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ABSTRACT 
BACKGROUND: It has long been appreciated that tumor size, nodal status, prognostic factors, and 
patient survival are related qualities, although it has not been obvious how to isolate the interactions 
between each of these components of the cancer phenotype.  Neither has it been obvious how to integrate 
information on tumor size, nodal status, and other prognostic factors into predictions of the risk of death 
for individual patients.  The underlying mechanism for the contribution of tumor size, nodal status, and 
prognostic factor phenotype to cancer lethality has also been obscure. METHODS: We describe a new 
mathematical method, the binary-biological model of cancer metastasis, based upon the spread of cancer 
cells, whose equations can capture the relationships between tumor size, nodal status, and cancer lethality, 
as well as calculate the probability of the spread of cancer cells from data on the macroscopic 
manifestations of such spread. RESULTS: For melanoma, renal cell carcinoma, and breast carcinoma, 
the relationship between tumor size and the risk of cancer death is well captured by the SizeOnly 
Equation. For melanoma and breast carcinoma, the relationship between tumor size and the presence of 
cancer in the nodes is well captured by the NodalSizeOnly Equation. For node negative melanoma and 
breast carcinoma, the relationship between tumor size and risk of death is well captured by the 
PrimarySizeOnly Equation.  For breast carcinoma, each positive node has been found to contribute ~6% 
extra risk of death while each millimeter of primary tumor diameter contributes ~1% risk of death.  For 
melanoma, each positive node has been found to contribute ~23% risk of death while each millimeter of 
primary melanoma thickness contributes ~8% risk of death. This information is captured by a pair of 
linked equations, the Size+Nodes method.  A simple expression, the ProbabilityEstimation Equation, 
could calculate the probabilities of spread of cancer cells from data on tumor size, nodal status, and death 
rate, revealing that the lethal contributions of cancer at the primary site and nodes can be explained by a 
simple mechanical process of the spread of cancer cells, occurring with definable probabilities per cell.  
The presence of cancer in the nodes does not indicate an intrinsic change in a malignancy, but an 
increased mass of cancer from which spread can emerge.  The greater the number of cells at the primary 
site (tumor size) or the greater the number of cells in the nodes (number of positive nodes) the greater is 
the aggregate chance that one or more cells has undergone a lethal event of spread, a process captured by 
the Size+Nodes equations. When similar masses of cancer are compared, the chance of lethal spread of a 
cancer cell to the periphery is about the same whether emerging from a node or from the primary site.  
The SizeOnly equation provided a way to indentify which of a large number of prognostic factors truly 
make an independent contribution to cancer lethally (the SizeAssessment method), while the magnitude of 
each factor’s lethal contribution was quantified by a parameter, g, inserted into the SizeOnly equation 
(PrognosticMeasurement method).  From such values, and with a series of linked equations (the 
Size+Nodes+PrognosticFactors [SNAP] method) information on tumor size, nodal status, and other 
prognostic factors could be combined for each patient to make an accurate estimate of the risk of cancer 
death.   The SNAP method was found to accurately estimate the risk of death, and finely stratify patients 
by risk, for patients with both melanoma and breast carcinoma.  CONCLUSIONS: The binary-biological 
model of cancer metastasis provides an integrated tool set of equations for answering a range of practical 
questions about cancer lethality and other manifestations of the spread of cancer cells, including the 
accurate prediction of the risk of cancer death for each patient. 
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INTRODUCTION 
 It has long been appreciated that primary tumor size, nodal status, and survival are related 
qualities for many cancers, although it has not been obvious as to how to isolate the interactions between 
each component, nor how to integrate information on tumor size and nodal status into predictions of the 
risk of death1,2.  We have found for breast carcinoma that a simple expression, the SizeOnly Equation, 
accurately captures the relationship between primary tumor diameter and lethality3,4,5,6. By double-sorting 
breast carcinoma patients by tumor size and nodal status, we have also found that each positive node is 
associated with ~6% risk of death, while the lethal contribution from cancer at the primary site can be 
estimated from tumor diameter with a variant of the SizeOnly Equation such that each millimeter of 
primary tumor diameter 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 nodes and the primary site, as captured by a pair of linked 
equations, the Size+Nodes method6.  In the absence of information on nodal status, the Size+Nodes 
method reduces to the SizeOnly Equation.   While the SizeOnly and Size+Nodes methods have been found 
to accurately capture the relationship between tumor size, nodal status, and the risk of death for breast 
carcinoma, their applicability to other cancers has not been examined.  Here we outline a more general 
and efficient mathematical technique (the Nodal Lethality and PrimarySizeOnly Equations) for isolating 
the impact of tumor size and nodal 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 carcinoma, and the applicability of the Size+Nodes method for relating tumor size and nodal status to 
the risk of death for breast carcinoma and melanoma.  We also examine the relationship between primary 
tumor size and the risk of cancer in the nodes for breast carcinoma and melanoma.   
 Many prognostic factors have been found to be associated with differences in cancer lethality, 
including tumor size3,7 , nodal status6,7, grade8, histology9,10, sex, patient age11, gene expression array 
pattern12, immunological marker phenotype, biochemical marker phenotype, and specific mutations.13 
However, it may not be obvious whether the presence of a factor truly makes an independent impact on 
cancer lethality, or whether the presence of the factor is simply a quality that is correlated with tumor size. 
Here we describe a new technique, the SizeAssessment method, which uses the the SizeOnly equation to 
determine whether a prognostic factor makes an independent contribution to the risk of cancer death, or is 
merely correlated with tumor size. We then describe a technique, the PrognosticMeasurement method, 
which 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.  Finally, we outline a technique, 
the Size+Nodes+PrognosticFactors (SNAP) method, which uses the information derived by the 
SizeAssessment and PrognosticMeasurement methods to integrate information on tumor size, nodal status, 
and other prognostic factors into a prediction of the risk of death for each patient.  We apply these 
methods to the analysis of breast cancer and melanoma survival. 
 The SizeOnly, Size+Nodes, and SNAP methods not only provide highly practical and accurate 
tools for estimating breast carcinoma outcome, they are also biologically plausible, as their equations 
have been derived by a consideration of the most generally accepted mechanism of cancer death, which is 
by the spread of cancer cells occurring with definable probabilities per cell5,14.  We call this approach the 
binary-biological model of cancer metastasis.   
 Underlying the macroscopic features of cancer growth, spread, and lethality (the size of a cancer 
at the primary site and in the nodes, the number of positive nodes, and the risk of death), lie microscopic 
events affecting the fate of cells, such as the spread of cancer cells from one location to another.  Such 
events of cellular spread are intrinsically discrete, either/or events, because cells are intrinsically discrete 
entities.14  Either a cancer cell in a primary tumor will travel to the periphery and give rise to metastatic 
disease and death, or it won’t.  Either a cancer cell in a primary tumor will travel to a local lymph node 
and give rise to a cancer mass seen by the pathologist, or it won’t.  Either a cancer cell in a lymph node 
will travel to the periphery and lead to death, or it won’t.  This either/or quality makes it possible to 
characterize spread of cancer cells in terms of probabilities.  By taking such an approach, which we call 
the binary-biological model of cancer metastasis, it is possible to infer the values of the probabilities of 
these microscopic events of the spread from data on the macroscopic features of cancer.  For example, we 
shall be able to ask how the probability of the lethal spread of a cancer cell from a primary site compares 
with the probability of the lethal spread of a cancer cell from a lymph node. As we shall see, applying this 
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framework to actual data will allow us to determine how cancer at the primary site and in the nodes 
contributes to lethality, as well as how the presence of various prognostic factors affects the risk of death 
by altering the underlying chances that a cancer cell will spread. 
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METHODS 
Mathematical Methods 
 The general theory behind the mathematical methods used here, the binary-biological model of 
cancer metastasis, is described in Technical Report #1, which can be found at:  
http://www.lifemath.net/cancer/about/techreports/index.php .  Only those aspects relevant to data outlined 
in this Technical Report are repeated in the text below. 
 

TABLE O 
 

Methods of the Binary-Biological Model of Cancer Metastasis 
Method Purpose 

ProbabilityEstimation Equation (#7) 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 non-lethal consequences of the spread.  
SizeOnly Equation (#1) Relates tumor size to the chance of cancer death* 

TimeOnly Equation (#14) Relates time to the chance of cancer death 
PrimarySizeOnly Equation (#1c) Relates tumor size to the chance of cancer death for node negative 

patients 
NodalSizeOnly Equation (#1n) Relates tumor size to the chance of cancer in the lymph nodes 

Size+Nodes method Integrates information on tumor and number of positive nodes into an 
estimate of the chance of cancer death* 

Nodal Lethality Equation (#17) Calculates the lethal contribution, per positive node, of cancer in the 
lymph nodes 

SizeAssessment  
method 

Determines whether a prognostic factor makes an independent 
contribution to the risk of cancer death, or is merely correlated with 

tumor size 
PrognosticMeasurement  

method 
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 

SNAP  
(Size+Nodes+Prognostic Fatcor) 

method 

Integrates information on  
primary tumor size, nodal status, and other prognostic factors  

into an estimate of the chance of cancer death* 
 

* When only tumor size and nodal status are known, the SNAP method reduces to the Size+Nodes method for 
estimating the risk of cancer death from information on tumor size and number of positive nodes, while 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. 
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TABLE 00 
 

The SNAP (Size+Nodes+PrognosticMarkers) Method for Estimating the Risk of Cancer 
Death from Information on Tumor Size, Nodal Status, and Other Prognostic Factors 

)*( nodesprimarynodesprimary LLLLL −+=  

(eq. (4)) 
Source of 
Lethality 

Method  
of Estimation 

Independent 
Variable 

 
Parameters 

 
Interpretation 

 

 
 

The lethal 
contribution 
from cancer 

at the 
primary site 

 

 
 
 

 
 

Z
primary DggggjQ

primary eL ..)****)*(*( 43211 −−=
(1c)  

 

 
 
 

D = Tumor 
Size: 

 
 
For Breast 
Carcinoma: 

Diameter  
(mm) 

 
For 
Melanoma: 

Thickness 
(mm) 

For  
Breast 
Carcinoma: 

Q = 0.0118395 
Z = 1 

jprimary=0.661 if 
nodal status is 

known 
jprimary =1  if nodal 
status is unknown 

See Table C2 for g 
parameter values 

 

For Melanoma: 
Q= 0.1428  

Z= 0.89  
jprimary =0.801  if 

nodal status is 
known 

jprimary =1  if nodal 
status is unknown 

See Table C5 for g 
parameter values 

 
 
 

The lethal 
contribution of 

the primary 
mass increases 
gradually with 

tumor size, 
and the 

amount of that 
lethal 

contribution is 
influenced by 

prognostic 
factors, as 

captured by 
the 

g parameters 
in Equation 1d 

 
The lethal 

contribution 
from cancer 
in the lymph 

nodes 

 

 
)*(1 nodeperLM

nodes eL −−−=  
eq. (2) 

 
M = 
The  

Number of  
Positive  
Nodes 

 
For  
Breast carcinoma: 
Lper-node = 0.0608 

 
For  
Melanoma: 
Lper-node = 0.2253 

 

The presence 
of each 

positive lymph 
node 

contributes 
approximately 

“Lper-node” 
extra chance 

of death 
 

The SNAP (Size+Nodes+PrognosticMarkers) method reduces to: 
• the Size+Nodes method, when only size and nodal status are known. 
• the SizeOnly method, when only size is known. 
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Patients  
 Information on tumor thickness and survival was obtained for 2770 melanoma patients seen at 
MGH from 1970/01/01 to 2002/05/01; nodal status information was known for 664.  
 Information on tumor size, nodal status, and breast carcinoma survival was derived from 1352 
patients with invasive breast carcinoma diagnosed between 1966 and 1990 at the USC/Van Nuys Breast 
Center, with survival estimated as of Dec 31 20003.  
 Information on renal cell carcinoma survival was taken from Delahunt et al.15 and Hafez et al.16  
 Karrison and colleagues17 had found that little lethality occurs 15 years after diagnosis, and we 
have found a similar hazard function for melanoma.  Thus, we have relied upon the 15-year cancer-
specific Kaplan-Meier death rate as our measurements of the cancer death rate (L).   
 For the analysis of the lethal impact of prognosis factors other than tumor size an nodal status, 
data were also available on much larger populations of patients seen at the Partners Hospitals (11,271 
patients seen at the Massachusetts General Hospital and Brigham and Women’s Hospital between 1960 
and 2003) and from the SEER national dataset (362,491 patients between 1973 and 2004 with a first 
malignant tumor of 1-50 mm in diameter and 0-7 positive lymph nodes).18  Information of the use of these 
larger datasets to refine the parameters of the equations of the binary-biological model of cancer 
metastasis can be found at http://cancer.lifemath.net/about/techreports/index.php. 
 
