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How Cancer at the Primary Site and
in the Lymph Nodes Contributes to
the Risk of Cancer Death

James S. Michaelson, PhD"?3; L. Leon Chen, BS?; Melvin J. Silverstein, MD#; Martin C. Mihm, Jr, MD"3;
Arthur J. Sober, MD®®; Kenneth K. Tanabe, MD?7; Barbara L. Smith, MD, PhD?7;
and Jerry Younger, MD&®°

BACKGROUND: It has long been appreciated that tumor size, lymph node status, and patient survival are
related qualities, although how to isolate their interactions has not been obvious, nor has it been obvious
how to integrate tumor size and lymph node status into predictions of the risk of death for individual
patients. METHODS: The authors describe a mathematical method, the binary-biological model of cancer
metastasis, based on the spread of cancer cells, in which the equations capture the relations between
tumor size, lymph node status, and cancer lethality. RESULTS: For melanoma, renal cell carcinoma, and
breast carcinoma, the relation between tumor size and the risk of cancer death was captured by the
SizeOnly equation. For melanoma and breast carcinoma, the relation between tumor size and the presence
of cancer in the lymph nodes was captured by using the NodalSizeOnly equation. For lymph node-negative
melanoma and breast carcinoma, the relation between tumor size and risk of death was captured by the
PrimarySizeOnly equation. For breast carcinoma, the model indicated that each positive lymph node
contributed ~6% extra risk of death, whereas each millimeter of greatest primary tumor dimension contrib-
uted ~1% risk of death. For melanoma, each positive lymph node contributed ~23% risk of death, whereas
each millimeter of primary melanoma thickness contributed ~8% risk of death. This information was
captured by a pair of linked equations, the Size+Nodes method. CONCLUSIONS: Both tumor size and the
number of positive lymph nodes made independent contributions to the risk of cancer death, as estimated
by using the Size+Nodes method. Cancer 2009;000:000-000. © 2009 American Cancer Society.
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It has long been appreciated that primary tumor size, lymph node status, and survival are related qualities
for many cancers, although it has not been obvious how to isolate the interactions between each compo-
nent nor how to integrate information on tumor size and lymph node status into predictions of the risk of
death.'? We have observed that, for breast carcinoma, a simple expression, the SizeOnly equation, accu-

rately captures the relation between greatest primary tumor dimension and lethality.>* By double-sorting
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patients with breast carcinoma by tumor size and lymph
node status, we also have observed that each positive
lymph node is associated with ~6% risk of death, whereas
the lethal contribution from cancer at the primary site can
be estimated from the greatest tumor dimension with a
variant of the SizeOnly equation such that each millimeter
of greatest primary tumor dimension is associated with
~1% risk of death. It follows that the overall risk of death
is the sum of the risks of death from the lymph nodes and
the primary site, as captured by a pair of linked equations:
the Size+Nodes method.” In the absence of information
regarding lymph node status, the Size+Nodes method
reduces to the SizeOnly equation.

The SizeOnly and Size+Nodes methods not only
provide highly practical and accurate tools for estimating
breast carcinoma outcome, they also are biologically plau-
sible, because their equations have been derived by a con-
sideration of the most generally accepted mechanism of
cancer death, ie, by the spread of cancer cells occurring
with definable probabilities per cell.*® We call this
approach the binary-biological model of cancer metasta-
sis. We have described various aspects of this mathemati-
cal framework; herein, we present this mathematical
framework in full.

Although it has been established that the SizeOnly
and Size+Nodes methods accurately capture the relation
between tumor size, lymph node status, and the risk of
death for breast carcinoma, their applicability to other
cancers has not been examined. Herein, we outline a more
general and efficient mathematical technique (the Nodal
Lethality and PrimarySizeOnly equations) for isolating the
impact of tumor size and lymph node status on the risk of
cancer death. We examine the applicability of the
SizeOnly method for relating tumor size to the risk of
death for breast carcinoma, melanoma, and renal cell car-
cinoma and the applicability of the Size4Nodes method
for relating tumor size and lymph node status to the risk
of death from breast carcinoma and melanoma. We also
examine the relation between primary tumor size and the
risk of cancer in the lymph nodes for breast carcinoma
and melanoma. In the accompanying articles, we extend
these finding to examine the reason for the lethal contri-
butions of cancer at the primary site and in the lymph
nodes,® the impact of prognostic factors other than
primary tumor size and lymph node status on the risk of

AQ1 cancer death,” and the application of these finding to the

development of web-based calculators that physicians can
use to estimate the risk of cancer death (available at:

http://www.CancerMath.net).”

MATERIALS AND METHODS

Data

Information regarding tumor thickness and survival was
obtained for 2770 patients with melanoma who were seen
at Massachusetts General Hospital from January 1, 1970
to May 1, 2002; lymph node status was known for 664
patients. Information concerning tumor size, lymph node
status, and breast carcinoma survival was derived from
1352 patients who had invasive breast carcinoma diag-
nosed between 1966 and 1990 at the University of South-
ern California/Van Nuys Breast Center, and their survival
was estimated as of December 31, 2000.% Information
regarding renal cell carcinoma survival was taken from the
reports by Delahunt et al'® and Hafez etal."!

