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Summary. Modern computer-based statistical analysis 
of a well-documented data base can facilitate the selec- 
tion of breast cancer patients for adjuvant chemothera- 
py. Traditional selection criteria are dominated by the 
number of positive axillary lymph nodes found by patho- 
logic examination. However, patients of the same nodal 
status (0 +, 1 -3  +, 4 - 7  +, > 7 +) are still heteroge- 
neous with regard to risk of metastatic recurrence and 
benefits of adjuvant treatment. A pilot study of 103 pa- 
tients of similar nodal status (1 -3  +)followed for up to 
10 years was undertaken to determine whether data al- 
ready in the patient's record at the time of pathologic 
examination and derived from the patient's history as 
well as from clinical, surgical and pathologic examina- 
tion couM supplement nodal status in predicting disease 
recurrence. Preliminary processing and screening for 
promising variables were performed with CLINFO; 
maximum-likelihood procedures were then used to re- 
late the probability of disease recurrence to those vari- 
ables that appeared to be significant. Parametric models 
of hazard rate for the individual patient were employed 
corresponding to both exponential and Wiebull distribu- 
tions of  disease-free interval The hazard rate was re- 
lated log-linearly to a set of prognostic variables, and 
model parameters were determined by fitting to the 
data. Factors that favor longer disease-free intervals (in 
quantitative order of importance) are: (1) Nipple in- 
volved clinically at presentation; (2) Lesion had soft or 
rubbery consistency on palpation; (3) Disease discov- 
ered by physician; (4) Homolateral lymph nodes not in- 
volved clinically; (5) Margin from tumor to fascia 
> 1 cm; (6) No maternal history of breast cancer; (7) 
Increasing age of patient; (8) Presence of specialized 
histology. 

Based on the findings of this pilot study, a quantita- 
tive summary of  personal (SK) and institutional experi- 
ence is developed in which the probability of recurrence 
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for the individual patient and the associated confidence 
intervals are used to classify patients with regard to risk 
of recurrence. 

Introduction 

In cancer of the breast and other neoplastic diseases that 
appear locally resectable, the probability of disease re- 
currence still remains significant and the time to recur- 
rence, as measured by overt metastases, is highly varia- 
ble. Clinical and pathologic staging procedures can be 
introduced to characterize the natural history of such 
diseases and to fix the patient at a particular stage in 
disease progression. The intention of staging is to reduce 
the variability in prognosis and to facilitate treatment 
decisions. In diseases such as carcinoma of the breast 
with limited nodal involvement, staging procedures are 
not yet precise. The potential for recurrence in the indi- 
vidual patient and the time to such recurrence still re- 
mains difficult to estimate. Recently (Bonadonna et al., 
1977; Fisher et al., 1977), adjuvant chemotherapy has 
been employed to prolong the disease-free interval and 
to improve the prognostic outlook for each patient. 
However, such adjuvant therapy is expensive and both 
physiologically and psychologically stressful, and has 
the potential of introducing severe clinical complications 
in some patients. If we could improve our ability to pre- 
dict relapse for a particular patient, then adjuvant che- 
motherapy could be given on a selective basis to those 
who are at significant risk for recurrence. 

Recent advances in computer-based multivariate sta- 
tistical analysis and computation make it possible to 
identify a set of prognostic variables that improve pa- 
tient-specific predictions concerning the course of dis- 
ease. Such variables can be identified by the analysis of 
a well-organized and documented data base even 
though a study is still in progress and the data are right- 
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censored. The best estimate of  the risk of recurrence can 
be calculated for each patient's profile in the study, re- 
presenting a formalization of the experience within the 
study group. These estimates can be updated easily as 
the study progresses. In this way a quantitative staging 
classification for the recurrence of overt metastases can 
be used to identify patients at high and low risk of recur- 
rence, and those patients for whom the data are incon- 
clusive. 

The explicit numerical relations used in the estimate 
derive from multivariate maximum-likelihood calcula- 
tions. These calculations may be based upon paramet- 
ric or nonparametric representations of the time-depen- 
dent hazard rate 1 for disease recurrence and a paramet- 
ric dependence of hazard rate on a set of prognostic 
variables. Computer  programming capacity no longer 
lags behind statistical theory in this area: calculations 
using classic and clinically useful distributions and 
many prognostic variables can be carried out efficiently 
and inexpensively in the presence of significant data cen- 
sorship. 

A series of computer programs have recently been 
developed at Rand to analyze the situation where the 
probability of disease-free interval for the individual pa- 
tient is represented by either an exponential or a Wiebull 
distribution in time. The former corresponds to a con- 
stant hazard rate and the latter corresponds to a hazard 
rate that may either increase or decrease with elapsed 
time since mastectomy. A recent analysis (Mueller and 
Jeffries, 1975) of data obtained from a multi-institution- 
al study of over 10,000 breast cancer patients suggests 
that the hazard rate for survival decreases with time 
since surgery. This result was based on aggregate data 
without considering individual patient characteristics, 
and may not apply when patient-specific characteristics 
are included in the determination of parameters. Nev- 
ertheless, the constant hazard rate is the simplest plausi- 
ble model for preliminary investigations with limited 
data and follow-up. This is especially true if the extent of 
disease recurrence is small (as in the present series) and 
if individual patient characteristics are considered. In all 
our analyses, the relationship between hazard rate and 
prognostic variables is assumed to be a log-linear 
one. 