Measurement of nodal deposits 
 The sizes of cancer deposits in the lymph nodes were measured with a Zeiss microscope and 
Insight digital camera with SPOT-cam software for measuring cross-sectional areas and the widest 
diameter (Diagnostic Instruments, Inc, Sterling Heights, Michigan). The relationship between melanoma 
thickness and cross-sectional area was estimated with data by Temple et al19 (thickness=0.6073*area0.5086 
(R2=0.65)). 
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RESULTS 
The relationship between tumor size and cancer death is well captured by the SizeOnly Equation. 
 The fit of tumor size/lethality data to the SizeOnly Equation (#1): 

ZQDeL −−=1                                                                        (1) 
  can be tested by regression by transforming it into Equation #13.  As seen in Figure A1, such a 
regression reveals that for melanoma, Z=0.89 and Q=0.134 (R2=0.86), while for renal cell carcinoma, 
Z=1.14 and Q=0.0033 (R2=0.90), and for breast carcinoma, Z=1.33 and Q=0.0061 (R2=0.97).  Refining 
the value of Q by a pseudo-Monte Carlo method (Equation #1b) yields the slightly more accurate value of 
Q=0.1428 for melanoma and Q=0.0062 for breast carcinoma (Table A1).  The close fit of these data to the 
SizeOnly Equation (#1) can be seen in Figure A2.   
 The fit of these data to the SizeOnly Equation (#1) is also close when Z=1 (Figure A1, right side).  
This simplifies the SizeOnly Equation (#1), and makes it possible to carry out 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 shall see below. 
 

 
 

FIGURE A1 
FIGURE A1.  Fit of melanoma, breast, and renal cell carcinoma size/lethality data to the 
SizeOnly Equation (#1), as assessed by Equation #13. On the right, the fit of these data to the 
SizeOnly Equation (#1) is examined with Z=1. Conversion of tumor sizes into values of N (cell 
number) carried out by Equation #8. 
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FIGURE *   Fit of Size/Lethality data for melanoma, breast, and renal cell carcinoma to the 
SizeOnly Equation (#1).  TOP: Size on log scale.  BOTTOM: Size on conventional scale.    
C:\X_MelanomaAnalysisByExcell 1 1 04\___Survival Analysis of Basic Dataset by Size\groupsOf300\Renal\[FIGS.xls]Sheet1!$C$1 
 
 

 
 

FIGURE *. Fit of Size/Lethality data for melanoma, breast, and renal cell carcinoma to the 
SizeOnly Equation (#1) with and without Z=1.   
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FIGURE A2(a) 
FIGURE A2.  (a) Relationship between tumor size and cancer death for breast carcinoma 
patients as a whole (the NodalSizeOnly Equation#1) and for node-negative breast 
carcinoma patients (the PrimarySizeOnly Equation #1c). (b) Relationship between tumor 
size and cancer death for melanoma patients as a whole (the NodalSizeOnly Equation #1) 
and for node-negative melanoma patients (the PrimarySizeOnly Equation #1c). 

 

 
 

FIGURE A2(b) 
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The relationship between tumor size and the fraction of patients that are node positive is well captured by 
the NodalSizeOnly Equation. 
 The fit of tumor size/node positivity data to the NodalSizeOnly Equation (#1n):  

Z
n DQ

NodesTo eL −
− −= 1                                                         (1n) 

  can be tested by regression by transforming it into Equation #13.  Such a regression reveals that 
for melanoma, Qn=0.1018 and Z=1.207 (R2=0.885), while for breast carcinoma, Qn=0.019 and Z=1.0041 
(R2=0.90).  The capacity of the NodalSizeOnly Equation (#1n) using these parameters to capture the 
relationship between tumor size and the fraction of patients that are node positive can be seen in 
Figure A3. 

 
FIGURE A3 

FIGURE A3.  Relationship between primary tumor size and risk of node positivity, as 
captured by the NodalSizeOnly Equation (#1n).  Values of Qn and Z were determined by 
regression to Equation #13 (for breast carcinoma, Qn=0.019, Z= 1.0041, R2= 0.902; for 
melanoma, Qn=0.1018, Z=1.207, R2= 0.8851)  

 
The relationship between tumor size and cancer death for node negative patients is well captured by the 
PrimarySizeOnly Equation. 
 We have previously found for breast carcinoma that the relationship between tumor diameter (D) 
and the risk of cancer death for node-negative patients (Lprimary) is well fit to the PrimarySizeOnly 
Equation (#1c):  

Z
primary DjQ

primary eL )*(1 −−=                                                         (1c) 
 for which jprimary = 0.661, as determined by a pseudo-Monte Carlo method  (Equation #1c, 
Figure A2a).  As can be seen in Figure A2b, this is also the case for melanoma, such that jprimary= 0.801. 
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Each positive node is associated with an extra risk of lethality: ~23% per positive node for melanoma, 
~6% per positive node for breast carcinoma 
 The impact of nodal status on breast carcinoma and melanoma lethality cannot be seen directly 
from the survival of patients with various numbers of positive nodes because tumor size and nodal status 
are conflated: as the tumor size increases, both the fraction of patients with positive nodes and the average 
number of positive nodes increase, while as the number of nodes increases so does the tumor size 
(Table A3).  Equations # 1c and #17 allow us to disentangle the impact of nodal status and tumor size, 
and to calculate the value of the extra lethality, Lper-node, associated with each positive lymph node for 
patients with various numbers of positive nodes, M.   
 We can see the general approach by considering the 92 melanoma patients with only 1 positive 
node (Table A3).  This group of patients had a 15-year Kaplan-Meier melanoma death rate of 40%.  
Equation #1c (see above) tells us that another 92 patients with tumors of the same thicknesses, but who 
had been node negative, would have had a 25% death rate (Table A3).  Thus for patients with one positive 
node, the lethal contribution ascribable to cancer in that node, Lper-node, is approximately 20% ([40%-
25%]/[100%-25%]). 
 Estimating the value of Lper-node for patients with 2 or more positive nodes requires a more 
complicated calculation, which can be accomplished with the Nodal Lethality Equation (#17): 

Lper-node = (ln (1- (( LW – (1-e-(Q*jprimary)D^z)) / ((-e-(Q* jprimary)D^z))))) / M                  (17) 
  For example, for the 36 melanoma patients with 2 positive nodes, the lethal contribution per node 
calculated with Equation #17 is 24% (Lper-node ≈0.24), while for the patients with 3 positive nodes, Lper-node 
≈24%, for patients with 4 or 5 positive nodes, Lper-node ≈23%, and for patients with 6 or 7 positive nodes 
Lper-node ≈24% (Table A3).   Thus, we can conclude that no matter how many positive nodes are found in a 
melanoma patient, each positive node is associated with about a 20-25% extra chance of death. 
 Similarly, when we examine groups of breast carcinoma patients with various numbers of 
positive nodes, the Nodal Lethality Equation (#17) tells us that each positive node is associated with about 
an extra 6% chance of death (Lper-node ≈0.06, Table A3).   This finding agrees with our previously reported 
observations6, made by sorting patients by both tumor size and number of positive nodes, that each 
positive node is associated with about a 6% extra chance of death. 
 The values for Lper-node shown in Table A3 reflect subgroups of patients with various numbers of 
positive nodes.  However, we are able to make yet more accurate estimates of the value of Lper-node using 
all node positive patients by applying a pseudo-Monte Carlo method to the Nodal Lethality Equation 
(#17), revealing that Lper-node =0.0608 for breast carcinoma and Lper-node =0.22527 for melanoma. 
 

 
FIGURE  Extra lethality ascribable to positive nodes, per node, R, estimated for melanoma and 
breast carcinoma with Equation #10.   See TABLE A3 for values.  
C:\X_MelanomaAnalysisByExcell 1 1 04\_________Fig Value of R 4 25 04\[Fig For R May 25 04.xls]Sheet1 (2)'!$C$28 
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TABLE A3 
Cancer death rates for groups of melanoma breast carcinoma patients sorted by nodal 

status  
 

Patient  
Group 

 
 
 

Average 
Number 

of 
Positive 
Nodes 

(M) 
 

Number 
of 

Patients
 
 

Mean  
Tumor  

Thickness
or 

Diameter
(mm) 
(D) 

 

Actual 
15 year 
Disease
Specific 
Death 
Loverall 

 

The Level Of Death 
Expected for  

Node-negative 
Patients with  

Tumors of these Sizes 
Lprimary= 

Z
primary DjQe )*(1 −−  

(Eq. 1c) 

Extra Death 
Ascribable To

Positive Nodes, 
per node 
(Lper-node) 

 
(Eq. #17) 

 
Melanoma       

Node Negative 0 487 2.35 21% 21% - 
1 positive node 1 92 3.24 40% 25% 21% 
2 positive nodes 2 36 3.43 55% 27% 24% 
3 positive nodes 3 21 4.14 67% 32% 24% 
4 & 5 positive nodes 4.5 12 5.11 77% 34% 23% 
6 & 7 positive nodes 6.5 10 3.64 86% 30% 24% 

       
Breast Carcinoma       

Node Negative 0 790 16.0 20% 20% - 
1 positive node 1 130 25.7 26% 26% 0.16% 
2 positive nodes 2 71 29.0 34% 29% 3.96% 
3 positive nodes 3 46 30.7 37% 32% 2.66% 
4 positive nodes 4 47 35.4 57% 36% 9.97% 
1 or more positive node 5.28 443 35.3 49% 35% 4.52% 
2 or more positive nodes 7.06 313 39.3 58% 38% 5.35% 
3 or more positive nodes 8.76 233 42.9 64% 42% 5.58% 
4 or more positive nodes 9.85 196 45.0 69% 42% 6.21% 
5 or more positive nodes 11.70 149 48.1 73% 46% 5.84% 
6 or more positive nodes 13.11 123 52.3 75% 49% 5.48% 
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The Size+Nodes method accurately predicts the risk of cancer death 
Incorporating the information outlined above for estimating the independent contribution of 

primary tumor size (Equation #1c) and numbers of positive nodes (Lper-node ≈6% per positive node for 
breast carcinoma, Lper-node ≈23% for melanoma; Equation #2), provides a technique, the Size+Nodes 
method (Tables 1 and 2), for integrating tumor size and nodal status into an estimate of the risk of death 
(L) for each patient:  

)*( nodesprimarynodesprimary LLLLL −+=                            (4) 
 where:  

Z
primary DjQ

primary eL )*(1 −−=                                                         (1c) 
 and: 

)*(1 nodeperLM
nodes eL −−−=                                                             (2) 

 As we have reported previously, the Size+Nodes method can accurately estimate the risk of death 
for breast carcinoma patients, as well as accurately stratify these patients into groups of incrementally 
increasing lethality.6  In contrast, classifying breast carcinoma patients by node positivity, or by T group, 
or by stage, creates groups of women with wide and overlapping levels of lethality.  Here we show that 
this is also true for melanoma (Figures 4 and 5, Tables 4 and 5). For example, when we subdivided the 
melanoma patients into six separate groups based upon the risk of death predicted by the Size+Nodes 
method (0%-10% estimated risk of death, 10%-19%, 20%-29%, 30%-39%, 40%-59%, 60%-79%, and 
80%-99%, Table A4), the actual Kaplan-Meier cancer death rate for each group agrees remarkably 
closely with the risk of death estimated by the Size+Nodes method (R2=0.97, Figure A4).  Furthermore, 
when tested on groups of melanoma patients sorted into 28 categories by a variety of patient 
characteristics, including Clark’s level, sex, body location, histological 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 A5). There was a 
remarkably linear correlation between the estimations of the risk of death made by the Size+Nodes 
method and actual melanoma death rates for these 28 groups (R2=0.95, Figure A5). 
 

 
FIGURE A4(a) 

FIGURE A4.  Capacity of the Size+Nodes method (eq. (4)), to stratify melanoma patients according 
to the risk of death. (a) Cumulative distributions of the estimates values of risk of death estimated 
from tumor size and nodal status information by the Size+Nodes method (Table A1).   
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TABLE A4 
Stratification of Melanoma Patients by Risk of Death Estimated by the SizeOnly and 

Size+Nodes Methods 
 
 

 SizeOnly Method Size+Nodes Method 
Risk 

Group 
 
 

Risk of  
Melanoma 

Death 
 

Actual  
15 Year 

Melanoma
Death 

Number 
of  

Patients
 

Risk of 
Melanoma 

Death  

Actual  
15 Year 

Melanoma 
Death 

Number 
of  

Patients 
 

0%-10% 6.42% 5.17% 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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FIGURE A4(b) 
(b) Scatter plot comparing the risk of death estimated from tumor size and nodal status 
information by the Size+Nodes method, in comparison to the actual 15-year Kaplan Meier 
death rates for nine groups stated by virtue of the value the risk of death estimated from 
tumor size and number of positive nodes by the Size+Nodes method.  See Table A5 for 
values.  For comparable data for breast carcinoma, see reference 4. 