Karrison et al'* reported that little lethality occurs
15 years after diagnosis, and we observed a similar hazard
function for melanoma (available at: http://www.Cancer-
Math.net). Thus, we have relied on the 15-year cancer-
specific Kaplan-Meier death rate as our measurements of
the cancer death rate (Z).

In addition, to confirm our findings, we used breast
carcinoma data from 362,491 patients and melanoma
data from 90,771 patients in the Surveillance, Epidemiol-
ogy, and End Results dataset and breast carcinoma data
from 11,271 patients who were seen at Massachusetts
General Hospital and Brigham and Women’s Hospital
between 1960 and 2003.” Further details can be
found within the available at

technical reports

www.CancerMath.net.

Mathematical Essentials: The Binary-
Biological Model of Cancer Metastasis

For consistency with previous publications, Equations 1
through 4 are numbered in agreement with our previous
reports™ and, thus, appear out of order when presented
below.

In this reportand in 1 of the accompanying articles,®
we examine macroscopic features of cancer—tumor size,

lymph node status, and cancer survival—in terms of the
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underlying microscopic spread of cancer cells occurring
with a definable probability of spread per cell, p,. We call
this approach the binary-biological model of cancer
metastasis.

Let us define L, as the fraction of patients with a
manifestation of the spread of cancer cells: L,,.,,p.s will be
the fraction of patients with cancer in the lymph nodes;
Lyyimary Will be the fraction of lymph node-negative
patients dying of cancer metastasis; and L will be the frac-
tion of all patients, both lymph node positive and lymph
node negative, who die of cancer. For reasons outlined
above, L,imar and L are defined in terms of the 15-year
cancer-specific Kaplan-Meier death rate.

Let us define p, as the probability of a single success-
ful event of spread for each of the N cells from which the
event of spread originated. Then, p,,imay-ro-nodes is the
probability of a single successful event of spread to the
lymph nodes for each of the /V cells in a primary tumor
(thus related t0 L, pies)s Whereas pyimary-roperiphery is the
probability of a single successful lethal event of spread to
the periphery for each of the N cells in a primary tumor in
lymph node-negative patients (related to Z,,4r,), and p is
the probability of a single successful lethal event of spread
to the periphery for each of the N cells in a primary tumor
in all patients in the population, regardless of lymph node
status (related to L). Let us also define pode-so-periphery 3
the probability of a lethal event of spread from a lymph
node to the periphery and p,,401o-node as the probability of
a nonlethal event of spread from lymph node to lymph
node.

Note that we have framed the definition of p, so that
it does not consider events of spread that do not lead to a
macroscopic manifestation, nor does this definition

: ,7,8
assume thatpx 18 constant,3 7

nor does it require that ev-
ery cell in the mass of cancer have the potential for spread,
although this may be the case. For further discussion, see
the accompanying article this series and the report by
Michaelson et al.”®

Because p, is the probability of a single successful
event of lethal spread, the probability per cell that there
will not be an event of spread is (1 — p,), and the
overall probability that a tumor of NV cells will not give rise
to 1 or more lethal metastases will be (1 — px)N. Thus, ina
population of patients with tumors of identical size, the

fraction that has not had an event of spread, 1 — Z,,

will be

Cancer  Month 00, 2009

1—Le=(1-p)N. (5)

For small values of p,,
1—Ly=e N, (6)
or

px = —In(1 —Ly)/N. 7)

Equation 7, which we call the ProbabilityEstimation
equation, provides a way to estimate the value of p, from
information on the fraction of patients with a manifesta-
tion of spread, L,, for a group of patients with tumors of
size N. The number of cells, N, can be estimated by
assuming a density of s (in cells/cm’) and spherical geome-

try, ie,
4 /D\°
N=sn_[(= 8
sn3<2>, (8)

with a plausible value for s set at 10°® cells/mL.">">

By using Equation 7, we have observed that,®” for
both lethal and nonlethal spread of breast carcinoma and
melanoma, the value of p declines gradually as tumors
increase in size, &V, and indeed can be closely fit by a power

function,
px = aN’, ©)
in which b~—2/3. Let us define
b=(Z/3)—1, (10)
and

a=Q/[(n/6)s]"”. (11)

Combining Equations 6 through 11 leads to an
expression for relating the fraction of patients with
any manifestation of the spread of cancer cells, L, (such as
cancer lethality [L] or cancer in the lymph nodes
[Lio-nodes))> and tumor size (greatest dimension or

thickness [D]:
Ly=1-—e 2, (12)

This, when applied to the relation between the frac-
tion of all patients dying of cancer, L, and greatest tumor
dimension or thickness, D, leads to an expression that we

have called the SizeOnly equation:
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L=1—e", (1)

Similarly, the relation between the risk of death for
lymph node-negative patients, L,y and tumor size, D,
may be captured by a variant of the SizeOnly equation, the
PrimarySizeOnly equation:

LPrimury =1- ei(Q*jpnmw)Dé (10)

The term jyipmary can be thought of as representing
that fraction of events of spread occurring directly from
the primary site to the periphery, causing death, whereas 1
— Jprimary €an be thought of as that fraction of events of
spread that begin at the primary site, spread to the lymph
nodes, and give rise to 1 or more progeny cells that spread
to the periphery, causing death. Similarly, the relation
between the fraction of patients with cancer in the lymph
nodes, L,y 40 and tumor size, D, may be captured by
another variant of the SizeOnly equation, the Nodal-
SizeOnly equation:

_0.pZ
LTo—Nodes =1 —e QD7 (1n)

The fit of data to these equations can be determined

easily in a regression by transforming them:
—In(1 — Lx) = QxD?. (13)

Although these variants of the SizeOnly equation
accurately estimate the risk of cancer spread (Z,) for a
group of patients with tumors of the same size (D), a
group of W patients with tumors of various sizes will have
an average chance of spread, L,y such that

Lo =1—(1/W) Ew:e‘@f”? (1b)

=1

in which D; is the size of the tumor in patient 7. Reversing
Equation 1b makes it possible to refine the estimate of the
value of Q by using a pseudo-Monte Carlo method (read-
ily accomplished by using spreadsheet software) in which
we vary the value of Q until the average of the values of
L,y generated by Equation 1b for W patients agrees with
the actual value of L,y for the population of W patients,
as determined by Kaplan-Meier analysis.

The combined impact of tumor size and lymph
node status can be embraced by considering that the over-
all risk of cancer death, Z, is the consequence of the lethal

spread of cancer cells from the lymph nodes, L, and
the lethal spread of cancer cells from the primary site,
Ly yimary such that

L= Lprimary + Liodes — (Lprimary * Lodes)- (4)

We have called this approach the Size+Nodes
method.” We define Lyer-node as the lethal contribution per
positive lymph node.” The value of per-node €an be derived
from first principles, as we did for the SizeOnly equation,
as resulting from the spread of cancer cells from the lymph
nodes to the periphery (see Equation 9n, below), or
Lyer-node can be characterized operationally. Thus, if M is
the number of lymph nodes identified as positive in a
group of patients with the same number of positive lymph
nodes, then the overall lethal contribution from those M

lymph nodes can be expected to be approximately

Liodes = M * Lperfnode- (14)

Equation 14 becomes inaccurate for high values of

Mor L,,,.

can be calculated by

node- HHOWever, a more accurate estimate of L,

Lnodes =1- 6_(M*Lﬂffﬂwde>. (2)

Rearranging Equation 2 provides a way to estimate
the lethal contribution per lymph node, Z,.,. 04>

Lper—node = (ln(l a Lnodes))/Ma (15)

whereas the value of L, 4, can be calculated by rearrang-

ing Equation 4:
Lnodes = (L - Lprimm’y)/(l - Lprimary)~ (16)

It follows that the lethal contribution per positive
lymph node, Z,., o4 for a group of W patients with M
positive lymph nodes, tumors of size D, and a 15-year
Kaplan-Meier death rate of Ly, will be

Lper—node = (ln(l — ((LW _ (1 _ e*(Q*jprimary)Dz))/
((—e @irimay)D*y )y M (17)

We call Equation 17 the Nodal Lethality equation.
Although Equation 17 defines the value of L,,,. ... for
subpopulations of patients with specific numbers of posi-
tive lymph nodes (M), the value of Z,,,. 4 can be esti-
mated for groups of patients with various numbers of
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lymph nodes by using a pseudo-Monte Carlo method in a
fashion analogous to that captured by Equation 1b.

By using the same line of reasoning outlined above,
we are now able to estimate the probability of lethal spread
per cell from the lymph nodes to the periphery:

Pnode-to-periphery = — ln(l - Lper-node)/ Niodes- (7n)

The value of N,,4, can be estimated with Equa-
tion 8 if we have data on the size of lymph node
deposits, which may be obtained by using digital mi-
croscopy. It follows that the probability of the spread
of cancer cells from the primary site to the periphery,
p, for a primary mass that is the same size as the mass
of cancer observed in a lymph node also fits a power
function:

p= aNZodes' (9n)

Finally, it is widely believed that there are other
factors, including those defined by gene expression
arrays, that may be expected to have an impact on the
risk of death.'®"® Therapeutic innovations, such as the
use of adjuvant chemotherapy, hormone therapy, and
radiation therapy, also may be expected to have such an
impact on the risk of death.”® Comparing the actual
15-year Kaplan-Meier cancer death rate of the patients
with such variables with the 15-year Kaplan-Meier can-
cer death rate expected by the SizeOnly equation (Equa-
tion 1) using information regarding tumor size provides
a way to determine whether a prognostic factor actually
makes an independent contribution to cancer lethality,
which we call the SizeAssessment method, as outlined in
the third article in this series.’ Similarly, comparing the
fraction of actual lymph node-positive patients with the
fraction of lymph node-positive patients expected by
the NodalSizeOnly equation (Equation 1n) provides
another way to determine whether a prognostic factor
makes a contribution to a cancer’s propensity for
spread. The actual magnitude of the impact of such a
factor may be incorporated into the SizeOnly, Nodal-
SizeOnly, and Size+Nodes methods by adding muld-
pliers we call ¢ parameters, which are specific for each

prognostic factor:

L =1 — ¢ Qisisisi D (1g)

Cancer  Month 00, 2009

The value of the g parameter for a prognostic factor
can be determined by using a pseudo-Monte Carlo
method in a fashion analogous to that captured by Equa-
ton 1b. We call this approach to quantfying the
lethal impact of prognostic factors the PrognosticMeasure-
ment method. From an operational standpoint, we
identify prognostic factors that make a “marked
independent contribution to lethality” if, by using the
SizeAssessment method, the difference between the
observed and expected values exceeds the sum of the 95%
confidence intervals and if the value of the g parameter
calculated by the PrognosticMeasurement method is <0.75
or >1.25.