The subject of prognostic factors in breast cancer is 
not without controversy (Haagensen, 1971; Rosencweig 
and Heuson, 1975; Fisher, E. et al., 1975). However, it 
is generally agreed (Haagensen, 1974; Fisher, B. et al., 
1975) that the number of positive axillary nodes found 
by pathologic examination is the single most important 
prognostic factor for recurrence of disease. It  was our 

1 The hazard rate at time t is the instantaneous probability of 
recurrence per unit time, conditional on surviving to time t without 
disease recurrence 
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conjecture, at the start of  this analysis, that data already 
contained in the individual patient record and taken at 
the time of nodal examination and surgery could be used 
to supplement nodal status (0, 1-3 ,  4 - 7 ,  />8 positive 
nodes) in predicting relapse. In the future, as clinical 
measures (Sklarew et al., 1977; McGuire et al., 1975; 
Coombes et al., 1977) of proliferative, biochemical, hor- 
monal, and immunologic status become more effective, 
the augmented patient profile will yield even further pre- 
cision in staging and prediction. The present analysis, 
however, is based solely on variables taken from patient 
history, clinical examination, surgery, and pathology, all 
of which are available at the time the breast specimen is 
examined. 

As part of a pilot study, we have analyzed a person- 
al (SK)series of  106 treated breast cancer patients of 
similar nodal status. These patients have (1) undergone 
a Halsted-Haagensen (Haagensen, 1971) radical mas- 
tectomy for carcinoma of the breast, and (2) had nodal 
involvement limited to one to three positive lymph nodes 
in the cleared and completely examined breast specimen. 
Patients meeting these criteria correspond to about 20% 
of all mastectomies performed by the senior author dur- 
ing the period 1967-1976. 

Methods 

Clinical 

All patients were worked up according to the expanded protocol of 
Haagensen (Haagensen, 1974). Clinical examination, staging, sur- 
gery, and follow-up were performed by the senior author. Clinical 
staging according to the Columbia Clinical Classification system 
was employed. Two patients in the current series were staged as 
Columbia Classification C: the remaining patients were all A or B. 
(In a similar earlier series of Stage A and B patients, 63% survived at 
least ten years and 24% were found to have one to three positive 
lymph nodes [Haagensen, 1974].) 

Each mastectomy specimen was examined for lymph nodes ac- 
cording to the method of Pickren (Piekren, 1956). This approach 
yields approximately 50% more nodes than a careful conventional 
examination. The three-sample-cut method (Pickren, 1961) increases 
the number of positive nodes by an average of more than 20% over 
the number found on examination of one section per node. 

We found 106 cases with one to three positive nodes in the 
original data records. Data on these patients were collected at the 
times of initial examination, surgery, pathologic examination, and 
regular follow-up (see Appendix A). A vigorous follow-up procedure 
and the assistance of data personnel has achieved over 98% follow- 
up and an equivalent completeness of data files. Similar procedures 
have been in effect at Columbia University under Haagensen since 
1943, and complete pathology records are available since 1935. 

Data were substantially incomplete for three patients, who were 
omitted from further analysis. Since the patient entry rate has been 
nearly uniform, the data base is highly right-censored. Thirty-six 
patients have been followed for more than 5 years and three for more 
than I0 years. Of the 103 patients in this subgroup, 22 have exhib- 
ited overt recurrence of disease within I0 years. 
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Data Management and Preliminary Analysis loo 

Coding sheets were used to abstract 118 variables for each patient, .~ 9o 
and the data were entered interactively into CLINFO (Groner et al., 
1978), a data management and analysis computer system designed d, 
for clinical research. Exploratory data analysis and heuristic screen- ~ ~ 8o 

ing of all variables for possible prognostic significance were per- ~ 
formed with the aid of CLINFO and STATLIB, a statistical soft- "~ =- 70 

ware computer package developed at Rand and Bell Telephone La- Y=- 
boratories (Bradsford and Relies, 1975). Scatter plots were prepared ~ 60 
and used to identify the individual variables that appeared to corre- o , 
late with either recurrence or long disease-free intervals. In this way, o 
a series of potential predictors was identified for further analysis by 
maximum-likelihood methods. 

Analytical and Statistical 

~ ~  Kaplan-Meier._~._. estimate 

85 I ~ '  /Calculated value 
65 I t ~ from analysis 

Cases remaining 54 36 ~3 1 ~ ' ~ ' ~ l  

0 12 24 36 48 60 72 84 96 108 120 132 
Disease-free interval in months post-mastectomy 

Fig, 1. Probability of disease-free interval versus time post-mastec- 
tomy (patients with 1--3 + axiUary lymph nodes) 

The primary statistical model used in the analysis assumes that the 
hazard rate for recurrence of overt metastases is independent of 
elapsed time since surgery, and depends on the characteristics of the 
individual patient 2. For this model, the hazard rate for the i'th indi- 
vidual is Ai, and the time interval to recurrence is exponentially dis- 
tributed with expectation 1/:li (Fiegl and Zelen, 1965; Glasser, 1967; 
Prentice, 1973). The hazard rate Xj is presumed to depend log- 
linearly on a set of patient-specific predictor variables, Xk~. Further 
details of the analytical and statistical methods are given in Appen- 
dix B1. 

+ 0.06 at 84 months.  The probabi l i ty  of  a disease-free 
interval greater than 60 months is 0.73; the distribution 
is approximate ly  exponential  between 0 and 60 months 
and the average hazard  rate is approximately  
5%/year .  

Variable Screening and Results of Maximum- 
Likelihood Calculations 

Forecasting Accuracy 

Two aspects of uncertainty arise in estimating forecast accuracy for 
a particular patient. The first occurs because of the inherent random- 
ness that must be ascribed to a particular individual, and is reflected 
in the probabilistic model of an exponential or Wiebull distribution 
for disease-free interval. The second occurs because the parameters 
of the particular distribution, represented by the vector ]3, are esti- 
mated from a small sample. Uncertainty about the true values of ]3 
may be translated into uncertainty about the probability of disease- 
free interval exceeding a specific duration. For this data base, at this 
time, 5 years appears to be a suitable interval for such considerations 
of uncertainty. A predictive horizon of over 5 years would be useful 
clinically (Haagensen, 1974). However, both the extent of right-cen- 
sorship and the limited number of patients presently discourage at- 
tempts at longer-term forecasts. 

The appropriate theory and equations for confidence statements 
are outlined in Appendix B2. 