 

 
 

FIGURE A5 
FIGURE A5.  Comparison of risk of death estimated by the Size+Nodes method and actual 
death rates among patients sorted in various ways (see Tables 4 and 5) 
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The comparative outcomes of the Size+Nodes and SizeOnly methods 
 When used to stratify patients according to the risk of death, the Size+Nodes method appears to 
be slightly better than the SizeOnly method.  For example, for melanoma, the Size+Nodes method placed 
26 and 1084 patients in the highest and lowest risk groups (the 80%-99% estimated risk of death group 
vs. the 0%-10% estimated risk of death group) while the SizeOnly method assigned 7 and 1061 patients to 
each of these groups (Table A4).  However, the most striking advantage of the Size+Nodes can be seen in 
its superior ability to estimate the risk of death for groups of patients sorted by nodal status (Table A5).  
Indeed, in comparison to the Size+Nodes method, the SizeOnly method over-estimates the chance of 
death of node-negative patients and under-estimates the chance of death of node-positive patients 
(Table A5).  

 
FIGURE 1A   The relationship between tumor size and risk of death for the SizeOnly Method (Equation #1; thick grey line) 
and the relationship between tumor size, nodal status, and risk of death for the Size+Nodes Method (Equation #4, thin black 
lines) for breast carcinoma 

FIGURE1B   
The relationship between tumor size and risk of death for the SizeOnly Method (Equation #1; thick grey line) and the relationship 

between tumor size, nodal status, and risk of death for the Size+Nodes Method (Equation #4, thin black lines) for melanoma. 
 

TABLE A5  Comparison of risk estimates made by the SizeOnly and Size+Nodes methods to 
empirical death rates among various groups of melanoma patients 

 

Factor (N) Lempirical 
(95% CI) 

Lpredicted SizeOnly 
(95% CI) 

Lpredicted Size+Nodes 
(95% CI) 

Nodal 
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%) 
1 Positive (92) 39.87% (14.71%) 30.27% (2.81%) 40.91% (2.07%) 
1,2 Positive (127) 44.85% (12.08%) 31.04% (2.35%) 44.71% (1.99%) 
1,2,3 Positive (148) 48.14% (10.82%) 31.96% (2.15%) 47.36% (2.08%) 
2+ Positive (85) 66.24% (11.92%) 36.56% (3.00%) 66.81% (3.12%) 
3+ Positive (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 Shoulder (594) 15.26% (3.87%) 17.59% (1.15%) 17.08% (1.28%) 
Lower Limb and Hip (647) 16.03% (3.38%) 18.36% (1.04%) 17.24% (1.27%) 
Scalp and Neck (180) 24.12% (7.36%) 22.31% (2.45%) 24.30% (3.05%) 

Histology 
(2742) 

Superficial Spreading (1610) 12.17% (2.16%) 12.84% (0.47%) 13.12% (0.56%) 
Lentigo Malignant (221) 18.92% (8.99%) 13.08% (1.56%) 12.93% (1.63%) 
Malignant (453) 22.08% (4.36%) 22.46% (1.37%) 23.23% (1.57%) 
Acral Lentiginous (68) 37.42% (14.30%) 25.92% (3.85%) 27.96% (4.89%) 
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) Female (1299) 12.27% (2.25%) 16.33% (0.70%) 16.42% (0.77%) 
Male (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%) 
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A simple mnemonic for the Size+Nodes method 
 Fortuitously, for melanoma each millimeter in tumor thickness is associated with about an 8% 
increase in lethality and each positive lymph node is associated with about a 23% extra chance of death, 
while for breast carcinoma each millimeter of tumor diameter is associated with about a 1% increase in 
lethality and each positive lymph node is associated with about a 6% extra chance of death (Figure A6).  
This provides a convenient mnemonic for the Size+Nodes calculation (Table A2).   
 

 
FIGURE A6 

FIGURE A6.  Approximate linearity of the relationship between the size of the primary mass and 
the melanoma death rate in node negative patients.  Closed diamonds are 15-Year Kaplan-Meier 
melanoma death rates for groups of node negative patients sorted by primary tumor size (for data, see 
previous paper).  Shown is a linear regression to data on cancer death node-negative melanoma patients 
sorted by primary tumor size (black line) as well as the fit of Equation #1c to these data (gray line).  For 
comparable data for breast carcinoma, see reference 4.  

 
 

TABLE III 
A simple mnemonic for the Size+Nodes method 

 Lethal contribution for each  
mm of primary tumor size 

 Lethal contribution for each  
positive lymph node 

Risk of Breast Carcinoma Death= ~1% per mm + ~6% per node 
Risk of Melanoma Death= ~8% per mm + ~23% per node 
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Pathways of the spread of cancer cells and their probabilities 
 The spread of cancer cells can occur along a variety of pathways, each with its characteristic 
probability: from the primary site to the nodes (pto-nodes), from node to node (pnode-to-node), from a node to 
the periphery leading to death (pfrom-nodes), from the primary site to the periphery leading to death in node 
negative patients (pprimary), or from the primary site to the periphery leading to death in patients as a whole 
(p, which is the aggregate of all of these probabilities) (Table B1, Figure B1).  Here we shall use clinical 
data to calculate the probabilities of these events of spread.   
 To see the general idea for such calculations, consider a group of patients with cancers of ~100 
million cells (N≈108). If the cancer death rate in these patients was found to be ~10% (L≈0.1), then it 
would follow that the probability of the lethal spread of cancer cells from the primary site to the 
periphery, p, will be approximately 1 event of spread for every billion cells in the primary mass 
(p≈(L/N)≈(0.1/108)≈10-9).  More precisely, the probability of the spread of a cancer cell, px, can be 
calculated with the expression we call the ProbabilityEstimation Equation: 

NLp xx /)1ln( −−=                                                   (7) 
 Let us recall that by definition, px does not consider events of spread that do not lead to a 
macroscopic manifestation, nor does it assume px to be constant, nor does it require that every cell in the 
mass of cancer have the potential for spread, although this may be the case (see the mathematical 
derivation of the ProbabilityEstimation Equation #7).  Thus, in the example given above (L≈0.1, N≈108), 
whether every cell in the cancer mass has the potential for spread, or whether only 1-in-a-million cells in 
the cancer mass has the potential for spread, the probability, p, of an event of spread per cell in the cancer 
mass, will still be 1-in-a-billion (p≈10-9). 
 

 
 

FIGURE B1.  Cancer cells: pathways of spread. 
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TABLE B1 
Pathways of The Spread of Cancer Cells and their Probabilities 

 
 

Pathway of Spread 
 
 

Seen In 

Fraction of 
patients 

with 
a manifestation 

of spread 

Probability 
of spread, 
per cell 

Lethal spread from the 
primary site to the periphery  

(directly only) 

Fraction of patients dying 
(=15-year Kaplan-Meier  

cancer death rate) 
among node-negative patients  

 
Lprimary 

 
pprimary 

 

Non-lethal spread from the 
primary site to the local 

lymph nodes 

The fraction of patients with 
positive nodes  

 
Lto-nodes 

 
pto-nodes 

Lethal spread from the 
lymph nodes to the periphery 

Lethal contribution per positive 
lymph node 

 
- 

 
pfrom-nodes 

Non-lethal spread from 
lymph node to lymph node 

 
The numbers of positive nodes 

(M) 

 
- 

 
pnode-to-node 

Lethal spread from the 
primary site to the periphery 
(The aggregate consequence 

of the pathways of spread 
characterized by  

pprimary, pto-nodes, pfrom-nodes and 
pnode-to-node) 

 
Fraction of patients dying 
(=15-year Kaplan-Meier  

cancer death rate) 
among all patients  

 
 

L 

 
 
p 
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The per-cell probability of the spread of cancer declines as tumors get larger 
 Cancer cells may conceivably spread from a primary mass to the local lymph nodes (resulting in 
cancer seen in the node upon pathological analysis) or   from a primary mass to the periphery (resulting in 
death).  Lethal spread may also conceivably occur directly from the primary site to the periphery, or 
indirectly from the primary site to a node and then to the periphery (Table B1, Figure B1).  The 
ProbabilityEstimation Equation (#7) allowed us to calculate the probability of such events of the spread 
of cancer cells.  These calculations (Figures 2 and 3) reveal the remarkable finding that as tumors increase 
in size, the per-cell probability of the spread of cancer leaving a mass does not remain constant, but 
declines in value.3,5 Furthermore, this decline occurs in a very characteristic fashion, such that the 
relationship between the probability of the spread of cancer cells and the size of the mass from which the 
cells emerge, N, is well fit by a power function: 

      b
x aNp =                                                                   (9) 

where b≈-2/3 and a is characteristic of each malignancy.  This holds true in each of five different contexts 
where we have had the data to carry out these calculations: the spread of cancer cells from the primary 
site to the nodes (pto-nodes, seen in the fraction of patients found to have cancer in the nodes, Lto-nodes), as 
seen in data on breast cancer and melanoma patients; the spread of cancer cells from the primary site to 
the periphery leading to death in node negative patients (pprimary, seen in the fraction of node negative 
patients dying of cancer, Lprimary) , as seen in data on breast cancer patients; and the spread of cancer cells 
from the primary site to the periphery leading to death in all patients (p, seen in the fraction all patients 
who die of cancer, L), as seen in data on breast cancer and melanoma patients (Figures B2 and B3). 
 Why might this decline in the value of px occur as tumors get bigger? One possible explanation is 
that a is the intrinsic probability that a cancer cell will spread, but that only a fraction of cells in the mass 
are capable of spreading, with the size of that fraction being Nb.  Another possible explanation is simple 
geometry; every cell in a primary mass might be capable of spreading, but as tumors get larger, there are 
simply more and more cells that must be “pushed aside” before any individual cell can escape from that 
mass. Indeed, we have shown mathematically5 that just a process should be expected to result in the 
reduction in the per-cell probability of spread, such that the relationship between p and N is well fit to 
Equation #9, p=aNb, with b≈-2/3. 
 Note that the value of a in Equation #9  is at least five-fold greater for melanoma than breast 
carcinoma and at least fifteen-fold greater for renal cell carcinoma.  Indeed, a describes the probability of 
spread of cancer cells at the extrapolated point in time when the tumor was but 1 cell in size, and thus 
when there were no other cells to be “pushed aside” (p=a in Equation #9 when N=1).  Thus, the 
component a in Equation #9 appears to be a measure of tumor biology, before the impact of the size of 
the primary mass can be felt.   
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TABLE B2 
Sizes of Melanoma Nodal Deposits  

Node 
Number 

 

Measured area of  
the cancerous deposits in 

this node 

Contains approximately the same  
number of cells as a primary mass 

of thickness (in mm) 

Lethal contribution expected from a 
primary mass of this size 

(SizeOnly Equation) 
1 0.034 0.13 2% 
2 0.116 0.25 3% 
3 0.133 0.27 3% 
4 0.157 0.29 4% 
5 0.187 0.32 4% 
6 0.201 0.33 4% 
7 0.271 0.38 5% 
8 0.348 0.44 5% 
9 0.424 0.48 6% 
10 0.673 0.61 7% 
11 0.775 0.66 8% 
12 0.853 0.69 8% 
13 0.907 0.71 8% 
14 1.047 0.76 9% 
15 1.285 0.85 9% 
16 1.496 0.92 10% 
17 1.73 0.99 11% 
18 1.768 1.00 11% 
19 1.936 1.04 11% 
20 2.793 1.26 13% 
21 2.798 1.26 13% 
22 3.236 1.36 14% 
23 3.409 1.39 14% 
24 4.095 1.53 15% 
25 4.6 1.62 16% 
26 5.567 1.79 17% 
27 7.868 2.13 20% 
28 10.261 2.44 22% 
29 12.322 2.68 24% 
30 13.33 2.79 25% 
31 14.706 2.93 26% 
32 16.575 3.11 27% 
33 21.894 3.59 30% 
34 29.045 4.14 33% 
35 29.457 4.17 33% 
36 30.372 4.24 34% 
37 31.314 4.30 34% 
38 33.183 4.43 35% 
39 46.069 5.24 39% 
40 46.621 5.27 39% 
41 57.695 5.87 42% 
42 59.6 5.97 43% 
43 63.617 6.17 44% 
44 86.59 7.22 48% 
45 86.59 7.22 48% 
46 103.869 7.92 51% 
47 117.859 8.44 53% 
48 132.732 8.97 55% 
49 153.93 9.67 58% 
50 153.938 9.67 58% 

average 28.005 3.00 23% 
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TABLE B3 
Sizes of Breast Carcinoma Nodal Deposits 