It follows that Equation 1g can be combined with
Equation 1c to generate an expression that makes a more
accurate estimate of the lethal contribution from the pri-
mary site:

(Q*]'primary)* (g{g;g;g;)DZ )

Lyrimary =1 —€~ (lcg)

When combined with Equations 2 and 4, this pro-
vides a way to integrate information concerning primary
tumor size, lymph node status, and other prognostic fac-
tors into an estimate of the risk of cancer death for each
patient, an approach that we call the Size+Nodes+Prog-
nostic Factors (SNAP) method.

RESULTS

The Relation Between Tumor Size and
Cancer Death Is Captured Well by the
SizeOnly Equation

The fit of tumor size/lethality data to the SizeOnly equa-
tion (Equation 1),

L=1-¢9 (1)

can be tested in a regression by transforming it into Equa-
tion 13. Figure 1 illustrates that, for melanoma, such a
regression reveals that Z = 0.89 and Q = 0.134 (R =
0.86); whereas, for renal cell carcinoma, Z = 1.14 and Q
= 0.0033 (R = 0.90); and, for breast carcinoma, Z =
1.33 and Q = 0.0061 (R° = 0.97). Refining the value of
Q by using a pseudo-Monte Carlo method (Equation 1b)
yields a slightly more accurate value of Q = 0.1428 for

melanoma and Q = 0.0062 for breast carcinoma
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FIGURE 1. The fit of melanoma, breast cancer, and renal cell carcinoma size (D)/lethality (L) data to the SizeOnly equation (Equa-
tion 1) was assessed by using Equation 13. On the right, the fit of these data to the SizeOnly equation (Equation. 1) is examined
AQ5 with Z =1. The conversion of tumor sizes into values of cell number (N) was calculated using Equation 8.

Table 1. Methods of the Binary-Biological Model of Cancer Metastasis

Method

ProbabilityEstimation
equation (Eq. 7)

SizeOnly equation (Eq. 1)
PrimarySizeOnly equation (Eqg. 1c)

NodalSizeOnly equation (Eq. 1n)
Size+Nodes method

NodallLethality equation (Eq. 17)

SizeAssessment method

PrognosticMeasurement method

Size+Nodes-+Prognostic Factor
(SNAP) method

Purpose

Estimates the probability of the spread of cancer cells, per cell, from data
on the size of the mass from which the spread occurs and the lethal or
nonlethal consequences of the spread

Relates tumor size to the chance of cancer death

Relates tumor size to the chance of cancer death for lymph
node-negative patients

Relates tumor size to the chance of cancer in the lymph nodes
Integrates information on tumor and number of positive lymph nodes into
an estimate of the chance of cancer death
Calculates the lethal contribution, per positive lymph node, of cancer in

the lymph nodes

Determines whether a prognostic factor makes an independent contribution
to the risk of cancer death or is merely correlated with tumor size
Provides a quantitative measure of each prognostic factor’s contribution to
cancer lethality through the introduction of a parameter, g, inserted into
the SizeOnly equation
Integrates information on primary tumor size, lymph node status, and other
prognostic factors into an estimate of the chance of cancer death

*When only tumor size and lymph node status are known, the SNAP method reduces to the Size+Nodes method for esti-
mating the risk of cancer death from information on tumor size and the number of positive lymph nodes; whereas, when
only size is known, the Size-+Nodes and SNAP methods reduce to the SizeOnly method for estimating the risk of cancer
death from information on tumor size.

T1 (Table 1). The close fit of these data to the SizeOnly equa-
F2 tion (Equation. 1) is illustrated in Figure 2.

The fit of these data to the SizeOnly equation
(Equation 1) also is close when Z = 1 (Fig. 1, right).
This simplifies the SizeOnly equation (Equation 1) and

makes it possible to perform

a comparison of the

lethalities of different cancers and different subtypes of

the same cancer by a comparison of the values of their

Q parameters, as we discuss in the third article in this

series.”

Cancer
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FIGURE 2. (a) This chart illustrates the relation between tu-
mor size (D) and cancer death (L) for all patients with breast
carcinoma (the NodalSizeOnly equation [Equation 1]) and for
patients with lymph node-negative breast carcinoma (the
PrimarySizeOnly equation [Equation 1c]). (b) This chart illus-
trates the relation between tumor size and cancer death for
all patients with melanoma (the NodalSizeOnly equation
[Equation 1]) and for patients with lymph node-negative mel-
anoma (the PrimarySizeOnly equation [Equation 1cD). Jorimar,
indicates the fraction of events of spread occurring directly
from the primary site to the periphery.