Results 

Probability of Recurrence-Free Interval - 
All Patients 

The Kaplan-Meier  life-table est imate for the probabil i ty  
of  disease-free interval is shown in Figure 1. S tandard  
errors in this probabi l i ty  are + 0.015 at 12 months and 

2 Additional preliminary calculations were also performed with a 
Weibul/distribution. These calculations and others to be described 
later suggest the suitability of the exponential model for these 
data 

Prel iminary da ta  screening indicated that  six binary vari- 
ables ~, method of  discovery (DISCOVERY)  23; consis- 
tency o f  lesion on palpat ion ( C O N S I S T E N C Y )  30; nip- 
ple changes or involvement at presentat ion (NIPPLE)  
33; margin from tumor  to fascia ( M A R G I N )  57; homo- 
lateral lymph nodes clinically involved ( H O M O L A -  
T E R A L )  35; and histological type ( H I S T O L O G Y )  58; 
were par t icular ly  promising. A n  addit ional  17 variables,  
age at t ime o f  surgery (AGE)  3; maternal  history of  
breast  cancer  ( M O T H E R )  22; paragrav ida  9; age at 
first pregnancy 10; age of  youngest  child at t ime of  sur- 
gery 12; history o f  past  breast  disease 20; Columbia  
Clinical classification 40; tumor-Node-Metas tas is  clas- 
sification 41; any postoperat ive rad io therapy  51; asso- 
ciated pathologic findings 73; pathologic size of  lesion, 
greatest  diameter  55; fraction o f  axillary vein nodes that  
are positive 70; fraction of  central nodes that  are posi- 
tive 70; fraction of  scapular  nodes that  are positive 70; 
fraction of  Rot ter ' s  nodes that  are positive 70; number 
of  positive axillary lymph nodes, total  66; and menopau-  
sal status 11 were either plausible or deserved further 
study. 

Recurrence was not  seen in any patient who had  any 
of  the following characterist ics (see Table 1): D I S C O V -  
ERY = 1 (method of  discovery:  medical  or clinical 
examination);  C O N S I S T E N C Y  = 1 (consistency of  le- 
sion on palpat ion:  soft or rubbery);  N I P P L E  = 1 (nipple 
changes or involvement at presentat ion:  positive includ- 

3 Numbers refer to Patient Data Record (Appendix A) 
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Table i. Regression coefficients for constant hazard 
rate model 

Prognostic 

variable 

0 CONSTANT 

i HOMOLATERAL 

2 MARGIN 

3 MARGIN-NA 

4 AGE 

5 HISTOLOGY 

6 MOTHER 

7 DISCOVERY 

8 CONSISTENCY 

9 NIPPLE 

~k Coefficient 

~0 = 3.8786 

B I = -1.4314 

B 2 = -2.0903 

B 3 = 2.0020 

B 4 = .0335 

~5 = 1.0568 

B 6 = -1.9734 

B 7 = 

B 8 = 

B 9 = 

Estimated SD 
of the B k 

0.5317 

0.4793 

1,0719 

0.0183 

0.5951 

0.7372 

t-StatistJ 

-2.692 

u4.361 

1.868 

1.831 

1.776 

-2.677 

+3.9 

+2.8 

+2.0 

-#~ %i = BO + ~IXli + $2x2i + B3x3i + $4x4i + B5x5i 

+ B6x6i + B7x7i + ~8x8i + B9x9i 

Code for Prognostic Variables 
HOMOLATERAL (Homolateral lymph nodes clinically 
involved) O: None, 0.13": Not available, i: Ap- 
parently involved; MARGIN (Margin from tumor to 
fascia) O: e 1 cm, 0.25*: Not available, i: < 1 
cm; MARGIN-NA (Answer to MARGIN not available) 
O: MARGIN given, i: MARGIN not given; AGE (Age at 
time of surgery--in years); HISTOLOGY (Histologic 
type) O: No special type (including schirrous or 
invasive intraductal carcinoma), 0.25*: Not avail- 
able, I: Specialized histology (intraductal, pap- 
illary, solid circumscribed or medullary, small 
cell, Pagets, inflammatory, lobular carcinoma, 
multiple types, predominantly intraductal with 
foci of invasion, other); MOTHER (Maternal history 
of breast cancer) 0: No, 0.~ Not available, i: 
Yes; DISCOVERY (Method of discovery) O: Self-exam- 
ination, l: Medical or clinical examination; 
CONSISTENCY (Consistency of lesion on palpation) 
O: Firm, hard, gritty, i: Soft, rubbery, other; 
NIPPLE (Nipple changes or involvement at presen- 
tation) 0: No nipple changes, i: Positive includ- 
ing retraction, discharge, inversion (if other 
side normal), other 

Average values 

ing retraction, discharge, inversion if other side normal, 
other changes). 

The values of ~k in Table 1 for each of these vari- 
ables (k = 7, 8, 9) are thus infinite, and patients with any 
of these favorable characteristics have zero hazard rate 
for recurrence. Confidence statements about the proba- 
bility of 5-year disease-free intervals can still be com- 
puted, however. Maximum likelihood calculations were 
then performed to obtain/5 values for the remaining vari- 
ables. The three in the first set (MARGIN, HOMOLA- 
TERAL, HISTOLOGY) were analyzed simultaneously 
and were found to be at least moderately significant, 

The variables in the second group were then added 
to the analysis in sets of three or four at a time. Signifi- 

Table 2. Group l. Patients who have not recurred in ~ 60 monghs 

2 129 0 0 0 0 0 0 52 0 0.80 0,63 0,90 0 
7 123 0 1 0 NA 0 0 68 0 1 . 0 0  0 . 9 9  1 . 0 0  + + ~  
8 121 0 0 i I 0 I 40 0 1,00 0.71 1.00 + ] 