 

 
Diameter* 

(mm) 

Estimated area of 
the cancerous 

deposits in this 
node 

Fraction of the 
metastatic area 

containing 
cancer** 

Contains approximately the same 
number of cells as a primary 

mass  
of diameter (in mm) 

Lethal contribution expected 
from a primary mass of this 

size 
(SizeOnly Equation) 

1 0.3 0.09 1 0.3 0.12% 
2 1 1.05 1 1 0.62% 
3 1 1.05 1 1 0.62% 
4 1.1 1.27 1 1.1 0.70% 
5 1.4 2.05 1 1.4 0.97% 
6 1.9 3.78 0.65 1.5 1.06% 
7 2 4.19 1 2 1.56% 
8 2 4.19 0.95 2 1.56% 
9 2.1 4.62 1 2.1 1.66% 
10 2.5 6.54 0.93 2.4 1.98% 
11 2.7 7.63 0.95 2.6 2.21% 
12 3 9.42 0.95 2.9 2.55% 
13 3 9.42 0.1 3 2.67% 
14 3 9.42 0.95 3 2.67% 
15 3.2 10.72 0.1 3.2 2.90% 
16 3.4 12.11 0.95 3.3 3.02% 
17 3.4 12.11 0.93 3.3 3.02% 
18 3.9 15.93 0.86 3.6 3.39% 
19 3.7 14.34 0.95 3.7 3.52% 
20 3.9 15.93 0.1 3.9 3.77% 
21 4.3 19.36 0.95 4.2 4.15% 
22 4.5 21.21 0.95 4.4 4.41% 
23 5.5 31.68 0.76 4.8 4.95% 
24 5.5 31.68 0.78 4.9 5.08% 
25 5.4 30.54 0.86 5 5.22% 
26 5.4 30.54 0.95 5.2 5.49% 
27 8 67.02 0.43 5.2 5.49% 
28 5.4 30.54 0.1 5.4 5.77% 
29 6 37.70 0.08 5.4 5.77% 
30 7.1 52.79 0.06 5.5 5.91% 
31 6 37.70 0.09 5.7 6.19% 
32 6.4 42.89 0.1 6.4 7.19% 
33 11 126.71 0.35 6.5 7.33% 
34 10 104.72 0.49 7 8.07% 
35 7.1 52.79 0.1 7.1 8.21% 
36 7.1 52.79 0.1 7.1 8.21% 
37 7.7 62.09 0.95 7.5 8.81% 
38 9 84.82 0.72 7.6 8.96% 
39 10.7 119.89 0.55 7.9 9.42% 
40 9 84.82 0.08 8 9.57% 
41 10 104.72 0.65 8.1 9.72% 
42 12.5 163.62 0.45 8.4 10.18% 
43 9 84.82 0.09 8.5 10.34% 
44 9.8 100.57 0.84 9 11.11% 
45 10 104.72 0.86 9.3 11.58% 
46 10 104.72 0.95 9.7 12.21% 
47 11 126.71 0.95 10.7 13.80% 
48 14.5 220.17 0.85 13.4 18.19% 
49 15 235.62 0.1 15 20.83% 

average 5.95 51.30 0.644 5.31 5.97% 
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FIGURE B2 
FIGURE B2.  Calculations with the ProbabilityEstimation Equation (#7) of the 
probabilities of lethal spread of breast carcinoma from the primary site to the periphery, 
using tumor size/survival data for all patients, and of the lethal spread of breast carcinoma 
from the primary site to the periphery with tumor size/survival data for node-negative 
patients by Equation #13.  Note the in both cases the relationship between the probability of 
spread and tumor size is well fit by a power function.  Tumor sizes groups examined: 1 to 10 
mm, 11 to 20 mm, 21 to 25 mm, 26 to 30 mm, 31 to 35 mm.  Cell numbers estimated by 
Equation #8 in accompanying paper.   



 25

 
 

FIGURE B3 
FIGURE B3.  Calculations with the ProbabilityEstimation Equation (#7) of the 
probabilities of non-lethal spread of breast carcinoma from the primary site to the nodes, 
using data on the fraction of patients who are node positive, and the probabilities of non-
lethal spread of melanoma from the primary site to the nodes, using data on the fraction of 
patients who are node positive.  Note the in both cases the relationship between the probability 
of spread and tumor size is well fit by a power function.  Tumor sizes groups examined: 
melanoma 0 to 1 mm, 1 to 1.5 mm, 1.5 to 2 mm, 2 to 3 mm, 4 to 5 mm; Breast Carcinoma: 1 to 
10 mm, 11 to 20 mm, 21 to 25 mm, 26 to 30 mm, 31 to 35 mm, 36 to 40 mm, 41 to 45 mm, 45 to 
50 mm.  Cell numbers estimated by Equation #8 in the accompanying paper.   

 



 26

Spread of cancer cells from node to node.    
 Cancer in a lymph node may well be the result of the spread of a cell from a primary mass, but is 
the primary mass the only source for such cells?  In fact, there are powerful indications that once cancer 
gets to a node, it may then form a mass from which progeny may spread to other nodes.  Note that we saw 
from Equation #9 that the probability of non-lethal spread of cancer cells to the local nodes, p-to-nodes, for 
breast carcinomas of 20-29 mm, is ~1/3x109.  Since tumors of this size contain ~7x108 cells, it follows 
that if all of the deposits in the nodes came from cells at the primary site, then we should expect that about 
(1/3x109 x 7x108)M patients would have M positive nodes.  That is, ~25% of patients should have 1 
positive node, ~6% of patients should have 2 positive nodes, ~1% of patients should have 3 positive 
nodes, ~0.4% of patients should have 4 positive nodes, and ~0.1% should have 5 positive nodes.  
However, the number of patients with 3, 4, 5 and more positive nodes is much greater than expected for 
spread directly from the primary site (Figure B4).  The most direct inference is that once cancer has 
spread to a node, there is opportunity for further spread to another node (Table B1, Figure B1).  
  

 
 

FIGURE B4 
FIGURE B4.  Histogram of the number of node-positive breast carcinoma patients with 
tumors of 20 to 29 mm, sorted by the number positive node found, together with the 
number of nodes expected if cancer in the nodes only originated from the primary site, 
occurring with per-cell probability of spread of p=1/3x109.  Solid Bars: Observed fraction of 
patients with various numbers of positive nodes.  Open Bars: Fraction of patients with various 
numbers of positive nodes expected if cancer in the nodes originated only from the primary site.  
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Spread of cancer cells from a node to the periphery, causing death. 
For melanoma, the presence of cancer in a lymph node is associated with ~23% higher chance of 

death than in node negative patients with primary masses of the same size, while for breast carcinoma, 
each positive node is associated with ~6% extra chance of death.6  These values may be used in the 
ProbabilityEstimation Equation (#7) to estimate the value of the probability of the lethal spread of a 
cancer cell from a lymph node to the periphery, pfrom-nodes, if we also have information on the size of the 
cancer in the nodes, N.  To provide such information we measured of the sizes of the cancer deposits in 50 
positive nodes from melanoma patients and 49 positive nodes from breast carcinoma patients (Tables 2 
and 3).  These measurements revealed an average size of the nodal deposits of 28 mm2 for melanoma and 
51 mm2 for breast carcinoma.   Translating these values into estimates of the number of cells, N, 
(Equation #8) allows us to use the ProbabilityEstimation Equation (#7) to determine the value of pfrom-nodes 
(Table B4). These calculations revealed that for breast carcinoma, pfrom-nodes=8.0 x 10-9, while for 
melanoma, pfrom-nodes=1.8 x 10-7. 
 

TABLE B4 
The per cell probability of the lethal spread of cancer cells from the primary site and the nodes  

 
 
 

Cancer 
Type 

Average 
Nodal 
Size 

(Dnodes) 

Estimated 
Number 
of Cells* 
(Nnodes) 
(at 108 

cells/cc) 

Lethal 
contribution 

per node 
(Lper-node) 

Probability of lethal 
spread per cell from the 

lymph nodes to the 
periphery: 

nodesnodeper

NodesFrom

NL
p

/)1ln( −

−

−−
=

 

 
Equation #7n 

Probability of lethal spread per cell 
from the primary site to the periphery 
(for the case where the cancer at the 
primary site is the same size as the 
average cancer deposits found in a 

positive lymph node): 
b

nodesaNp =  
Equation #9n 

Breast 
carcinoma  

5.31 
mm 

 
7.8 x 106 

 
0.0608 8.0 x 10-09 

 
7.4 x 10-09 

 
 

Melanoma 
3.00 
mm 

 
1.4 x 106 

 
0.22527 1.8 x 10-07 2.5 x 10-07 

* Estimates of the average number of cells per nodal deposit (Nnodes) were made by assuming spherical geometry and 
108 cells per cc (see Equation #8 in the previous paper and discussion therein). 
 
The chance of lethal spread is about the same whether from a node or from the primary site 
 The values for the probability of the lethal spread of cancer cells from a lymph node to the 
periphery described in the previous section (pfrom-nodes=8.0 x 10-9 for breast carcinoma; pfrom-nodes=1.8 x 10-7 
for melanoma) are remarkably similar to the values of the probability of the spread of cancer cells from 
the primary site to the periphery, p, when the primary masses are the same size as the masses that are seen 
in the nodes (p=7.4x10-9 for breast carcinoma, p=2.5x10-7 for melanoma) (Table B4).  These calculations 
reveal that the probability of the lethal spread of cancer cells to the periphery is remarkably similar 
whether the cells originate from a mass of cancer that is present in a lymph node or from an equally sized 
mass of cancer at the primary site. 
 
The risk of death associated with cancer at the primary site and nodes reflects the amount of cancer 
present 
 Another way to look at the question of the lethal contributions from cancer at the primary site and 
in the nodes is to ask how the lethal contribution from each site is related to the amount of cancer present 
there.  The SizeOnly Equation (#1) allows us to estimate what the risk of cancer death would be if one 
could magically move the amount of cancer present in a positive node to the cancer’s primary site.  Such 
calculations reveal that if the amounts of breast carcinoma found in the 49 breast carcinoma containing 
nodes had been present instead at the primary sites in the breasts of 49 patients, then we would have 
expected a breast carcinoma death rate of 5.97% (Table B2).  This value is almost the same as the ~6% 
extra chance of death found to be correlated with the presence of each positive lymph node in breast 
carcinoma patients, as seen from actual survival data.6 Similarly, if the amounts of cancer present in the 
50 melanoma-containing nodes had been present instead at the primary sites in the skin of 50 patients, 
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then we would have expected a melanoma death rate of 23% (Table B2).  Again, this value is almost the 
same as the ~23% extra chance of death found to be correlated with the presence of each positive lymph 
node in melanoma patients, as seen from actual survival data. 
 
The SizeAssessment method determines whether a prognostic factor makes an independent contribution to 
lethality.  
 The SizeOnly equation (#1) makes it possible to determine whether a prognostic factor 
independently contributes to lethality, or is simply correlated with tumor size.  In this test, which we call 
the SizeAssessment method, the actual 15-year cancer specific Kaplan-Meier death rate for a group of 
patients with a prognostic factor, Lempirical, is compared the predicted death rate, Lpredicted, that would be 
expected by the SizeOnly equation for patients with tumors of these sizes.  The statistical significance of 
the independent lethal contribution of this prognostic factor is assessed by comparing the difference of 
Lpredicted minus Lempirical by an independent, two-sample Student’s t-test with a threshold of 0.05. 
 The SizeAssessment method can be used to not only assess a prognostic factor’s impact on the 
spread of cancer to the periphery, leading to death, but also to assess a prognostic factor’s impact on the 
spread of cancer to the nodes, since both manifestations of the spread of cancer cells are well captured by 
equations of the form of the SizeOnly equation.  The expression that relates tumor size to the chance of 
cancer in the nodes is called the NodalSizeOnly equation(#1n).  
 
