult residual disease as a function of T stage, with three,
four, and eight LNs needed for removal for T1b, T2, and T3
stages, respectively.

DISCUSSION

To our knowledge, our study provides the first empirically based
estimates of the risk of occult nodal disease in patients with
papillary thyroid cancer as a function of primary tumor features
and number of LNs examined in patients who have undergone
surgery for localized disease $ 1 cm in size. Our estimates suggest

that six, nine, and 18 LNs would need to be removed to ensure a
reasonably adequate LN evaluation across all clinical scenarios for
patients with T1b, T2, and T3 disease, respectively. As few as three,
four, and eight LNs may need to be removed in patients with T1b,
T2, and T3 disease, respectively, undergoing true PCLND. These
estimates are meant to provide an objective determination of ade-
quacy of the LN yield for patients with papillary thyroid cancer
and to help standardize the interpretation of PCLND dissection.
This may guide subsequent management in patients for whom
substantial variation in clinical practice currently exists. By pro-
viding patients with additional objective risk information, patient
preference may be more readily incorporated into treatment
decisions.

We conservatively estimate an ability to predict the absence
of any occult residual cervical nodal metastases with 90% cer-
tainty after the prophylactic surgical removal and examination of
six, nine, and 18 negative nodes among patients with T1b, T2,
and T3 tumors, respectively. In addition, understanding how
many LNs would need to be examined is particularly important
for surgeons who may be performing PCLND for low- and
intermediate-risk tumors. Our analysis is not meant to advocate
for strict PCLND per se for all low- and intermediate-risk tu-
mors, nor do we advocate for extensive central neck dissections
for all patients; instead, we argue against the berry-picking ap-
proach, offering physicians and patients a guide of adequacy of
LN yield, if such lymphadenectomy is deemed to be necessary
or indicated.

The goal of personalized medicine has been one of the major
pushes in cancer care18 and has been used to provide risk-adapted
treatment strategies in many areas,19,20 but it has been slow to
inform the management of thyroid cancer.21,22 Our aim was to
provide surgeons, pathologists, endocrinologists, and patients an
objective estimate and intuitive sense of the risk of harboring occult
nodal disease. These results may help inform the management of
low-, intermediate-, and high-risk tumors by providing guidance

Table 2. Estimated True Prevalence of Lymph Node–Positive Disease by
Pathologic T Stage

Prevalence All Patients (%)

Pathologic T Stage (%)

T1b T2 T3 T4

Observed prevalence 49.1 36.8 45.5 64.7 78.6
Corrected (true) prevalence 62.1 47.1 59.3 78.8 98.4
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Fig 2. Probability of a false-negative lymphadenectomy as a function of number
of lymph nodes examined in a patient with truly lymph node–positive disease.
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for surgeons in the extent of lymphadenectomy and for pathol-
ogists in the need for careful specimen evaluation to optimize LN
yield. The findings of this study are less pertinent for patients with
extremely low-risk tumors, such as intrathyroidal, solitary papil-
lary thyroid cancers with no evidence of clinical LN involvement
on preoperative evaluation, because these patients are known to
have excellent outcomes regardless of the extent of surgical
management and RAI administration.5,14

Nearly half of patients with differentiated thyroid cancer have
clinically occult LNs at diagnosis.23 Preoperative ultrasound is
currently used in the majority of patients.24,25 Other imaging
modalities such as magnetic resonance imaging, positron emission
tomography,26 and computed tomography25 have been shown to
have low sensitivity (approximately 50% to 62% or less) for
detecting metastatic LNs. In the absence of accurate nonsurgical
staging and objective data, there is a general clinical intuition that
patients with limited LN dissections may be at higher risk for
harboring occult disease.27 This concern leads some surgeons to
perform a PCLND at the time of initial thyroidectomy in the
absence of any clinical or radiologic evidence of nodal disease. This
approach is most often used in patients in whom high risk of nodal
disease or recurrence is suspected prior to surgery (ie, more ad-
vanced tumors) or in whom adjuvant RAI may not be readily
available (ie, Japan). There is currently no recommended number
of LNs that need to be evaluated to guide the certainty that a patient
is in fact LN negative. There also is a paucity of data quantifying the
risk of occult nodal disease that is needed to guide the intensity of
surveillance and use of adjuvant therapy in these patients. For
patients who have only had limited dissections but who have higher
risk features on final pathology, physicians are left with challenging
decisions regarding intensity of adjuvant care and surveillance.

Our study approach has several key distinctions. First, all
equations and computational models were independently derived

by two of the authors and varied slightly from the equations
described in the past.15 We hope to have provided a transparent
methodology that can be readily translated to other clinical sce-
narios in oncology where objective risk estimates are required to
aid in postoperative oncologic management. Although further
validation studies may be warranted, randomized trials in the
adjuvant management of clinically node-negative, differentiated
thyroid cancer are unlikely.