10 114 0 0 1 0 0 0 73 0 1 . 0 0  0 . 9 3  1 .00  ++ 
I I  110 0 0 0 0 0 0 59 0 0 .84  0 .67  0 , 9 3  0 
13 107 1 0 0 0 0 0 54 0 1.00 0.97 1.00 ++ 
16 98 1 0 0 1 0 0 38 0 1 .00  0 .75  1 .00  + 
17 94 0 0 O 0 0 1 40 0 0 .89  0 .69  0 . 9 7  + 
18 91 1 I 0 0 0 0 53 0 1.00>0.99 1.00 +~ 
19 90 0 0 0 0 0 1 63 0 0.95 0.78 0.99 + 
23 89 0 0 0 NA 0 0 45 O 0.94 0.57 0.99 + 
21 89 0 1 I NA NA 0 49 0 1.00>0.98 1.00 ++ 
22 89 0 I 0 0 0 0 51 0 1.00 0.93 1.00 ++ 
24 87 0 0 0 NA 0 I 37 0 0.97 0.75 1.00 + 
34 83 0 0 0 NA 0 0 41 0 0.93 0.52 0.99 + 
26 83 1 0 0 1 0 1 46 1 1.00 0.75 1.00 + 
35 83 0 0 0 0 0 0 27 O 0.61 0.23 0.84 
37 77 0 1 0 0 0 0 70 0 1 , 0 0  0 .96  1 . 0 0  +4 
29 76 0 0 0 0 0 0 68 0 0 ,88  0,69 0 . 9 6  0 
30 76 0 NA 0 0 0 1 55 0 0 ,93  0 .76  0 . 9 8  + 
32 74 0 0 0 O 0 0 47 0 0,77 0.58 0-89 0 
33 74 0 NA 0 0 0 0 48 0 0,78 0.59 0.89 0 
i 70 0 1 0 1 0 0 74 0 1,00 0.80 1.00 ++ 

40 70 0 I 0 0 0 I 65 0 1.00 0.99 1.00 ++ 
41 70 0 0 0 0 1 1 56 0 0.76 0.30 0.94 0 
43 69 0 0 0 NA 0 I 28 I 0.76 0.08 0,97 0 
45 68 0 1 I NA 0 0 37 0 1.00>0,98 1.00 ++ 
46 66 0 1 NA 0 0 0 33 0 1.00 0.89 1.00 ++ 
52 65 1 0 1 0 NA 0 73 O z,00>0.99 1.00 ++ 
47 65 0 0 0 0 0 0 41 0 0.73 0,50 0.87 0 
48 64 0 0 NA 0 0 0 61 1 0.31 0.02 0.72 -- 
53 63 1 1 0 0 0 0 59 0 1 . 0 0 > 0 , 9 9  1 .00  ++ 
50 62 0 0 0 0 0 0 67 0 0 . 8 8  0.69 0 . 9 5  0 
54 61 I 0 0 0 0 0 67 NA 1 .00  0 ,98  1 . 0 0  ++ 
51 61 0 0 0 0 0 0 44 0 0.75 0,54 0.88 0 

Notes: See Table i 
DFI Disease-free interval (censored 25 Jan. 1977) 
P5YR Probability of 6G-month disease-free interval (DFZ) 
UC95PbYR 95~ upper confidence limit for P5YR 
LC95P5YR 95% lower confidence limit for P5YR 
> Lower confidence limit too conservative (See text) 
NA Not available 

Table 2. Group 2. Patients who have not recurred in < 60 months 

55 59 0 0 0 0 0 0 55 0 0 . 8 2  0.65 0 . 9 2  0 
70 57 0 I 0 I 0 I 54 0 1 , 0 0  0 .90  1 . 0 0  ++ 
56 57 0 1 0 0 0 0 57 1 1.00 0.74 1.00 + 
57 56 0 0 I 0 0 0 41 0 1.00 0.82 1.00 ++ 
58 55 0 0 0 0 0 O 36 0 0.69 0.41 0.86 0 
59 54 0 0 0 0 0 NA 73 0 0.92 0.75 0.98 + 
61 53 0 0 0 0 0 1 46 0 0.91 0.73 0.97 + 
62 53 0 1 'I 0 0 I 52 0 1.00>0.99 1.00 ++ 
63 51 0 1 0 0 0 0 72 0 1 .00  0 .96  1 .00  ++ 
65 51 0 0 0 0 0 0 49 0 0 .79  0 .60  0 .89  0 

0 0 0 50 0 0 .79  0.61 0 . 9 0  0 66 5 I  0 0 0 
67 50 0 O 0 0 0 0 75 0 0.90 0.71 0.97 + 
69 50 0 0 0 NA 1 0 80 0 0.92 0.39 0.99 + 
84 48 0 0 0 I NA ] 83 0 0.77 0.21 0.96 0 
71 47 0 I 0 i O 1 47 0 1.00 0.88 1.00 ++ 
72 44 0 0 0 0 0 1 43 O 0.90 O. 71 0.97 + 
73 43 0 1 0 0 0 0 58 0 1 . 0 0  0 .94  1 . 0 0  ++ 
75 43 O 0 0 0 1 0 37 0 0.22 0.01 0.63 -- 
77 41 0 0 0 0 0 0 55 0 0.82 0.65 0.92 0 
79 40 i I 0 I 0 1 51 1 1.O0>0.92 1.00 ++ 
80 40 I 0 O 0 0 0 43 0 1.00 0.96 1.00 ++ 
83 37 0 0 0 0 1 0 59 0 0.49 0,15 0.76  -- 
49 37 0 0 0 0 0 0 52 0 0.80 0,63 0.90 0 

I00 34 0 NA 0 0 0 0 48 0 0.78 0.59 0.~9 0 
89 34 1 0 0 0 0 0 67 0 1.00 0.98 1.00 ++ 
88 33 0 0 I 0 0 0 78 0 1.00 0.94 1.00 ++ 
93 31 0 0 0 0 0 i 55 0 0.93 0.76 0.98 + 
90 31 I 0 0 NA 0 0 44 0 1.00 0.99 1.00 ++ 
92 30 l O O O O O 49 1 l.OO 0.85 1.00 ++ 
91 30 0 1 1 1 0 1 48 1 1.00>0.63 1.00 + 
99 29 1 O O 0 0 0 37 0 1 . 0 0  0 .96  1.OO ++ 