The PrognosticMeasurement method measures the magnitude of a prognostic factor’s independent 
contribution to lethality:  

The magnitude of a prognostic factor’s impact on lethality can be incorporated into the SizeOnly 
and NodalSizeOnly equations by adding multipliers for each prognostic factor, which we call g 
parameters: 

ZDggggQ
X eL ..)( 43211 ∗∗∗∗−−=  (1) 

 The value of the g parameter for the lethal contribution of each prognostic factor in the SizeOnly 
equation can be determined by a pseudo-Monte Carlo method.  We call this technique for quantifying a 
prognostic factors impact on lethality the PrognosticMeasurement method (FIGURE C2). 
 It follows that the independent contribution of a prognostic factor to the chance of spread of 
cancer to the nodes can also be considered in terms of gn parameters inserted into the NodalSizeOnly 
equation. 
 While the value of a g parameter is an abstraction, there are two practical ways to comprehend the 
nature of its magnitude.  First, since the g parameter sits next to the tumor size, D, in the SizeOnly 
equation, patients with tumors with a prognostic factor for which g=2 can be expected to have the same 
death rate as patients with tumors without the factor but with tumors of twice the size.  Likewise, patients 
with tumors with a prognostic factor for which g=0.5 can be expected to have the same death rate as 
patients with tumors without the factor but with tumors of half the size.   Second, the SizeOnly equation is 
roughly linear over most of its range.  Thus, patients with tumors with a prognostic factor for which g=2 
can be expected to have the roughly twice the death rate as patients with tumors without the factor, while 
patients with tumors with a prognostic factor for which g=0.5 can be expected to have the roughly half the 
death rate as patients with tumors without the factor. 
 It may well be expected that some prognostic factors will be found by the SizeAssessment method 
to make independent contributions to lethality, but whose contributions to lethality, as measured by the 
PrognosticMeasurement method, may be found to be trivial in magnitude. For example, while the lobular 
and ductal carcinoma phenotypes make statistically significant contributions to lethality, as determined by 
by the SizeAssessment method, as measured by the PrognosticMeasurement method, the value of the g 
parameter for lobular was 0.9032 and the value of its g parameter for ductal was 1.057.  This means that 
patients with lobular carcinomas have roughly 90% of the death rate of patients with ductal carcinoma 
(Table C2).  For this reason, we have chosen the somewhat arbitrary term “marked” to identify those 
prognostic factors found to have independent contribution to lethality with a p value greater than 0.05 by 
the SizeAssessment method, and whose g parameter is either <0.74 or >1.33.    
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FIGURE C1 
FIGURE C1.  The SizeAssessment method for determining the qualitative impact of 
prognostic factors suspected of contributing to cancer lethality. 

 
 
 
 

 
 

FIGURE C2 
FIGURE C2.  The PrognosticMeasurement method for quantifying the impact of prognostic 
factors which contribute to cancer lethality. For prognostic factors found to increase or 
decrease the propensity for lethal spread by the SizeAssessment method, we use a pseudo-Monte 
Carlo method to capture the magnitude of the impact of the prognostic factor with the expanded 
form of the SizeOnly equation. Each g parameter in that equation provides a measure of the 
impact of the corresponding prognostic factor.  
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The impact of prognostic factors on breast carcinoma lethality 
 By the SizeAssessment method, eight of thirty-two factors investigated (plus nodal status) were 
found to make marked independent contributions to breast cancer lethality (defined above as those 
prognostic factors found by the SizeAssessment method to have independent contribution to lethality with 
a p value greater than 0.05, and whose g parameter, measured by the SizeAssessment method, is either 
<0.74 or >1.33, Table C1). Factors examined were: grade, age, histology, ER/PR status, laterality, race, 
and sex. Factors found to make marked positive independent contributions to lethality included Paget’s 
disease, scirrhous adenocarcinoma, and inflammatory disease. Factors found to make marked negative 
independent contributions to lethality included having a medullary or papillary carcinoma, mucinous or 
tubular adenocarcinoma, or possessing a cancer of grade 1.  Similar results were found for the patients in 
the Partners, Van Nuys, and SEER datasets (Table C2), and the correlation between g parameters derived 
from the Partners and the SEER datasets can be seen in FIGURE C3(a). 
 Seven of the eight factors found to make a marked independent contribution to lethality by the 
SizeAssessment method were also found by the SizeAssessment method to make a marked independent 
contribution to the propensity of spread to the nodes (Table C3).  Only scirrhous adenocarcinoma was 
found to make a marked independent contribution to lethality but not make a marked independent 
contribution to the propensity of spread to the nodes.  The correlation between g and gn correlated with 
the prognostic factors in the SEER dataset can be seen in FIGURE C3(b). 
  
The impact of prognostic factors on melanoma lethality 
 Of the five melanoma prognostic factors shown in Table C6 which we investigated by the 
SizeAssessment method - Clark level, the initial site of occurrence, histological sub-type, ulceration, and 
sex - only sex was found to make statistically significance independent contribution to breast cancer 
lethality. In addition, nodal status, was also found to make statistically significance independent 
contribution to lethality. The g parameter for female sex was 0.7711, and 1.2062 for male sex, indicating 
a relatively small contribution to lethality, which did not rise to the criterion of a marked independent 
contribution to breast cancer lethality, as defined above.  It is conceivable that some of the other 
prognostic factors do in reality make a marked independent contribution to lethality, but their significance 
could not be captured by a dataset of this sample size (2,770 patients). For example, the apparently large, 
negative contribution to cancer death of desmoplastic histology (g=0.4902) but its modest statistical 
significance (p=0.0568) makes one wonder whether its independent contribution to lethality might 
achieve significance given a larger sample size. 
 
The Size+Nodes+PrognosticFactors (SNAP) method combines tumor size, nodal status, and other 
prognostic factors into estimates of the risk of death. 
 Once the value of each prognostic factor’s g parameter is known, we are able to combine 
information on tumor size, nodal status, and other prognostic factors with three linked equations to 
estimate of the risk of death, L for each patient:  

( )nodesprimarynodesprimary LLLLL ∗−+=  (2) 
where 

Z
primary DggggjQ

primary eL ..))(( 43211 ∗∗∗∗∗−−=  (3) 
and 

)(1 nodeperLM
nodes eL −∗−−=  (4) 

where M is the number of local lymph nodes found to be positive for cancer, and Lper-node is the lethal 
contribution for each positive node.  We call this technique the Size+Nodes+PrognosticFactors (SNAP) 
method (Table 00, Methods section, above).  
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The validity of the SNAP method’s predictions of breast carcinoma lethality: 
 To test the accuracy of the SNAP predictions of breast carcinoma lethality, individuals in the 
SEER and Partners datasets were sorted into groups of various types and the predicted survival value 
calculated by the SNAP method were compared with the actual 15-year cancer specific Kaplan-Meier 
death rates for each group.  For example, when we used the SNAP method to stratify the 362,491 patients 
from the SEER dataset into groups differing by a 2% risk of death (i.e. those patients expected to have 0-
2% risk of death, 2%-4% risk of death, 4%-6%, etc), the expected and observed survival values for each 
group for the 97% of breast cancer patient with predicted risks of death up to a 48% risk of death agreed 
within 1% (Figure C4(a)).  Even for the 3% of patients with the chance of death predicted by the SNAP 
method greater than 48%, the expected and observed survival values for each group agreed within 7%.  In 
other words, the SNAP method proved to be remarkably powerful tool for stratifying patients by the risk 
of death.  
 When patients are sorted in other ways, the agreement between the expected and observed 
survival values also proved to be excellent.  This could be seen for patients sorted by nodal status, grade, 
age, histology, ER/PR status, race, and sex (Figure C4(b)).  Indeed, we have sorted patients in a great 
number of ways, with superb agreement between the expected and observed survival values, and 
interested readers may find these in the technical report available at 
http://cancer.lifemath.net/about/techreports/index.php (Technical Report #5). 
 The values of the parameters used here for SNAP calculations are derived from the SEER 
population. Thus, it was satisfying to find that the SNAP calculations made with the parameters from the 
SEER populations also proved very capable of accurately stratifying patients for the Partners population 
(Figure C5).  Indeed, there was excellent agreement between the expected and observed survival values 
when the Partners patients were sorted in a great variety of ways, and interested readers are again referred 
to the technical report available at http://cancer.lifemath.net/about/techreports/index.php (Technical 
Report #5). 

 
FIGURE C3(a) 

FIGURE C3.  (a) Scatterplot of g parameters derived using the SEER dataset versus g parameters 
derived using the Partners dataset. The inflammatory breast carcinoma group was removed due to 
being an outlier. Groups that do not achieve significance in SEER were also removed.   
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FIGURE C3.  (b) Scatterplot of SEER-derived g parameters versus gn parameters. Only groups 
with both statistically significant g and gn parameters are plotted. In addition, the inflammatory breast 
carcinoma group was removed due to being an outlier.  

 

 
 

FIGURE C4(a) 
FIGURE C4.  (a) Stratification of breast carcinoma patients grouped by risk of death, as 
estimated by the SNAP method.   
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FIGURE C4.  (b) Lempirical vs. Lpredicted (SNAP) for all the subgroups listed in Table C1 
(below) Error bars represent 95% confidence intervals. The y-intercepts of the best-fit lines are 
set to 0. 

 

 
 

FIGURE C5 
FIGURE C5.  Patients in the Partners dataset stratified by the SNAP method in 5% groups 
with SEER-derived parameters. Error bars represent 95% confidence intervals. The y-
intercepts of the best-fit lines are set to 0. The slope and R2 values are close to 1, demonstrating 
the accuracy of the methodology. 
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FIGURE C6(a) 
FIGURE C6.  (a) Stratification of melanoma patients grouped by risk of death, as 
estimated by the SNAP method. Inset depicts the cumulative distribution curve of patients with 
a certain predicted melanoma death rate.   
  

 
 

FIGURE C7.  (b) Lempirical vs. Lpredicted (SNAP) for all the subgroups listed in Table C5. Error 
bars represent 95% confidence intervals. The y-intercepts of the best-fit lines are set to 0. 
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 Table C1. The lethal impact of various prognostic factors associated with breast carcinoma, using 
the SizeAssessment and PrognosticMeasurement methods. Lethality corresponds to the 15-year Kaplan-
Meier survival rate. For hormone receptor status, analysis is carried out using a value of Q corresponding 

to the population for which receptor status is known, which is only after 1990. 
 

Factor (N) 

Mean 
Tumor 

Diameter 
in mm 

Lpredicted 
(95% CI) 

Lempirical 
(95% CI) 

Difference†  
(pred. – 
emp.) 

p-value g†† 

Nodal 
Status 

(362491) 

Negative (263544) 18.00 18.28% (0.02%) 15.09% (0.12%) 3.19% <0.0001 - 

Positive (98947) 23.00 23.49% (0.03%) 34.42% (0.29%) -10.93% <0.0001 - 

Grade 
(260666) 

1 (51159) 14.01 14.90% (0.06%) 6.84% (0.67%) 8.06% <0.0001 0.4324 
2 (114415) 17.74 18.46% (0.06%) 16.10% (0.53%) 2.35% <0.0001 0.8570 
3 (95092) 21.96 22.32% (0.06%) 24.61% (0.53%) -2.29% <0.0001 1.1224 

Age 
(361080) 

21 – 30 (2840) 22.80 23.10% (0.33%) 27.91% (2.18%) -4.81% <0.0001 1.2545 
31 – 40 (25272) 21.43 21.84% (0.12%) 24.17% (0.76%) -2.33% <0.0001 1.1267 
41 – 50 (72296) 19.86 20.39% (0.06%) 17.99% (0.45%) 2.40% <0.0001 0.8661 
51 – 60 (87391) 18.74 19.35% (0.06%) 19.67% (0.43%) -0.32% 0.1486 1.0190 
61 – 70 (85134) 18.11 18.77% (0.06%) 19.05% (0.43%) -0.28% 0.2062 1.0172 
71 – 80 (66843) 18.45 19.09% (0.06%) 19.42% (0.61%) -0.33% 0.2913 1.0201 
81 – 90 (21304) 20.69 21.14% (0.12%) 24.06% (1.72%) -2.92% 0.0009 1.1646 

Histology 
(343186) 

Ductal (264692) 18.94 19.55% (0.04%) 20.51% (0.25%) -0.97% <0.0001 1.0573 
Lobular (25117) 20.46 20.89% (0.12%) 19.13% (0.96%) 1.76% 0.0004 0.9032 
Intraductal and LCIS 
(23449) 

18.73 19.35% (0.12%) 16.90% (1.25%) 2.45% 0.0001 0.8573 

Mucinous (9374) 18.18 18.84% (0.18%) 9.39% (1.10%) 9.46% <0.0001 0.4646 
Medullary (5675) 23.57 23.87% (0.22%) 15.21% (1.12%) 8.66% <0.0001 0.5995 
Tubular (4992) 10.86 11.84% (0.18%) 3.46% (1.08%) 8.38% <0.0001 0.2752 
Comedo (4184) 20.60 20.96% (0.31%) 18.48% (1.41%) 2.48% 0.0008 0.8645 
Scirrhous (1577) 21.80 22.26% (0.43%) 33.26% (2.78%) -11.01% <0.0001 1.6314 
Inflammatory (147) 28.76 28.12% (1.67%) 63.85% (15.17%) -35.73% <0.0001 3.3130 
Paget’s disease 
(1266) 