The Relation Between Tumor Size and the
Fraction of Lymph Node-Positive Patients
Is Captured Well by the NodalSizeOnly
Equation

The fit of tumor size/lymph node positivity data to the
NodalSizeOnly equation (Equation 1n),

(In)

can be tested in a regression by transforming it into Equa-

- HDZ
LTo—Nodes =1-e Q )

tion 13. Such a regression reveals that for melanoma, Q,
=0.1018 and Z = 1.207 (R® = 0.885) whereas, for breast
carcinoma, Q,=0.019 and Z=1.0041 (R =0.90). The
capacity of the NodalSizeOnly equation (Equation. 1n)
using these parameters to capture the relation between
tumor size and the fraction of patients that are lymph

node positive can be observed in Figure 3.

Cancer  Month 00, 2009
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FIGURE 3. This chart illustrates the relation between primary
tumor size and the risk of lymph node positivity, as captured
by the NodalSizeOnly equation (Equation 1n). Values of Q,
and Z were determined by a regression of Equation 13 (for
breast carcinoma, Q, = 0.019, Z = 1.0041, and R? = 0.902; for
melanoma, Q,, = 0.1018, Z = 1.207, and R? = 0.8851)

The Relation Between Tumor Size and
Cancer Death for Lymph Node-Negative
Patients Is Captured Well by the
PrimarySizeOnly Equation

We previously observed that, for breast carcinoma, the
relation between greatest tumor dimension (D) and the
risk of cancer death for lymph node-negative patients
(L,
(Equation 1¢),

rimary) 18 well fit to the PrimarySizeOnly equation

. (Q*]‘primmy ) DZ
)

(1)

for which j,imary = 0.661, as determined by a pseudo-

Lprimury =1—e

Monte Carlo method (Equation 1¢) (Fig. 2a). Figure 2b
illustrates that this also is the case for melanoma, such that

Jprimary = 0.801.

Each Positive Lymph Node Is Associated
With an Extra Risk of Lethality: ~23% per
Positive Lymph Node for Melanoma and
~6% per Positive Lymph Node for

Breast Carcinoma

The impact of lymph node status on breast carcinoma and
melanoma lethality cannot be observed directly from the
survival of patients who have various numbers of positive
lymph nodes, because tumor size and lymph node status
are conflated: as the size increases, both the fraction of
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Table 2. Cancer Death Rates for Groups of Melanoma and Breast Carcinoma Patients Sorted by Lymph Node Status

Patient Group Average No. of Mean Tumor Actual 15-Year The Level of Extra Death
No. of Patients Thickness or Disease-Specific Death Expected Ascribable
Positive Dimension, Death: Loyeran, % for Lymph to Positive
Lymph mm (D) Node-Negative Lymph Nodes,
Nodes (M) Patients With per Lymph
Tumors of These Node (Lper-node)
H - [ ()
3zt dpmanip: €17k %
(Eq. 1c), %
Melanoma
Lymph node negative 0 487 2.35 21 21 -
No. of positive lymph nodes
1 1 92 3.24 40 25 21
2 2 36 3.43 55 27 24
3 3 21 4.14 67 32 24
4-5 4.5 12 5.11 77 34 23
6-7 6.5 10 3.64 86 30 24
Breast carcinoma
Lymph node negative 0 790 16.0 20 20 —
No. of positive lymph nodes
1 1 130 25.7 26 26 0.16
2 2 71 29.0 34 29 3.96
3 3 46 30.7 37 32 2.66
4 4 47 35.4 57 36 9.97
>1 5.28 443 35.3 49 35 4.52
>2 7.06 313 39.3 58 38 5.35
>3 8.76 233 42.9 64 42 5.58
>4 9.85 196 45.0 69 42 6.21
>5 11.70 149 48.1 73 46 5.84
>6 13.11 123 52.3 75 49 5.48

patients with positive lymph nodes and the average num-
ber of positive lymph nodes increase whereas, as the num-
ber of lymph nodes increases, so does the size (Table 2).
Equations 1c and 17 allow us to disentangle the impact of
lymph node status and tumor size and to calculate the
value of the extra lethality, Z,.,.,,o4» associated with each
positive lymph node for patients who have various num-
bers of positive lymph nodes, M.

We can observe the general approach by considering
the 92 patients who had melanoma with only 1 positive
lymph node (Table 2). This group of patients had a 15-
year Kaplan-Meier melanoma death rate of 40%. Equation
Ic (see above) tells us that another 92 patients who had
tumors of the same thicknesses but who were lymph node
negative would have had a 25% death rate (Table 2). Thus,
for patients with 1 positive lymph node, the lethal contri-
bution ascribable to cancer in that lymph node, L, o4 is
approximately 20% ([40%-25%)]/[100%-25%]).

Estimating the value of Z,,.,,,,, for patients with >2
positive lymph nodes requires a more complicated calcu-
lation, which can be accomplished with the Nodal Lethal-
ity equation (Equation 17):

Lper-node = (Zn(l — ((LW — (1 _ e—(Q*jprimary)DZ))/
(e~ @iPrimay)DV)))y M. (17)

For example, for the 36 patients who had melanoma
with 2 positive lymph nodes, the lethal contribution per
lymph node calculated with Equation 17 was 24%
(Lper-node ~0.24) whereas, for the patients who had 3 posi-
tive lymph nodes, L, 4. R224%; for patients with 4 or 5
positive lymph nodes, L,z ~23%; and, for patients
with 6 or 7 positive lymph nodes, L, pose ~24%
(Table 2). Thus, we can conclude that no matter how
many positive lymph nodes are identified in a patient
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Table 3. The Size+Nodes Method for Estimating the Risk of Cancer Deathy