102 29 1 0 0 0 1 0 81 0 l.OO 0.95 1.00 ++ 
94 29 0 O 0 0 O 1 70 0 0.96 0.79 0.99 ++ 
95 28 0 O 0 0 O 0 77 0 0.91 0.71 0.97 + 
96 27 0 1 0 NA 0 1 58 0 1.00 1.00 1.00 ++ 
97 27 0 0 0 1 0 0 78 0 0.48 0.12 0.78 -- 
85 27 1 0 0 NA 0 0 60 0 1.00 0,99 1.00 ++ 
87 26 0 0 1 0 0 0 72 0 1.00 0.93 1.00 ++ 
86 25 0 0 0 1 0 1 25 0 0.22 0.00 0,66 -- 

106 21 0 0 0 1 0 I 49 0 0.51 0.13 0.80 
107 20 0 O O NA i O 70 1 0.44 O,oo 0.92 - 
108 18 I O O NA I O 52 O 1.00 0.96 I.O0 ++ 
109 17 0 0 0 0 0 0 60 0 0.85 0.67 0.93 0 
II0 17 0 0 0 NA 1 0 70 0 0.89 0.32 0.99 + 
103 17 0 i 0 0 0 0 72 0 1.00 0.96 1.00 ++ 
104 13 O I 0 0 0 0 46 0 1.00 0,92 1.00 ++ 
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Table 2. Group 3. Patients who have recurred in >- 60 months 

Table 2. Group 4. Patients who have recurred in < 60 months 

44 60 0 0 0 0 0 I 49 I 0.55 0,08 0.87 
38 60 0 0 0 0 ] 1 49 0 0.71 0.24 0.92 0 
28 59 0 0 0 NA 0 0 38 0 0 . 9 2  0 . 4 9  0 . 9 9  + 
28 56 0 0 0 1 0 0 65 0 0 , 3 2  0 , 0 9  0 . 5 9  - -  
5 53 0 0 0 0 0 0 53 0 0.81 0.63 0.91 0 

20 46 0 0 0 0 0 0 42 0 0.74 0.51 0.87 0 
64 32 0 0 0 0 1 0 69 0 0.60 0.21 0.84 
60 32 0 0 0 1 0 0 68 0 0 .36  0 , 1 0  0 . 6 4  - -  

9 29 0 0 0 1 0 0 50 0 0 .15  0 .02  0 ,39  - -  
12 26 0 0 0 1 0 1 29 0 0.27 0.01 0~68 -- 
74 23 0 0 0 0 0 0 71 1 0.44 0.05 0,80 
3 21 0 0 0 0 0 0 52 0 0.80 0.63 0.90 0 

36 20 0 0 0 1 1 0 63 0 0.01 0.00 0.17 -- 
14 20 0 0 0 1 0 0 41 0 0.08 0.00 0.34 -- 
15 18 0 0 0 1 0 0 70 0 0.38 0. I0 0.67 -- 
98 14 0 0 0 0 0 0 65 1 0.36 0.03 0.75 -- 
31 12 0 0 0 0 1 0 48 0 0.35 0.06 0.68 -- 
81 II 0 0 0 I 0 1 45 0 0.46 0. I0 0.77 -- 
76 I0 0 0 0 0 1 0 54 0 0.43 0. II 0.72 -- 
39 6 0 0 0 0 0 0 26 0 0.59 0.21 0.84 
78 2 0 0 0 1 0 0 45 0 0. II 0.01 0.36 -- 

follow-up and outcome data. Table 2 also presents a 
summary of the calculated values for the probability of a 
5-year disease-free interval for each patient and asso- 
ciated confidence intervals. The approximation used for 
estimating confidence intervals for patients with favor- 
able values of any of the special characteristics (DIS- 
COVERY = 1, CONSISTENCY = 1, NIPPLE = 1) 
assumes only one favorable indicator. For cases where 
two or more favorable indicators exist, the estimate for 
the lower confidence interval is too low. This is prognos- 
tically important for only one patient, No. 91. 

The calculated values for the distribution of the 
probability of disease-free interval are exhibited in Fig- 
ure 1, where they are shown to compare satisfactorily 
with the Kaplan-Meier estimate. The validity of the ex- 
ponential model and the results of the WeibnU calcula- 
tion are described in Appendix C. 

Discussion 

Accuracy of Representation 

cant changes in the magnitude of the log likelihood indi- 
cated that two additional variables, age at time of 
surgery (AGE) and maternal history of breast cancer 
(MOTHER), deserved inclusion as predictors, albeit not 
very strong ones. The parameter vector/5 was then cal- 
culated with these five variables: MARGIN, HOMO- 
LATERAL, HISTOLOGY, AGE, and MOTHER. 
Missing data were usually replaced by average values of 
the available data. In the case of one variable, MAR- 
GIN, resolution of missing data by averaging was 
clearly not satisfactory. Of the 15 cases with missing 
values, 14 had not recurred, and it appeared inappro- 
priate to replace these missing data points with average 
values. A missing value for the variable suggests a favor- 
able prognosis and may follow from the tendency to 
record variables more constantly when they are consid- 
ered significant. In this interpretation, a small distance 
between tumor margin and fascia would often be re- 
garded as an unfavorable sign and would be docu- 
mented, while larger distances would more frequently go 
unrecorded. A special analytical treatment of missing 
values for this variable was employed, in which a new 
variable was defined, MARGIN-NA, corresponding to 
a missing value. The variable was then employed as an 
additional prognostic variable in the analysis. 