21.36 21.67% (0.55%) 29.51% (3.59%) -7.83% <0.0001 1.4535 

Papillary (1991) 20.18 20.62% (0.43%) 11.92% (2.27%) 8.70% <0.0001 0.5414 
Cribriform (722) 16.16 16.96% (0.61%) 16.41% (13.48%) 0.55% 0.9363 0.9636 

ER / PR 
statusa 

(230813) 

ER+ / PR+ (151742) 17.49 15.89% (0.04%) 14.68% (0.84%) 1.21% 0.0048 0.9155 
ER+ / PR- (28880) 18.29 16.51% (0.10%) 18.51% (1.71%) -2.00% 0.0221 1.1389 
ER- / PR+ (5519) 19.42 17.45% (0.22%) 18.16% (1.59%) -0.71% 0.3860 1.0462 
ER- / PR- (44672) 21.52 19.15% (0.08%) 22.25% (0.94%) -3.10% <0.0001 1.1902 

Laterality 
(362316) 

Left (184607) 19.15 19.73% (0.04%) 19.73% (0.31%) 0.00% 1 1.0001 
Right (177709) 19.09 19.67% (0.04%) 19.64% (0.31%) 0.03% 0.8508 0.9984 

Race 
(337207) 

White (310793) 18.89 19.49% (0.04%) 19.51% (0.24%) -0.02% 0.8720 1.0012 
Black (26414) 21.68 22.01% (0.12%) 26.40% (0.90%) -4.39% <0.0001 1.2427 

Sex 
(362491) 

Female (360183) 19.11 19.69% (0.04%) 19.67% (0.22%) 0.02% 0.8608 - 
Male (2308) 21.19 21.71% (0.33%) 25.74% (3.43%) -4.03% 0.0219 1.2222 

† numbers in bold correspond to prognostic factors that have a significant independent lethal contribution at p<0.05, 
assessed by comparing the difference of the predicted minus the empirical lethalities by an independent, two-sample 
Student’s t-test. 
† g parameters that are underlined make a large independent lethal contribution, defined by us to be <0.75 or >1.33.   
a Q = 0.0101485. 
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Table C2. Comparison of g parameters for breast carcinoma across three datasets (SEER, 
Partners, and Van Nuys). The p-value indicates the statistical significance level of the difference 
between the empirical and SizeOnly-predicted lethality for a group within each dataset. 
 

Factor 
SEERa Partnersb Van Nuysc 

N g p-value N g p-value N g p-value 

Grade 
1 51159 0.4324 <0.0001 1420 0.2735 <0.0001 636 0.3205 <0.0001 
2 114415 0.8570 <0.0001 3425 0.8563 0.0537 524 1.064 0.8259 
3 95092 1.1224 <0.0001 2946 1.0625 0.3038 350 1.142 0.5507 

Age 

21 – 30 2840 1.2545 <0.0001 - - - - - - 
31 – 40 25272 1.1267 <0.0001 1114 1.0196 0.8379 362 1.3620 0.0452 
41 – 50 72296 0.8661 <0.0001 2602 0.8379 0.0043 783 0.8640 0.2225 
51 – 60 87391 1.0190 0.1486 2748 0.9710 0.6345 674 0.9490 0.7416 
61 – 70 85134 1.0172 0.2062 2477 1.0555 0.3835 530 0.7860 0.1591 
71 – 80 66843 1.0201 0.2913 2330 1.1518 0.0564 351 1.5465 0.1856 
81 – 90 21304 1.1646 0.0009 - - - - - - 

Histology 

Ductal 264692 1.0573 <0.0001 8864 1.0405 0.2399 2396 1.0455 0.5544 
Lobular 25117 0.9032 0.0004 795 0.9378 0.6782 317 0.7352 0.1455 
Intraductal and LCIS 23449 0.8573 0.0001 927 0.6651 0.0400 - - - 
Mucinous 9374 0.4646 <0.0001 164 0.7615 0.3361 - - - 
Medullary 5675 0.5995 <0.0001 58 0.8930 0.7022 - - - 
Tubular 4992 0.2752 <0.0001 122 0.1240 <0.0001 - - - 
Comedo 4184 0.8645 0.0008 36 1.1020 0.8159 - - - 
Scirrhous 1577 1.6314 <0.0001 - - - - - - 
Inflammatory 147 3.3130 <0.0001 44 1.3560 0.2804 - - - 
Paget’s disease 1266 1.4535 <0.0001 32 1.0205 0.9708 - - - 
Papillary 1991 0.5414 <0.0001 - - - - - - 
Cribriform 722 0.9636 0.9363 - - - - - - 

ER 
status 

ER+ 187439 0.9482 <0.0001 5015 0.7980 0.1923 1449 0.9845 0.8906 
ER- 51221 1.1808 0.0001 1346 1.1490 0.5197 520 1.3145 0.0503 

PR 
status 

PR+ 157931 0.9181 <0.0001 4154 0.6795 <0.0001 1233 0.9302 0.5034 
PR- 74068 1.1654 <0.0001 1458 1.5570 0.1653 712 1.2775 0.0610 

Laterality 
Left 184607 1.0001 1 5825 0.9955 1 - - - 
Right 177709 0.9984 0.8508 5523 1.0055 0.9106 - - - 

Race 
White 310793 1.0012 0.8720 9960 0.9210 0.0071 - - - 
Black 26414 1.2427 <0.0001 553 1.0710 0.5803 - - - 

Sex 
Female 360183 - 0.8608 - - - - - - 
Male 2308 1.2222 0.0219 89 1.3040 0.3684 - - - 

 a Q = 0.0118395 
 b Q = 0.015779 
 c Q = 0.01423 
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Table C3. Nodal gn parameters for various breast carcinoma subgroups. Qsn = 0.017446. 
 

Factor (N) 
Percent Node 

Positive 
(95% CI) 

gn p-value 

Grade 
(260666) 

1 (51159) 17.7% (0.39%) 0.8244 <0.0001 
2 (114415) 29.2% (0.20%) 1.1723 <0.0001 
3 (95092) 35.9% (0.39%) 1.22467 <0.0001 

Age 
(361080) 

21 – 30 (2840) 37.0% (1.76%) 1.2197 <0.0001 
31 – 40 (25272) 36.1% (0.59%) 1.2632 <0.0001 
41 – 50 (72296) 32.5% (0.39%) 1.1953 <0.0001 
51 – 60 (87391) 28.6% (0.39%) 1.0832 <0.0001 
61 – 70 (85134) 23.6% (0.20%) 0.8880 <0.0001 
71 – 80 (66843) 21.9% (0.39%) 0.7962 <0.0001 
81 – 90 (21304) 24.0% (0.59%) 0.7890 <0.0001 

Histology 
(343186) 

Ductal (264692) 28.5% (0.20%) 1.0639 <0.0001 
Lobular (25117) 25.9% (0.59%) 0.8753 <0.0001 
Intraductal and LCIS (23449) 33.2% (0.59%) 1.3076 <0.0001 
Mucinous (9374) 8.2% (0.59%) 0.2740 <0.0001 
Medullary (5675) 22.9% (1.18%) 0.6468 <0.0001 
Tubular (4992) 7.6% (0.78%) 0.4197 <0.0001 
Comedo (4184) 22.2% (1.18%) 0.7242 <0.0001 
Scirrhous (1577) 28.4% (2.16%) 0.9084 0.0512 
Inflammatory (147) 68.7% (7.45%) 2.6103 <0.0001 
Paget’s disease (1266) 39.4% (2.74%) 1.4461 <0.0001 
Papillary (1991) 13.2% (1.57%) 0.4108 <0.0001 
Cribriform (722) 17.2% (2.74%) 0.6882 <0.0001 

ER / PR 
statusa 

(230813) 

ER+ / PR+ (151742) 29.6% (0.20%) 1.0303 <0.0001 
ER+ / PR- (28880) 30.0% (0.59%) 1.0050 0.67 
ER- / PR+ (5519) 32.0% (1.18%) 1.0233 0.3843 
ER- / PR- (44672) 31.6% (0.39%) 0.9062 <0.0001 

Laterality 
(362316) 

Left (184607) 27.5% (0.20%) 1.0080 0.1035 
Right (177709) 27.1% (0.20%) 0.9917 0.1144 

Race 
(337207) 

White (310793) 26.6% (0.20%) 0.9826 <0.0001 
Black (26414) 33.9% (0.59%) 1.1565 <0.0001 

Sex 
(362491) 

Female (360183) - - - - 
Male (2308) 34.9% (1.96%) 1.2113 <0.0001 
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Table C4. Stratification of breast carcinoma patients by risk of death with the SNP method. 
 

Predicted Risk 
Group† 

N Cum 
Percentage 

Lpredicted 
(95% CI) 

Lempirical 
(95% CI)

Difference†  
(pred. – emp.) 

0-2% 8435 2.33% 1.28% (0.02%) 2.41% (1.14%) -1.12% 
3-4% 22785 8.62% 3.04% (0.00%) 4.28% (0.82%) -1.24% 
5-6% 27397 16.19% 4.97% (0.00%) 5.27% (0.61%) -0.29% 
7-8% 29112 24.23% 7.02% (0.00%) 7.56% (0.61%) -0.54% 

9-10% 27781 31.90% 9.08% (0.00%) 9.00% (0.63%) 0.09% 
11-12% 25274 38.88% 11.03% (0.00%) 12.13% (0.71%) -1.10% 
13-14% 28441 46.74% 13.01% (0.00%) 13.78% (0.65%) -0.77% 
15-16% 21946 52.80% 14.96% (0.00%) 15.66% (0.80%) -0.70% 
17-18% 19884 58.29% 16.89% (0.00%) 17.18% (0.86%) -0.29% 
19-20% 19492 63.68% 18.92% (0.00%) 19.45% (0.84%) -0.53% 
21-22% 18656 68.83% 20.93% (0.00%) 22.37% (0.88%) -1.43% 
23-24% 14830 72.92% 22.95% (0.00%) 24.08% (1.10%) -1.14% 
25-26% 13544 76.66% 24.98% (0.02%) 25.28% (1.16%) -0.30% 
27-28% 11202 79.76% 26.95% (0.02%) 27.42% (1.29%) -0.47% 
29-30% 11486 82.93% 28.91% (0.02%) 30.18% (1.23%) -1.27% 
31-32% 8839 85.37% 30.91% (0.02%) 30.98% (1.51%) -0.07% 
33-34% 8486 87.72% 32.99% (0.02%) 32.76% (1.55%) 0.24% 
35-36% 7048 89.66% 34.93% (0.02%) 35.55% (1.72%) -0.62% 
37-38% 6103 91.35% 36.98% (0.02%) 37.31% (2.00%) -0.33% 
39-40% 5441 92.85% 38.99% (0.02%) 40.37% (2.10%) -1.38% 
41-42% 4688 94.15% 40.93% (0.02%) 41.12% (2.27%) -0.19% 
43-44% 3935 95.23% 43.03% (0.02%) 42.45% (2.53%) 0.58% 
45-46% 3726 96.26% 44.95% (0.02%) 46.00% (2.74%) -1.05% 
47-48% 3151 97.13% 47.05% (0.02%) 47.66% (2.82%) -0.62% 
49-50% 2625 97.86% 48.95% (0.02%) 52.38% (3.35%) -3.42% 
51-52% 2191 98.46% 51.02% (0.02%) 54.80% (3.59%) -3.78% 
53-54% 1661 98.92% 52.97% (0.02%) 57.65% (3.98%) -4.68% 
55-56% 1456 99.32% 55.00% (0.02%) 58.83% (4.04%) -3.83% 
57-58% 919 99.58% 57.02% (0.04%) 64.39% (5.43%) -7.37% 
59-60% 781 99.79% 58.84% (0.04%) 63.89% (5.94%) -5.05% 
61-62% 492 99.93% 61.02% (0.06%) 66.97% (6.90%) -5.95% 
63-64% 261 100.00% 62.90% (0.08%) 61.73% (9.02%) 1.17% 

† 65-66%, 67-68%, and up not included in the calculation of the mean or displayed on graph; 95% CI is greater than 20% 
or there is insufficient follow-up data for the group  
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Table C5. Risk estimates made by the SNP method to empirical death rates among various groups 
of breast carcinoma patients. 
 