Source of
Lethality

The lethal contribution
from cancer at the
primary site directly
to the periphery

The lethal contribution
from cancer in the
lymph nodes

Method of Independent
Estimation Variable
Lprimary=1—e~(@lPrimaryd® D = tumor size: for

(Eq. 1¢) breast carcinoma,
greatest dimension
in mm; for melanoma,
thickness in mm
Lnoges=1—e~MLpernode) M = the number of positive
(Eq. 2) lymph nodes

Parameters

For breast carcinoma: Q = 0.0062,
Z =1.34, and jprimar,=0.661
(if lymph node status is known)
Of (fprimary=1 (if lymph node
status is unknown); for
melanoma: Q = 0.1428,
Z = 0.89, and jyrimar,=0.801
(if lymph node status is known)
OF jprimany=1 (if lymph node
status is unknown)

For breast carcinoma,
L per-noae=0.0608; for
melanoma, Lpernoqe=0.22527

Interpretation

The lethal contribution
of the primary mass
increases gradually
with tumor size

The presence of each
positive lymph node
contributes
approximately
"Lper-node“ extra
chance of death

A Simple Mnemonic for
the Size+Nodes method

Risk of breast carcinoma death~
Risk of melanoma death~

Lethal Contribution for
Each Millimeter of
Primary Tumor Size

~1% per mm
~8% per mm

+ Lethal Contribution for
Each Positive Lymph Node

+ ~6% per lymph node
+ ~23% per lymph node

1 When both tumor size and lymph node status are known, the Size+Nodes estimates the risk of cancer death from information on tumor size and lymph node

status: L = Lprfmary+Lnodes_(Lprfmary*l—nodes) (Eq 4)

with melanoma, each positive lymph node is
associated with an approximately 20% to 25% extra
chance of death.

Similarly, when we examine groups of patients with
breast carcinoma with various numbers of positive lymph
nodes, the Nodal Lethality equation (Equation 17) tells us
that each positive lymph node is associated with an
approximately 6% extra chance of death (L, 4 ~0.06)
(Table 2). This finding agrees with our previously
reported observations,” which were made by sorting
patients according to both tumor size and the number of
positive lymph nodes, that each positive lymph node is
associated with an approximately 6% extra chance of
death.

The values for Z,,,. .4 shown in Table 2 reflect sub-
groups of patients with various numbers of positive lymph
nodes. However, we are able to make yet more accurate
estimates of the value of Z,,,.,,4 by using all lymph node-
positive patients and applying a pseudo-Monte Carlo
method to the Nodal Lethality equation (Equation 17),
revealing that Z,,.,,,4. = 0.0608 for breast carcinoma and

Lyer-node = 0.22,527 for melanoma.

Cancer  Month 00, 2009

The Size+Nodes Method Accurately
Predicts the Risk of Cancer Death

Incorporating the information outlined above for esti-
mating the independent contribution of primary tumor
size (Equation 1c) and the number of positive lymph
nodes (Lye.node ~6% per positive lymph node for
breast carcinoma, Loz ~23% for melanoma; Equa-
tion 2), provides a technique, the Size+Nodes method
(Tables 1 and 3), for integrating tumor size and lymph
node status into an estimate of the risk of death (L)
for each patient:

L= Lprimary + Lnodes - (L;rimmyLnodes)a (4)

in which

- (Q*]'pyimmy) DZ ,

(1)

Lprimary =1-e

and

Luodes = 1 — e—(M*Lper—node). (2)
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- m Phepmisning The Size+Nodes method can be used to accurately
Predicted b . . . . .
Ao estimate the risk of death for patients with breast carci-
£ e * ‘ Method . . .
5 iy noma and can accurately stratify these patients into groups
= . . . . .
-y ©80%-99% of incrementally increasing lethality, as we reported previ-
§ D60%-79% ously.5 In contrast, classifying patients with breast carci-
8 A 40%-59% C . . .
£ sohao noma by lymph node positivity, by tumor classification,
[ ]
I or by stage creates groups of women with wide and over-
" lappi f lethality.” In thi d
0% 20% a0 so% 0% 00| 10155 apping levels of lethality.” In this study, we demonstrate
Black Lina: of Malanoma Death . . . . .
a ata Peirs: Acul 16Ya2r KM Molnoms Dot 0>10% that this also is true for patients with melanoma (Figs. 4
and 5) (Tables 4 and 5). For example, when we subdi-
100%
e vided patients with melanoma into 6 separate groups
- —
g s y= 0.99x based on the risk of death predicted by the Size+Nodes
2 R2 =0.97 method (0%-10% estimated risk of death, 10%-19%,
S o
5 60%
Q
=
‘6 A
X 4% 60%
74 L .
®
S 20% o
4
o 40% -
0% T T T T 1 *
0% 20% 40% 80% 80% 100% Size+Nodes
b Actual 15-Year Kaplan Meier Melanoma Death Death Rate
Prediction *
FIGURE 4. These charts illustrate the capacity of the Size+N- o 4
odes method (Equation 4) to stratify patients with melanoma 20% A o oS hd
according to the risk of death. (a) Cumulative distributions of t, y= 0.99x
the estimates values of the risk of death were estimated from L34 R2 =0.95
tumor size and lymph node status information by using the
Size+Nodes method (Table 1). (b) This scatter plot compares *
the risk of death estimated from tumor size and lymph node 0% " T
0% 20% 40% 60%

status information using the Size+Nodes method with the
actual 15-year Kaplan-Meier death rates for 9 groups accord-
ing to the value of their risk of death estimated from tumor
size and the number of positive lymph nodes according to
the Size+Nodes method. See Table 5 for values. For compa-
rable data in breast carcinoma, see Michaelson et al.*