Table I presents parameter estimates, t-statistics, 
and pseudo-t statistics for the three special variables, 
DISCOVERY, CONSISTENCY, and NIPPLE. Table 
2 summarizes values for the nine variables that enter 
into the prognostic profile for each patient as well as 

The key element of this analysis is the calculated proba- 
bility of the time to disease recurrence for the individual 
patient. This is derived from data contained within the 
patient's own case record as well as data from similar 
cases that have been treated in comparable ways. It is 
important to consider not only the point estimate of this 
probability of recurrence, which is predicted from the 
regression relations (see Table 1), but also the confi- 
dence statements associated with this estimate. The con- 
fidence intervals are large, but they can still be used to 
sharpen the usefulness of the prediction. It is also impor- 
tant to reiterate that these results derive from a pilot 
study of the natural history of breast carcinoma follow- 
ing radical masteetomy by a single surgeon. The data 
are limited to the 103 patients found, since 1966, to have 
one to three positive axillary lymph nodes on very com- 
plete examination by a single pathology team. In this 
group, nearly half (47) the patients have been followed 
for less than 5 years, and there have been only 22 cases 
of metastatic recurrence. The limited size of the data 
base, the limited number of recurrences, the right-cen- 
soring of the data, and the large number of significant 
prognostic variables all increase the width of the confi- 
dence intervals. This in turn leads to difficulty in refining 
the accuracy of these regressions. 

If the data base were larger, the prognostic variables 
fewer, the study interval longer or more complete, and 
all the variables discrete, an appropriate estimate could 
be obtained by grouping patients according to combina- 
tions of prognostic variables. Each subgroup could then 
be compared by performing a separate life-table analy- 
sis. This approach has been used to analyze and eva- 
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luate results obtained from nearly 2000 cases of prostat- 
ic cancer obtained from a large multi-institutional study 
(Byar et al., 1974). It is clear that there is a tradeoff 
between the consistency arising from the observation, 
treatment, and follow-up by a single team and the statis- 
tical advantages of larger numbers. Because of the diver- 
sity of clinical approaches to radical mastectomy for 
carcinoma of the breast, and because of the wide varia- 
tion in both the pathologic examination of the specimen 
and interaction between pathologist and surgeon at the 
time of surgery, the narrower focus is appropriate to this 
study 4. 

Corresponding to this narrower focus is a less com- 
prehensive but still satisfactory procedure for evaluating 
the accuracy of the analysis. A fixed disease-free inter- 
val (DFI) is used as a criterion for comparison. Here the 
data permit the conventional 5-year interval. (Given the 
slow evolution of this disease and the appearance of a 
significant number of recurrences up to 10 years after 
diagnosis, a longer interval would be useful, but the data 
will not support it.) In this data base, 36 patients have 
been followed for at least 5 years without recurrence, 
but only three have been followed for 10 years. Of the 
22 recurrences, 21 occurred within 5 years, 13 of whom 
could have been followed for at least 5 years. The entire 
analysis is based on the complete set of 103 cases, but 
evaluation of the accuracy of the numerical representa- 
tion must be restricted to these 57 cases whose 5-year 
follow-up is complete. 

From Table 1, it can be seen that the mean value 
overall for the calculated probability of completing a 5- 
year DFI is 0.785 for the 103 cases. The mean value for 
the calculated probability for the 21 patients who re- 
curred within 5 years is 0.45. The mean value is 0.47 for 
the 13 patients who could have been followed for at least 
5 years if they had not recurred. This contrasts with a 
mean value of 0.875 for those patients who survived 5 
years without recurrence. Thus there is a substantial se- 
paration in calculated probability between those who re- 
curred and those who did not. Of course, some separa- 
tion is to be expected on the basis of fitting of data. 

For a preliminary evaluation of the prediction, the 
patients are classified into two groups: those whose 
computed 5-year probability is greater than the mean 
(0.785) and those whose computed probability is equal 
to or less than the mean. On this basis, 18 of the 21 
patients who have actually recurred within 5 years are in 
the below-average category, and 27 of the 36 patients 

4 The diversity associated with large multicenter studies can in- 
fluence the analysis of treatment outcome. Methods to account for 
this diversity in the context of colo-rectal cancer trials have recently 
been proposed (Fielding et al., 1978). That analysis suggests that 
traditional patient-related predictor variables should be supple- 
mented by variables reflecting the experience, technique, complica- 
tion and mortality rates, etc. for the individual surgeon 
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who have survived for 5 years without recurrence are in 
the above-average category. Thus 86% of those who 
recur are accurately represented as having a below-aver- 
age prognosis, and 75% of those who have not recurred 
are designated as having an above-average prognosis. 
These comparisons demonstrate that the calculated (or 
predicted) probability of a 5-year DFI is a promising 
parameter for classifying patients with regard to risk of 
recurrence. Although the separation of patients into 
only two prognostic categories correctly classifies 80% 
of the patients, the scheme is both too coarse and too 
dichotomous for clinical decisions. 

A Preliminary Clinical Classification Scheme 

It is premature to propose definitive rules for the use of 
this analysis to facilitate patient selection for adjuvant 
chemotherapy. There is no unique correspondence 
among predicted disease-free interval, confidence inter- 
vals, and clinical risk status, and any approach to stag- 
ing must reflect the judgment of the investigator and the 
data upon which it is based. In the present instance, the 
predictors are based on data derived from all 103 pa- 
tients, but comparisons and stages are based only on 
those patients with requisite 5-year histories. Thus, the 
proposed classification is a preliminary one, to be modi- 
fied as further data are obtained. We adopt a five-stage 
classification scheme for expressing predictions in a clin- 
ically useful way: patients who are at very low (+ +) or 
very high ( -  - )  risk, patients with predictors which tend 
toward low (+) or high ( - )  risk, and patients in whom 
the prognosis appears average or equivocal (0). To iden- 
tify those patients whose prognosis can be predicted 
with a relatively high level of confidence, we define as 
very high risk ( - - )  those patients whose 95% upper 
confidence limit (UC95 P5YR) is equal to or less than 
the mean (0.785), and as very low risk (+ +) those pa- 
tients whose 95% lower confidence limit (LC95 P5YR) 
is greater than the mean. In this way we classified as 
very-high-risk cases 12 patients who recurred within 
5 years and only two 5 of those who survived for 5 years 
without recurrence. Similarly, we classified as very-low- 
risk patients 14 of those who survived for 5 years with- 
out recurrence, and none of those patients who recur- 
red. 