Factor (N) 
Lpredicted 
(95% CI) 

Lempirical 
(95% CI)

Difference†  
(pred. – emp.) 

Nodal 
Status 

(362491) 

Negative (263544) 13.34% (0.02%) 15.09% (0.12%) -1.75% 

Positive (98947) 30.70% (0.04%) 34.42% (0.29%) -3.72% 

Grade 
(260666) 

1 (51159) 6.74% (0.03%) 6.84% (0.27%) -0.11% 
2 (114415) 15.77% (0.03%) 16.10% (0.27%) -0.33% 
3 (95092) 24.79% (0.04%) 24.61% (0.27%) 0.19% 

Age 
(361080) 

21 – 30 (2840) 28.06% (0.26%) 27.91% (1.11%) 0.14% 
31 – 40 (25272) 24.07% (0.09%) 24.17% (0.39%) -0.10% 
41 – 50 (72296) 17.76% (0.05%) 17.99% (0.23%) -0.22% 
51 – 60 (87391) 18.18% (0.04%) 19.67% (0.22%) -1.49% 
61 – 70 (85134) 16.77% (0.04%) 19.05% (0.22%) -2.28% 
71 – 80 (66843) 16.50% (0.05%) 19.42% (0.31%) -2.92% 
81 – 90 (21304) 20.23% (0.09%) 24.06% (0.88%) -3.83% 

Histology 
(343186) 

Ductal (264692) 18.96% (0.02%) 20.51% (0.13%) -1.56% 
Lobular (25117) 16.84% (0.07%) 19.13% (0.49%) -2.29% 
Intraductal and LCIS (23449) 15.44% (0.07%) 16.90% (0.64%) -1.45% 
Mucinous (9374) 7.00% (0.06%) 9.39% (0.56%) -2.39% 
Medullary (5675) 16.33% (0.12%) 15.21% (0.57%) 1.12% 
Tubular (4992) 2.50% (0.06%) 3.46% (0.55%) -0.96% 
Comedo (4184) 18.07% (0.18%) 18.48% (0.72%) -0.41% 
Scirrhous (1577) 31.79% (0.35%) 33.26% (1.42%) -1.48% 
Inflammatory (147) 62.45% (1.41%) 63.85% (7.74%) -1.40% 
Paget’s disease (1266) 29.61% (0.44%) 29.51% (1.83%) 0.10% 
Papillary (1991) 10.18% (0.18%) 11.92% (1.16%) -1.75% 
Cribriform (722) 10.74% (0.32%) 16.41% (6.88%) -5.67% 

ER / PR 
statusa 

(230813) 

ER+ / PR+ (151742) 14.49% (0.03%) 14.68% (0.43%) -0.19% 
ER+ / PR- (28880) 18.10% (0.08%) 18.51% (0.87%) -0.41% 
ER- / PR+ (5519) 19.44% (0.17%) 18.16% (0.81%) 1.27% 
ER- / PR- (44672) 24.17% (0.06%) 22.25% (0.48%) 1.92% 

Race 
(337207) 

White (310793) 24.59% (0.09%) 26.40% (0.46%) -1.81% 
Black (26414) 17.55% (0.02%) 19.51% (0.12%) -1.96% 
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Table C6. The lethal impact of various prognostic factors associated with melanoma, using the 
SizeAssessment and PrognosticMeasurement methods. Lethality corresponds to the 15-year Kaplan-
Meier survival rate.  
 

Factor (N) 

Mean 
Tumor 

Thickness 
in mm 

Lpredicted 
(95% CI) 

Lempirical 
(95% CI) 

Difference†  
(pred. – 
emp.) 

p-value g 

Nodal 
Status 
(664) 

Negative (487) 2.35 24.77% (1.06%) 21.02% (5.42%) -3.74% 0.1835 - 

Positive (177) 3.69 33.29% (2.10%) 53.21% (9.64%) 19.91% <0.0001 - 

Clark 
Level 
(2492) 

2 (773) 0.43 6.42% (0.22%) 4.25% (2.20%) -2.16% 0.0546 0.6534 
3 (655) 1.16 14.16% (0.67%) 11.78% (3.30%) -2.38% 0.1662 0.8151 
4 (964) 2.36 24.53% (0.78%) 27.83% (3.94%) 3.30% 0.1075 1.1702 
5 (100) 6.00 46.73% (3.13%) 55.87% (13.74%) 9.15% 0.2051 1.3316 

Site 
(2747) 

Trunk (1017) 1.51 16.36% (0.81%) 19.12% (3.21%) 2.76% 0.1024 1.2058 
Face (238) 1.53 16.72% (1.71%) 16.39% (7.23%) -0.33% 0.9748 0.9769 
External Ear (71) 1.56 17.54% (2.75%) 14.61% (10.52%) -2.93% 0.5982 0.8102 
Upper Limb and 
Shoulder (594) 

1.68 17.59% (1.15%) 15.26% (3.87%) -2.33% 0.2582 0.8438 

Lower Limb and Hip 
(647) 

1.72 18.36% (1.04%) 16.03% (3.38%) -2.34% 0.1968 0.8508 

Scalp and Neck 
(180) 

2.28 22.31% (2.45%) 24.12% (7.36%) 1.81% 0.6477 1.1056 

Histology 
(2742) 

Superficial 
Spreading (1610) 

1.06 12.84% (0.47%) 12.17% (2.16%) -0.67% 0.5525 1.0028 

Lentigo Malignant 
(221) 

1.14 13.08% (1.56%) 18.92% (8.99%) 5.85% 0.2103 1.5560 

Malignant (453) 2.22 22.46% (1.37%) 22.08% (4.36%) -0.38% 0.8706 0.9790 
Acral Lentiginous 
(68) 

2.67 25.92% (3.85%) 37.42% (14.30%) 11.50% 0.1304 1.6471 

Nodular (351) 3.47 31.79% (1.60%) 32.63% (6.28%) 0.84% 0.7995 1.0350 
Desmoplastic (39) 4.05 35.78% (5.31%) 20.27% (14.79%) -15.52% 0.0568 0.4902 

Ulceration 
(1040) 

Absent (856) 1.50 17.03% (0.72%) 13.63% (4.93%) -3.40% 0.1812 0.8869 
Present (184) 3.81 34.28% (2.19%) 36.53% (8.41%) 2.26% 0.6121 1.2229 

Sex 
(2762) 

Female (1299) 1.49 16.33% (0.70%) 12.27% (2.25%) -4.06% 0.0007 0.7711 
Male (1463) 1.81 18.76% (0.75%) 22.71% (2.89%) 3.95% 0.0096 1.2062 

All Patients (2770) 1.66 17.59% (0.51%) 17.59% (1.84%) - - - 
† numbers in bold correspond to prognostic factors that have a significant independent lethal contribution at p<0.05, 
assessed by comparing the difference of the predicted minus the empirical lethalities by an independent, two-sample 
Student’s t-test. 
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The validity of the SNAP method’s predictions of melanoma lethality: 
 The SNAP method also proved capable of combining information on melanoma thickness, nodal 
status, and other prognostic factors, into estimates of the risk of melanoma death.  For example, the SNAP 
method was able to stratify the melanoma patients into groups differing by a 10% risk of death (i.e. those 
patients expected to have 0-10%, 10-20%, etc. risk of death) (Figure C6(a)). Additionally, when patients 
are sorted by nodal status, Clark level, the initial site of occurrence, histological sub-type, ulceration, and 
sex, the agreement between the expected and observed survival values was excellent (Figure C6(b)).   
   

Table C7. 
Stratification of melanoma patients by risk of death by the SNP method.  

Shown lethalities are median values. 
 

Predicted 
Risk 

Group 

SNP method 

N Lpredicted Lempirical 

0%-10% 1215 6.25% 4.30% 
10%-19% 734 14.18% 13.62% 
20%-29% 332 24.32% 30.75% 
30%-39% 194 34.28% 37.14% 
40%-59% 183 48.15% 46.26% 
60%-79% 77 67.96% 64.58% 
80%-99% 29 87.21% 92.39% 

 
Table C8. Comparison of risk estimates made by the SNP method to empirical death rates among 
various groups of melanoma patients.  
 

Factor (N) 
Lempirical 

(95% CI) 
Lpredicted SNP 

(95% CI) 

Nodal 
Status 
(664) 

Negative (487) 21.02% (5.42%) 19.72% (0.95%) 
Positive (177) 53.21% (9.64%) 53.86% (1.95%) 
1 Positive (92) 39.87% (14.71%) 41.23% (2.61%) 
1,2 Positive (127) 44.85% (12.08%) 44.80% (2.17%) 
1,2,3 Positive (148) 48.14% (10.82%) 48.01% (1.99%) 
2+ Positive (85) 66.24% (11.92%) 67.54% (2.81%) 
3+ Positive (50) 74.46% (13.69%) 76.87% (3.85%) 

Clark 
Level 
(2492) 

2 (773) 4.25% (2.20%) 6.24% (0.25%) 
3 (655) 11.78% (3.30%) 13.85% (0.86%) 
4 (964) 27.83% (3.94%) 25.02% (1.06%) 
5 (100) 55.87% (13.74%) 50.40% (3.96%) 

Site 
(2747) 

Trunk (1017) 19.12% (3.21%) 17.10% (0.95%) 
Face (238) 16.39% (7.23%) 16.58% (1.77%) 
External Ear (71) 14.61% (10.52%) 17.75% (3.09%) 
Upper Limb and Shoulder (594) 15.26% (3.87%) 17.65% (1.25%) 
Lower Limb and Hip (647) 16.03% (3.38%) 18.89% (1.23%) 
Scalp and Neck (180) 24.12% (7.36%) 23.78% (2.95%) 

Histology 
(2742) 

Superficial Spreading (1610) 12.17% (2.16%) 12.69% (0.58%) 
Lentigo Malignant (221) 18.92% (8.99%) 12.90% (1.68%) 
Malignant (453) 22.08% (4.36%) 23.04% (1.66%) 
Acral Lentiginous (68) 37.42% (14.30%) 26.71% (5.17%) 
Nodular (351) 32.63% (6.28%) 33.45% (2.06%) 
Desmoplastic (39) 20.27% (14.79%) 35.05% (6.21%) 

Ulceration 
(1040) 

Absent (856) 13.63% (4.93%) 15.65% (0.82%) 
Present (184) 36.53% (8.41%) 40.15% (3.11%) 

Sex 
(2762) 