Actual 15-Year Kaplan Meier Melanoma Death Rate

FIGURE 5. This chart illustrates a comparison of the risk of
death estimated by using the Size+Nodes method and actual
death rates among patients sorted in various ways (see
Tables 4 and 5).

Table 4. Stratification of Melanoma Patients by Risk of Death Estimated by the SizeOnly and Size+Nodes Methods

SizeOnly Method

Size+Nodes Method

Risk Risk of Actual No. of Risk of Actual No. of
Group, % Melanoma 15-Year Patients Melanoma 15-Year Patients

Death, % Melanoma Death, % Melanoma

Death, % Death. %

0-10 6.42 517 1061 6.45 4.65 1084
10-19 14.31 11.71 814 14.19 12.62 859
20-29 24.56 27.02 441 24.77 28.32 366
30-39 34.63 43.88 238 34.89 38.41 179
40-59 48.60 51.20 168 48.61 50.36 191
60-79 68.12 60.42 35 68.16 62.79 59
80-99 85.26 85.71 7 86.72 91.38 26
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Table 5. Comparison of Risk Estimates Made by the
SizeOnly and Size+Nodes Methods to Empirical Death
Rates Among Various Groups of Melanoma Patients

95% ClI, %

LPredicted
Factor (N) Lempirical SizeOnly Size+Nodes
Lymph node status (664)
Negative (487) 21.02-5.42 24.77-1.06 20.12-0.91
Positive (177) 53.21-9.64 33.29-2.10 53.21-2.67
No. of positive lymph nodes
1(92) 39.87-14.71 30.27-2.81 40.91-2.07
1-2 (127) 44.85-12.08 31.04-2.35 44.71-1.99
1-3 (148) 48.14-10.82 31.96-2.15 47.36-2.08
>2 (85) 66.24-11.92 36.56-3.00 66.81-3.12
23 (50) 74.46-13.69 39.03-4.05 75.67-3.23
Clark level (2492)
2 (773) 4.25-2.20 6.42-0.22 6.41-0.22
3 (655) 11.78-3.30 14.16-0.67 14.34-0.81
4 (964) 27.83-3.94 24.53-0.78 25.32-0.98
5 (100) 55.87-13.74 46.73-3.13 50.14-3.65
Site (2747)
Trunk (1017) 19.12-3.21 16.36-0.81 17.57-1.01
Face (238) 16.39-7.23 16.72-1.71 16.40-1.90
External ear (71) 14.61-10.52 17.54-2.75 19.09-3.15
Upper limb and 15.26-3.87 17.59-1.15 17.08-1.28
shoulder (594)
Lower limb 16.03-3.38 18.36-1.04 17.24-1.27
and hip (647)
Scalp and 24.12-7.36 22.31-2.45 24.30-3.05
neck (180)
Histology (2742)
Superficial 12.17-2.16 12.84-0.47 13.12-0.56
spreading (1610)
Lentigo 18.92-8.99 13.08-1.56 12.93-1.63
malignant (221)
Malignant (453) 22.08-4.36 22.46-1.37 283.23-1.57
Acral 37.42-14.30 25.92-3.85 27.96-4.89
lentiginous (68)
Nodular (351) 32.63-6.28 31.79-1.60 33.26-1.91
Desmoplastic (39) 20.27-14.79 35.78-5.31 34.04-5.32
Ulceration (1040)
Absent (856) 13.63-4.93 17.03-0.85 17.09-0.83
Present (184) 36.53-8.41 34.28-1.17 37.27-2.97
Sex (2762)
Women (1299) 12.27-2.25 16.33-0.70 16.42-0.77
Men (1463) 22.71-2.89 18.76-0.75 19.61-0.88
All patients (2770) 17.59-1.84 17.59-0.51 18.11-0.59

95% Cl indicates 95% confidence interval.

20%-29%, etc) (Table 4), the actual Kaplan-Meier cancer
death rate for each group agreed remarkably closely with
the risk of death estimated by the Size+Nodes method (R°
= 0.97) (Fig. 4). Furthermore, when it was tested on
groups of patients with melanoma sorted into 28 catego-

Cancer  Month 00, 2009

ries according to a variety of patent characteristics,
including Clark level, sex, body location, histologic sub-
type, and ulceration, the estimate of the risk of death
made by the Size+Nodes method agreed within the 95%
confidence interval with the actual death rate measured by
the Kaplan-Meier method in every case (Table 5). There
was a remarkably linear correlation between the estima-
tions of the risk of death made by the Size+Nodes method
and the actual melanoma death rates for these 28 groups

(R =0.95) (Fig. 5).