Classification of the remaining 29 patients is more 
subtle, and is sensitive to limited data size, individual 
judgment, and any inaccuracies in the model itself. The 
predictions for these 29 patients are divided into three 
categories: tend toward high risk ( - ) ,  tend toward low 
risk (+), and equivocal (0). In this fashion the predic- 
tions may influence but should not dominate therapeutic 

5 One of these subsequently metastasized 
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judgment about these patients. The average or equivocal 
category should buffer the trends toward high or low 
risk and reduce the sensitivity of the analysis to missing 
data or judgment about a single variable. Empirically, 
and somewhat arbitrarily, we suggest that a reasonable 
separation of the remaining cases occurs when those 
patients whose computed probability lies in the interval 
+ 0.1 about the average values (0.685 < P5YR < 0.885) 
are designated as average or equivocal (0). On this basis 
14 cases are considered to be equivocal. An additional 
five patients then show a trend toward increased risk 
(-),  four of whom have already recurred within 5 years. 
Of the ten patients showing a trend toward decreased 
risk (+), only one has recurred within 5 years. 

If the patient population included in this data base 
is typical of future patients, then over 70% of patients 
who would recur within 5 years would be correctly iden- 
tified as being high-risk or tending toward high risk, and 
few such patients would be identified (incorrectly) as 
being at less than average risk. Moreover, only 10% of 
those patients who do not recur within 5 years would 
be designated (incorrectly) as being at an above-average 
5-year risk. There is no way at present to determine 
whether these patients are indeed at a higher than aver- 
age risk, unless a longer follow-up interval is available. 
This possibility could be explored on a data base col- 
lected and followed over a longer time interval, such as 
that reported by Haagensen (Haagensen, 1974). Since 
the same limited data base has been used for both analy- 
sis and evaluation, further data, analysis and considera- 
tion of risks and benefits of adjuvant therapy are re- 
quired before a definitive clinical scheme can be pro- 
posed. 

Applicability of These Relations 

The broader applicability of the specific relations and 
prognostic variables developed during this study de- 
pends on two factors: (1) The extent to which the pres- 
ent patient data base is typical with respect to proce- 
dures and outcomes for cases of similar nodal status; 
and (2) How accurately the present data are represented 
by the analysis. 

The second factor has already been considered in 
part, but further evaluation is planned. This evaluation 
will be based on a forthcoming analysis of data records 
obtained from an earlier large patient series, treated in 
the same institution under comparable criteria and pro- 
cedures (Haagensen, 1974). These records are especially 
suitable for analysis, because the patients have been fol- 
lowed for at least 10 years and not more than 2% have 
been lost to follow-up. Not only does the extended inter- 
val of follow-up minimize the impact of data censorship, 
leading to more accurate predictions at longer intervals, 
but also, these data will permit a study of the stability of 
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inferences made over a shorter time period. In particu- 
lar, the current analysis assumes that the hazard rate for 
recurrence does not depend on the interval since pri- 
mary treatment. This is the simplest plausible assump- 
tion and is consistent with the observation that relapses 
occur more than 20 years after mastectomy. Our pre- 
liminary period of follow-up in the present data is too 
short to permit a suitable evaluation of this point, parti- 
cularly as it affects the calculated probability of a 5-year 
DFI. See Appendix C for further details. 

The first factor, the issue of the typicality of the 
present data base, is even more problematic. If a compa- 
rable body of data were obtained for patients treated by 
other physicians at other institutions, then a similar 
analysis could be performed, and the results compared 
with those of the present study. It is unlikely, however, 
that such a comparable body of data already exists, be- 
cause each institution tends to examine the patient, se- 
lect and carry out the procedure, and evaluate the spe- 
cimen in its own special way. The present results depend 
upon the consistent and careful evaluation of a patient 
population that has been treated and followed in an un- 
usually complete and stable fashion over time by a small 
team of individuals. Nevertheless, the present prognostic 
variables are largely surrogate expressions of the disease 
process and cannot be considered as uniquely signifi- 
cant. It is possible that a different but equally suitable 
set of surrogate variables could be found in another set 
of ease records, if they were also obtained in a consis- 
tent and stable manner. 

A particularly good example of a surrogate variable 
is the variable labeled DISCOVERY, which refers to 
how the disease was initially discovered. In the present 
sample, an overwhelming number of lesions (87/103) 
were self-discovered; however, none of the 16 cases that 
were not self-discovered has recurred to the present 
time. Thus the variable not only has a very strong 
weight, but also appears to be counter to expectation. 
Why should self-discovery have a worse prognosis than 
discovery by a physician? The answer may be related to 
special aspects of the present patient population, but it is 
more likely to depend upon the selection of the subgroup 
with minimal nodal spread, coupled with differences in 
patient and physician approaches to breast examination. 
First, self-discovery by the patient does not necessarily 
lead to immediate action, and second, the techniques of 
self-palpation and physician palpation can be expected 
to discover different lesions. For example, a subtle lesion 
close to the fascia should be more easily palpable by a 
patient, whether by accident or intent, while a similar 
early lesion close to the nipple (with a better prognosis 
in this series) would be more easily discovered by the 
physician. Other factors must also play a role, including 
the judgment as to when a tumor is self-discovered and 
when it is discovered by the physician. This extreme 
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example serves to emphasize the possible indirect nature 
of the prognostic variables. In most cases, however, 
these prognostic variables can be related in a relatively 
straightforward way to the pathologic geography and 
extent of the disease or its biological aggressiveness. 