The current study has several limitations. First, the study was
retrospective, and therefore, unobserved associations between key
variables and other potential confounders intrinsic to retrospective
studies could not be appreciated. Although prospective validation
is ideal, in papillary thyroid cancer, the long natural history of the
disease has made this difficult, if not impossible. In fact, few
randomized trials of adjuvant management strategies have been
reported, and the ability to conduct a randomized trial to address
this question is not thought to be feasible.28 Second, we make
several necessary assumptions in our model. We have taken care to
explicitly state any assumptions made that would need to hold in
order for the provided estimates to be accurate. It should be noted
that the cohort used in the initial modeling was derived from
patients who had at least two LNs examined. As a result, we believe
this cohort, if anything, may slightly overestimate the risk of re-
sidual nodal disease. To address this point, we conducted sensitivity
analyses limited to patients with central neck disease only
(pathologic N1a) with and without clinically node-negative disease
(cN0). Both of these analyses yielded similar a and b parameter fits
as the main analysis, but suggested that patients with clinically
node-negative (cN0) presentation undergoing PCLND would
require fewer LNs removed to assure adequate evaluation. It should
be noted that such analyses are limited to the extent that the
recorded clinical nodal status within the National Cancer Database
is accurate. Our work may be particularly helpful in providing
clinicians the objective reassurance needed to avoid unnecessary
adjuvant RAI in patients with limited PCLND and associated risks.
Third, the surgical intent of patients in our study is unknown.
Although our study does not directly inform the current debate
surrounding PCLND in these patients,29 it does provide a more
objective means with which to interpret the value of a negative
dissection. Fourth, to achieve adequate power, a long study period
was necessary; although it is possible that some clinical or path-
ologic changes occurred over 14 years, these are unlikely to be
significant and are impossible to account at a patient level. In fact,
it has been shown that for medullary thyroid cancer, no changes
in diagnosis, treatment, or outcomes were seen in more than
three decades in the United States.30 The practice of PCLND was
called to attention with the 2009 American Thyroid Association
guidelines,31 which were interpreted as supporting its use, even
though there was a scarcity of evidence in the literature. LN
berry picking and prophylactic lateral neck dissection have
never been advocated; thus, we do not believe that these would
affect our findings. Finally, we did not have genomic or other
conventionally personalized information on patients that might
impact their competing risks of recurrence versus non–cancer-
related mortality.

Our study provides the first empirically based estimates of
occult nodal disease in patients with papillary thyroid cancer as
a function of primary tumor features and number of LNs
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Fig 3. Probability of occult nodal disease on the basis of American Joint Committee
on Cancer tumor stage.
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examined. These objective risk estimates could be used to guide the
determination of adequacy of the LN yield, particularly for patients
with low-, intermediate-, and high-risk tumors, as well as the need
for adjuvant RAI and surveillance in patients for whom treatment
is not currently standardized and for whom substantial nonclinical
(eg, geographic, practice level) variation exists. We hope that use
of our model will allow clinicians to better determine the risk of
occult disease, the benefit of LN evaluation, and the adequacy of
the LN yield to reduce the rates of overtreatment for patients
with low-risk tumors and undertreatment of those with higher
risk tumors. In the end, this information may be used to counsel
patients regarding their individual disease risk and allow them
to participate more actively in decisions surrounding their
management.
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Appendix

Supplemental Methods
The goal of this study was to provide an objective assessment of the degree of certainty with which a surgeon could exclude the risk of

occult nodal disease after neck dissection in patients with papillary thyroid cancer. To do this, we quantified the negative predictive value
(NPV) of a pathologically node-negative lymph node (LN) evaluation after definitive surgery.We use the following notation and equations:

Equation 1: PðFNÞ ¼ #FN

#FN þ#TP

Equation 2: #TN ¼ #Observed Negative Patients2#FN

Equation 3: Prevalence of LN Positive Disease ¼ #FN þ#TP

#FN þ#TP þ#TN

Equation 4: NPV ¼ #TN

#TN þ#FN

Where TN indicates true-negative lymph node evaluation, FN indicates false-negative lymph node evaluation (pathologically
negative but occult disease present), and TP indicates true positive (observed LN positive).