Female (1299) 12.27% (2.25%) 13.15% (0.69%) 
Male (1463) 22.71% (2.89%) 22.01% (0.95%) 
All Patients (2770) 17.59% (1.84%) 17.84% (0.62%) 
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DISCUSSION 
 The data presented here provide an integrated method for calculating the impact of the size of the 
primary tumor and the number of positive nodes on the risk of cancer death.  For melanoma, renal cell 
carcinoma, and breast carcinoma, the relationship between tumor size and the risk of cancer death has 
been found to be well captured by a simple expression, the SizeOnly Equation. For melanoma and breast 
carcinoma, the relationship between tumor size and the presence of cancer in the nodes has also been 
found to be captured by a variant of the SizeOnly Equation, the NodalSizeOnly Equation. For node 
negative melanoma and breast carcinoma, the relationship between tumor size and risk of death is 
captured by the PrimarySizeOnly Equation. For breast carcinoma, each positive node has been found to 
contribute ~6% risk of death while each millimeter of primary tumor diameter contributes ~1% risk of 
death.  For melanoma, each positive node has been found to contribute ~23% risk of death while each 
millimeter of primary melanoma thickness contributes ~8% risk of death. This information is captured by 
a series of linked equations, the Size+Nodes method.  
 The data also provide an integrated explanation for why cancer at the primary site and in the 
nodes contributes to lethality; either site can provide a source of cancer cells, one or more of which can 
spread to the periphery, giving rise to lethal distant metastatic disease. 
 The data also show that there is a characteristic probability, per cell, that an event of spread will 
occur, and the greater the number of cancer cells at the primary site (as seen in the size of the primary 
tumor), or the greater the number of cancer cells in the nodes (as seen in the number of positive nodes), 
the greater is the overall chance that one or more of these cells will undergo such a lethal event of spread.  
On the other hand, similar masses of cancer appear to make similar lethal contributions, whether present 
at the primary site or in the nodes.  For example, for breast carcinoma, the average size of the cancer in a 
positive node was found to be ~6 millimeters and the lethal contribution associated with each positive 
node was ~6%, while the cancer death rate for breast carcinoma patients with primary masses of ~6 
millimeter was ~6%.  A similar parallel was found for melanoma.  Apparently, the probability of an event 
of lethal spread, per cell, is the same regardless of where the cancer cells are leaving from.  
 The data also show of a large number of prognostic factors (32), examined in very large datasets 
of patients with breast carcinoma, that nine were found to make marked independent contributions to 
breast carcinoma lethality (grade, mucinous, medullary, tubular and scirrhous adenocarcinoma, male sex, 
inflammatory disease, Paget's disease, nodal status).  A similar analysis of smaller populations of patients 
with melanoma revealed that of a of eight prognostic factors examined, only nodal status was found to an 
independent contribution to melanoma lethality (although an analysis of a much larger dataset of such 
patients is now underway, and should reveal with greater precision which prognostic factors truly make 
an independent contribution to melanoma lethality).  The identification of the prognostic factors found to 
make a contribution to breast carcinoma lethality was made possible by the SizeOnly equation, which was 
used to determine whether a factor truly makes an independent contribution to cancer lethally or is merely 
associated with tumor size (SizeAssessment method), while the magnitude of each factor’s lethal 
contribution was quantified by a parameter, g, inserted into the SizeOnly equation 
(PrognosticMeasurement method).  From such values, and with a series of linked equations (the 
Size+Nodes+PrognosticFactors [SNAP] method) combines information on tumor size, nodal status, and 
other prognostic factors into a single estimate of the risk of death for each patient.   The SNAP method 
was found to accurately estimate the risk of death, and finely stratify patients by risk. 
 The mathematical framework which made it possible to draw these conclusion from the data, the 
binary-biological model of cancer metastasis, whose equations can capture the relationships between 
primary tumor size, nodal status, prognostic factors, and cancer lethality.  The framework is biologically 
plausible, as it is based upon a mathematical consideration of the most generally accepted mechanism of 
cancer death, which is by the spread of cancer cells, occurring with definable probabilities of spread peer 
cell.  The framework has also made possible the development of mathematical techniques for quantifying 
the probability of the spread of cancer cells from clinical data (the ProbabilityEstimation Equation), for 
capturing the relationship between tumor size to the chance of cancer in the nodes (the NodalSizeOnly 
equation), for capturing the relationship between tumor size to the risk of death for node negative 
melanoma and breast carcinoma patients (the PrimarySizeOnly Equation), for calculating the lethal 
contribution, per positive node, of cancer in the lymph nodes (the Nodal Lethality Equation), for teasing 
out the independent impact of tumor size, nodal status, and prognostic factors on cancer lethality (the 
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SizeAssessment and PrognosticMeasurement methods), and for using these parameters to estimate a 
patient’s risk of death (the SizeOnly, Size+Nodes, and Size+Nodes+PrognosticFactors (SNAP) methods). 
The accuracy of these methods has been confirmed with actual outcome data from large populations of 
breast carcinoma and melanoma patients. 
 One of the benefits of building the equations of the SizeOnly, Size+Nodes, and 
Size+Nodes+PrognosticFactors (SNAP) methods from a consideration of the underlying spread of cancer 
cells is that the parameters in these equations have biological meanings that can be seen by considering 
the derivation of these expressions.  For example, the value of the parameter Q in the SizeOnly equation is 
a measure of the intrinsic propensity of cancer cells for lethal spread. Thus, the fact that the value of Q for 
melanoma (~0.14) is at least twelve-fold greater than the value of Q for breast carcinoma (~0.012), and at 
least twenty-fold greater than the value of Q for renal cell carcinoma (~0.007), means that melanoma cells 
have at least a twelve-fold greater propensity for lethal spread than breast carcinoma cells, and at least 
twenty-fold greater propensity than renal cell carcinoma cells. Similarly, the fact that value of the 
equivalent parameter, Qn, in the NodalSizeOnly equation is also at least five-fold greater for melanoma 
than for breast carcinoma, indicates that melanoma cells have at least a five-fold greater propensity for 
non-lethal spread to the nodes than breast carcinoma cells. We see this once again in the values of the 
parameter Lper-node, which captures the lethal contribution for each positive node in the Size+Nodes and 
Size+Nodes+PrognosticFactors (SNAP) methods, as well as being a measure of the propensity of cancer 
cells to spread to the lymph  nodes; a comparison of the value of Lper-node for melanoma and breast 
carcinoma reveals about a three-fold greater propensity of melanoma cells for lethal spread from the 
nodes than for the lethal spread of breast carcinoma cells from the nodes. More subtly, the value of a 
prognostic factor’s g parameter, which sits next to the Q parameter in the SizeOnly equation, not only 
allows us to quantify the independent contribution of the factor to lethality, but also reflects the 
underlying propensity of the spread of cancer cells in these patients. Thus, as patients with mucinous 
breast carcinomas have a g parameter of ~0.5, while patients with ductal carcinomas have a g parameter 
of ~1; it follows that the cancer cells in patients with mucinous carcinoma have about half the chance of 
spreading to the periphery and causing death as the cancer cells in patients with ductal carcinoma. We see 
the same phenomenon in gn parameters in the NodalSizeOnly equation, in that patients with mucinous 
histology have a gn parameter of ~0.5, while patients with ductal carcinomas have a gn parameter of ~1.  
This implies that cancer cells in patients with mucinous histology have about half the chance of spreading 
to the nodes as cancer cells in patients with ductal histology. 
 It has often been wondered whether mutation at the time of spread is a requirement for 
metastasis20-29, but, following the reasoning outlined previously5, the values of the probabilities of 
metastatic spread of breast carcinoma, renal cell carcinoma, and melanoma cells presented here are 
difficult to reconcile with such genetic change:  First, the value of the probability of lethal spread for the 
smallest melanomas (0.1 mm), at ~1 event of spread for every 500 cells, is many orders of magnitude 
greater than that expected for a genetic change.  Second, the probability of metastatic spread per cell from 
the primary site declines as the tumor increases in size. While this decline is consistent with a number of 
explanations that are mechanical—using this term in the sense in which it is used in physics: “pertaining 
to the relations of force and matter”—such as the effect of tumor geometry on the escape of cells from the 
primary mass, it is not what would be expected for genetic events.  Indeed, the probability of genetic 
events over time should be expected either to remain constant (if only a single genetic event is required), 
or to increase with time (if the accumulation of multiple genetic events is required).  Third, the occurrence 
of one event of spread—the spread of a breast cancer cell from the breast to the local lymph nodes—does 
not appear to increase the probability of a second event of spread—the spread of a breast cancer cell from 
the local lymph nodes to the periphery.  In other words, the occurrence of the initial event of spread does 
not lead to a cell-heritable change in the tendency of the progeny of that cell to spread.  This finding 
indicates that the presence of cancer in the nodes is not a marker of a genetic change in the tumor, but 
rather simply a sign that there is more cancer from which cancer cells can emerge. 
 These data suggest a mechanical model of the spread of cancer cells that is the simplest 
mechanism one can envisage.  The image that comes to mind is of the spread of bricks from the back of a 
brick truck.  Just as each cancer cell in a mass of cancer has certain probability of leaving the primary 
mass and spreading to the periphery, leading to death, each brick on our truck has certain probability of 
flying off and killing a pedestrian.  The bigger the pile of bricks in the truck, the greater will be the 
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overall chance of one or more of these bricks flying off the truck, causing death.  Curiously, the bigger 
the pile of bricks, the lower will be the chance that any individual brick will fly; a brick on the bottom of 
the pile has to “push aside” a lot of other bricks before it could escape.  Indeed, one might expect the 
same decline in the per-brick probability of lethal spread that is correlated with the increase in the size of 
the brick pile that we saw for the decline in the per-cell probability of lethal spread that is correlated with 
the increase in the size of the primary cancer mass.  Indeed, as we have shown elsewhere, the form of 
Equation #9, with b=-2/3, which describes the decline in the per-cell probability of lethal spread is 
correlated with the size of the primary tumor mass is precisely what one would expect for such 
geometrical considerations.5  Of course, the analogy would be closer if the bricks increased in number by 
mitosis, and if the bricks had a chance for non-lethal spread to a local site (a fender?), from which 
location a second event of lethal spread could occur. 
 A number of biological models of the development of breast cancer lethality have been proposed 
that have had widespread impact of thinking about cancer lethality generally, including Halsted’s model 
of contiguous extension30, Fisher’s systemic model31 and Hellman’s spectrum model 32. The binary-
biological model of cancer metastasis is based upon the idea that the macroscopic manifestations of 
cancer can be understood by modeling the underlying microscopic events of spread of cancer cells.  This 
model has allowed us to calculate the values for the probabilities of the spread of cancer cells with which 
we can assess Halsted’s, Fisher’s, and Hellman’s theories. We have borrowed the inspiration for the 
binary-biological model from statistical mechanics in physics, where the large-scale physical properties 
of matter are understood as the macroscopic consequences of the underlying microscopic events of 
molecules.  The findings made with this approach - that the relationship between tumor size and the risk 
of death can be captured with the SizeOnly Equation, that the relationship between tumor size and the 
chance of cancer in the nodes can be captured with the NodalSizeOnly Equation, that each positive lymph 
node contributes a relatively constant amount of extra lethality, as captured by the Size+Nodes method, 
that the events of spread of cancer cells probably do not require mutation at the time of spread - are not 
assumptions of the binary-biological model, but are conclusions that could be extracted from the data 
with the model.  Nonetheless, these findings fit the biological intuitions of Hellman’s spectrum model32 
more closely than Halsted’s idea that breast cancer is a disease that progresses by contiguous extension30, 
or Fisher’s suggestion in his systemic model that cancer in the nodes is a sign that the disease has 
progressed “rather than an instigator of distant disease”31.  
 Perhaps the most promising candidate prognostic factors are those detected by gene expression 
arrays33,34, and several features of the methods outlined should helpful in analyzing such information. 
First, the analysis of such data has relied upon comparing groups of patients with tumors of the same size. 
In contrast, the PrognosticMeasurement and SizeAssessment methods require no such patient matching. In 
fact, these methods require no control group at all to determine whether patients with a specific phenotype 
have a higher or lower level of lethality than would be expected for patients in the population as a whole. 
Second, given that the PrognosticMeasurement and SizeAssesment methods can accurately capture the 
impact of prognostic factors such as mucinous histology, inflammatory breast disease, and grade 1 breast 
carcinomas not only in the fraction of patients dying, but also in the fraction of patients with cancer in the 
nodes (TABLE C3, FIGURE C3(b)), it follows that analysis of gene expression array patterns to detect 
their impact on the tendency of cancer to spread may be performed using information on nodal status 
alone. Such nodal status information require essentially no follow-up, is unaffected by censoring, and is 
available in the great majority of patients. Third, the Size+Nodes+PrognosticFactors (SNAP) method 
offers the only technique available that can combine such prognostic factor information together with 
information on tumor size and nodal status into a single estimate of the risk of death for each patient. 
 The approach we have taken here, the binary-biological model of cancer metastasis, has been to 
build and test mathematical expressions for capturing the interactions of the macroscopic features of 
cancer - primary tumor size, nodal status, prognostic factors, and cancer lethality - from a consideration of 
the underlying microscopic discrete quality of cancer cells.  Such an approach is but a specific example of 
a general project that we have undertaken for understanding the macroscopic features of multi-cellular 
systems as the aggregate consequences of the many either/or events that go on among the discrete 
components of which we are comprised (http://www.lifemath.net/binbio.html)14. Cells are irreducibly 
discrete, integer, entities.  There can be 1, 3, or a million and three cancer cells at a primary site, or in a 
lymph node, or in the body as a whole, but never 1.3 cells. Thus, when cells move from one location to 
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another giving rise to new cancer phenotypes, such events of spread must inevitably be discrete, either/or, 
events. Either a cancer cell has spread from the primary site to the periphery, causing death, or it hasn’t. 
Either a cancer cell has spread from the primary site to a local node, causing cancer in that node, or it 
hasn’t. Either a cancer cell has spread from a node to the periphery, causing death, or it hasn’t. This 
either/or quality of spread of cancer cells from one location to another allowed us to assign probability 
values for such events of spread,3,5 and from such a basis, we have been able to derive the equations. Of 
course, it is not only cells, but all of the microscopic things of which we are made - molecules, atoms, 
electrons, photons, genes – that have this discrete quality. As we have reported elsewhere, an equivalent 
binary-biological modeling of the discrete events that underlie all biological processes has shown how 
multicellular organisms can use this discrete quality to make the normal cellular populations of the body 
can grow to predictable sizes, at predictable times, and to predictable shapes14. Such binary-biological 
modeling has also provided an explanation for how normal cellular populations become cancerous 
cellular populations.14  Thus the empirical verification of the equations of the binary-biological model of 
cancer metastasis provides an example of the general utility of the binary-biological approach as a way of 
understanding multicellular systems. 
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