The Comparative Outcomes of the
Size+Nodes and SizeOnly Methods

When we used it to stratify patients according to the
risk of death, the Size+Nodes method appeared to be
slightly better than the SizeOnly method. For example,
for melanoma, the Size+Nodes method placed 26
patients in the highest risk group and 1084 patients in
the lowest risk groups (the group with an 80%-99%
estimated risk of death vs the group with a 0%-10%
estimated risk of death), whereas the SizeOnly method
assigned 7 patients and 1061 patients to these groups,
respectively (Table 4). However, the most striking
advantage of the Size+Nodes method can be observed in
its superior ability to estimate the risk of death for
groups of patients sorted by lymph node status
(Table 5). Indeed, compared with the Size+Nodes
method, the SizeOnly method overestimates the chance
of death of lymph node-negative patients and underesti-
mates the chance of death for lymph node-positive
patients (Table 5).

DISCUSSION

The data presented in the current study provide an inte-
grated method for calculating the impact of the size of the
primary tumor and the number of positive lymph nodes
on the risk of cancer death. For melanoma, renal cell carci-
noma, and breast carcinoma, we have established that the
relation between tumor size and the risk of cancer death is
captured well by using a simple expression, the SizeOnly
equation. For melanoma and breast carcinoma, the rela-
tion between tumor size and the presence of cancer in the
lymph nodes also is captured by a variant of the SizeOnly
equation, the NodalSizeOnly equation. For lymph node-

n
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50%

L=1-*-QjprimaryD*Z -

25% -

Disease

Probability of Distant Metastatic

0% e T
3
Tumor Size (mm)

FIGURE 6. This chart illustrates the approximate linearity of
the relation between the size of the primary mass (D) and
the melanoma death rate (L) in patients with lymph node-
negative disease. Solid diamonds indicate 15-year Kaplan-
Meier melanoma death rates for groups of lymph node-nega-
tive patients sorted by primary tumor size. Shown is a linear
regression of data on cancer death among lymph node-nega-
tive melanoma patients sorted by primary tumor size (black
line) as well as the fit of Equation 1c to these data (gray line).

AQT7 Jorimary indicates the fraction of events of spread occurring

F6

directly from the primary site to the periphery. For compara-
ble data in patients with breast carcinoma, see Michaelson
et al®

negative melanoma and breast carcinoma, the relation
between tumor size and the risk of death is captured by
the PrimarySizeOnly equation. For breast carcinoma, we
observed that each positive lymph node contributed an
approximately 6% risk of death, whereas each milli-
meter of greatest primary tumor dimension contributed
an approximately 1% risk of death. For melanoma,
each positive lymph node contributed an approximately
23% risk of death, whereas ecach millimeter of primary
melanoma thickness contributed an approximately 8%
risk of death (Fig. 6). This information is captured by a
series of linked equations, the Size+Nodes method
(Table 3).

These observations raise 3 questions: Why do tumor
size and lymph node status contribute to the risk of cancer
death in this way? How do factors others than tumor size
and lymph node status contribute to the risk of cancer
death? How can this information be used to provide
physicians with practical tools for estimating the risk of
cancer death for each patient? We have answered these

. . . . . . .8,
questions in the 2 accompanying articles in this series.>’
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How Cancer at the Primary Site and in the Lymph Nodes Contributes to the Risk of Cancer Death
James S. Michaelson, L. Leon Chen, Melvin ]. Silverstein, Martin C. Mihm Jr, Arthur J. Sober, Kenneth K. Tanabe,
Barbara L. Smith, and Jerry Younger
In this report, the authors have described a mathematical method, the binary-biological model of cancer metastasis, based
on the spread of cancer cells, in which the equations capture the relations between tumor size, lymph node status, and

cancer lethality.

ID: selvarajn | Black Lining: [ON] | Time: 14:58 | Path: N:/3b2/CNCR/V0l00000/090511/APPFile/C2CNCR090511



J_ID: Z7TB Customer A_ID: C2696-08 Cadmus Art: CNCR24592 Date: 25-July-09 Stage: Page: 15

AQ1: Note that Reference 20 was renumbered Reference 9, in the order it was cited in the text, and
the remaining citations and listed references were renumbered accordingly.

AQ2: Please indicate the most recent date you viewed the Cancer Math web site.

AQ3: Note that Tables 2 and 3 were renumbered Tables 3 and 2, respectively, in the order they were
mentioned in the text.

AQ4: Note that the third article in the series (originally Reference 20) was renumbered Reference 9,
in the order it was cited in the text, and the remaining list and corresponding citations were renum-
bered accordingly: Please check the list and citations carefully.

AQ5: In the Figure 1 legend, please define the terms “QD” and “QD?”.

AQG: In the Figure 2 legend, please verify that Jprimary is defined correctly and also define the terms
e, Q, and AZ.

AQ7: In the Figure 6 legend, please verify that /primary is defined correctly and also define the terms
eM, Q, and NZ.

AQ8: Please check all tables carefully, including titles, headings, data, data alignment, abbreviations,
and footnotes, and mark your corrections where needed.

AQ9: Note that the original Tables 2 and 3 were renumbered Tables 3 and 2, respectively, in the
order they were mentioned in the text.

ID: selvarajn | Black Lining: [ON] | Time: 14:58 | Path: N:/3b2/CNCR/V0l00000/090511/APPFile/C2CNCR090511