Modeling algorithm. Step 1 is to estimate the probability of having a false-negative neck evaluation (ie, the probability of having
no positive LNs observed in a patient with truly LN-positive disease), and then step 2 is to estimate the number of false-negative
patients in our sample using equation 1. These data were (step 3) used to calculate the corrected prevalence of LN disease in our
sample and then (step 4) used to calculate the NPVas a function of the number of LNs examined and the primary tumor stage. We
assumed that there were no false-positive patients (ie, all pathologically LN-positive patients were considered to be truly LN
positive). All stage information used was pathologic stage after definitive initial surgery. Our method, although independently
rederived with subsequent adjustments, is based on previous work initially described in colon cancer.15

Step 1: Estimate Probability of a (False) Negative LN Evaluation in a Patient Who Has One or More Positive LNs as
a Function of the Number of LNs Examined [P (FNm)]

We estimated the probability of a false-negative LN evaluation as the probability of removing only negative LNs from a patient
in whom one or more positive LNs were present. We use m to indicate the number of LNs examined.

To do this, we first modeled the percentage of LNs that were observed to be pathologically positive within the cohort of all
patients with two or more LNs removed (n = 33,826 of 38,653 patients with LN-positive disease). This was completed using
a b-binomial distribution to fit a flexible probability distribution of the percentage of LNs that were positive among patients with
any known LN-positive disease. A maximum likelihood approach using the R package VGAM (R Foundation for Statistical
Computing, Vienna, Austria) was used to estimate a distribution with shape parameters of a = 1.540 (95% CI, 1.507 to 1.574) and
b = 1.708 (95% CI, 1.670 to 1.745). It should be noted that a single set of a and b parameters (reported earlier) were fit across all
patients with known LN-positive disease per the original Gönen et al15 approach.

We then calculated P(FNm) at each possible value of number of nodes examined:

Equation 5: PðFNmÞ ¼ Betaða;bþmÞ
Betaða;bÞ

where m ¼ # nodes examined from 1 to 90
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Step 2: Estimate Number of Patients Who Were False LN-Negative
To calculate the NPV, we next needed to estimate the number of false LN-negative patients within our cohort of all patients with

one or more LNs removed (N = 78,724). We computed the number of false-negative patients at each value ofm (#FNm) as follows:

Equation 6: #FNm ¼ PðFNmÞ p #TPm
½12 PðFNmÞ�

Wherem indicates number of nodes examined, P(FNm) indicates probability of missing nodal disease whenm nodes are examined,
and #TPm indicates number of patients identified as node-positive when m nodes were examined.

Step 3: Calculate Apparent and Corrected Prevalence of Patients With True LN-Positive Disease
Next, we calculated the apparent (observed) prevalence of LN disease and then estimated the true prevalence of LN disease

within the overall study population by accounting for the number of false negatives derived earlier.
Apparent prevalence was calculated as:

Equation 7:
# Node-Positive Patients

All Patients
¼ �mð#TPmÞ
�mð#TPm þ#TNm þ#FNmÞ

Corrected prevalence was calculated, by summing over all m, as:

Equation 8: Corrected Prevalence ¼ �mð#TPm þ#FNmÞ
�mð#TPm þ#TNm þ#FNmÞ

Step 4: Determine Probability of Occult LN Disease
Last, we calculated the NPV of an LN evaluation at each value of m (NPVm) as:

Equation 9: NPVm ¼ #TNm

#TNm þ#FNm
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Log-rank P < .001

Quartile Probability of Occult Nodal
Disease (%)

Total
No. of Patients

Deaths,
No. (%)

1 < 17 8,112 104 (1)

2 17-30 8,253 139 (2)

3 31-42 9,030 172 (2)

4 > 42 9,703 392 (4)

Total 35,098* 807 (2)

Fig A1. Overall survival by quartiles of probability of occult nodal disease in all tumor stages. (*) Includes node-negative patients with available survival data only.
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Log-rank P = .228

Quartile Probability of Occult Nodal
Disease (%)

Total
No. of Patients

Deaths,
No. (%)

1 < 17 5,553 58 (1)

2 17-30 4,906 68 (1)

3 31-42 6,064 104 (2)

Total 16,523* 230 (1)

Fig A2. Overall survival by quartiles of probability of occult nodal disease in patients with stage T1 disease. (*) Includes node-negative patients with available survival data
only.
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Quartile Probability of Occult Nodal
Disease (%)

Total
No. of Patients

Deaths,
No. (%)

1 < 17 2,155 38 (2)

2 17-30 2,699 55 (2)

3 31-42 2,324 50 (2)

4 > 42 4,827 129 (3)

Total 12,005* 272 (2)

Fig A3. Overall survival by quartiles of probability of occult nodal disease in patients with stage T2 disease. (*) Includes node-negative patients with available survival data only.
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Quartile Probability of Occult Nodal
Disease (%)

Total
No. of Patients

Deaths,
No. (%)

1 < 17 404 8 (2)

2 17-30 644 15 (2)

3 31-42 638 16 (3)

4 > 42 3,632 132 (4)

Total 5,318* 171 (3)

Fig A4. Overall survival by quartiles of probability of occult nodal disease in patients with stage T3 disease. (*) Includes node-negative patients with available survival data only.
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