In the present study, the method of pathologic exam- 
ination has a strong influence on the results. Clearing 
the specimen and transilluminating it in the search for 
lymph nodes yields both more nodes for histologic study 
and more positive nodes per specimen. For this reason, 
the present classification of nodal status is somewhat 
more conservative than that employed in other institu- 
tions. If  less exacting methods of pathology were em- 
ployed, some patients in the current series would be as- 
signed to the zero-positive-node category, and other pa- 
tients with four or more positive nodes by the present 
method of pathologic examination would be considered 
elsewhere to have three or fewer. Given that there are 
multiple strong predictive variables, it would appear to 
be more useful and less arbitrary to consider the number 
of positive nodes as one predictive variable to be 
weighted in the same way as the others. 

Conclusion 

In carcinoma of the breast treated by radical mastec- 
tomy, clinical decisions about adjuvant chemotherapy 
are based primarily on the number of positive lymph 
nodes found on pathologic examination. If no positive 
nodes are found, then the patient is considered to be at a 
sufficiently low risk of recurrence for no adjuvant treat- 
ment to be called for (although 25% of these patients 
will not survive 10 years). If four or more positive nodes 
are discovered, the patient is considered to be at high 
risk (although 25% of these patients would survive at 
least 10 years in the absence of any further treatment). 
Given four or more positive nodes, the best practice now 
suggests adjuvant chemotherapy for most patients. De- 
cisions about patients with limited nodal involvement 
(defined as one to three nodes) pose more difficult prob- 
lems, because at least 40% will fail within 10 years if 
they receive no further treatment. On the one hand, if 
the micrometastasis hypothesis is correct, adjuvant che- 
motherapy should have a particularly favorable effect in 
this group. On the other hand, adjuvant therapy is of 
itself hazardous, expensive, and time-consuming. Thus it 
is clinically useful to identify further predictive variables 
that can sharpen the prediction of the risk of recurrence 
for individual patients so that a better selection of pa- 
tients at high risk can be made. 

In this pilot study a computer-based statistical anal- 
ysis has been applied to a data base derived from a 
personal series of patients with one to three positive 
nodes. This analysis has established the feasibility of im- 
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proving the prediction of disease recurrence and thus 
improving the criteria for the selection of patients for 
adjuvant chemotherapy. In its simplest form the analy- 
sis correctly identified 80% of both high- and low-risk 
patients. The pilot study further indicates that the num- 
ber of positive lymph nodes discovered should be con- 
sidered as merely one of the set of predictive variables to 
be used in the calculation of risk of recurrence. 

If an explicit analysis of the risk of recurrence were 
available for clinical decisions the needs and preferences 
of the individual patient could be matched more preci- 
sely to the spectrum of available treatment. In the long 
term, the present set of data is expected to be augmented 
by new measures of hormonal, biochemical, prolifera- 
tive, and immunologic status. These new measures will 
result in an even more detailed and accurate prognostic 
profile for quantification of the natural history of breast 
carcinoma under treatment. On the basis of these pre- 
liminary results, the present approach provides quantita- 
tive support to that summary of personal or institutional 
experience usually prefaced by the phrase 'In our 
hands . . . '  
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Appendix A 
Patient data record 

i. Code No.: ; 2. Birthdate: / 
/ ; 3. Age: __; 4. Birthplace: i. USA, 2. 

Canada, 3. Mexico, 4. Russia, 5. Polland, 6. Ger- 
many, 7. Czechoslavakia, 8. Italy, 9. Spain, i0. 
Israel, ll. Austria, 12. Other; 5. Ethnicity: i, 
Caucasian, 2. Black, 3. Mongolian, 4. Other; 
6. Reli$io~: i. Jewish, 2. Protestant, 3. Catho- 
lic, 4. None, 5. Moslem, 6. Hindu, 7. Syrian- 
Orthodox, 8. Other; 7. Marital Status: I. Mar- 
ried, 2. Widowed, 3. Divorced, 4. Separated, 5. 
Single; 8. Age at Marriage: , Date: / / 

; 9. Gravida, Para, Aborta: / / ; i0. 
Age at ist Birth: ; Ii. Age at Menopause: ; 
12. Age of Children: (oldest/youngest) / ; 
13. Average months nursed per child: ; 14. 
Total months nursed: _ ; 15. Estrogens: 0.Never, 
i. Less than 1 year total use, greater than i0 
years PTA, 2. Greater than 1 year total, greater 
than i0 years PTA, 3. Less than 1 year total, 
from 1 to i0 years PTA, 4. Greater than 1 year 
total, ~rom 1 to i0 years PTA, 5. Less than 1 
year total, less than 1 year PTA, 6. Greater than 
i year total, less than 1 year PTA; 16. Proges- 
terones: 0. Never, i. Less than 1 year total use, 
greater than i0 years PTA, 2. Greater than 1 year 
total use, greater than i0 years PTA, 3. Less 
than 1 year total, from 1 to i0 years PTA, 4. 
Greater than 1 year total, from 1 to i0 years PTA, 
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5. Less than 1 year total, less than 1 year PTA, 
6. Greater than 1 year total, less than i year 
PTA; 17. Ethanol: 0. None, i. Occasional, Social, 
2. Regularly, 3. Excessive; 18. Other Druf~_: 0. 
None, i. Endocrine, 2. Others, 3. 1 and 2; 19. 
Endocrine Surgery: O. None, Date, M.D., Hospital, 
i. Oopherectomy, Date, M.D., Hospital, 2. Thy- 
roidectomy, Date, M.D., Hospital, 3. Adrenalec- 
tomy, Date, M.D., Hospital, 4. Other, Date, M.D., 
Hospital, 5. Any combination of 1 to 4, Date, 
M.D., Hospital; 20. Past Breast Disease: 0. None, 
Date, M.D., Hospital, i. Fibroadenoma, Date, M.D., 
Hospital, 2. Cystic Disease, Date, M.D., Hospital, 
3. Fibrosis, Date, M.D., Hospital, $. Cancer, 
Date, M.D., Hospital, 5. Mammary Duct Ectasia, 
Date, M.D., Hospital, 6. Other, Date, M.D., Hos- 
pital, 7. Any combination of 1 to 6, Date, M.D., 
Hospital; 21. Past Other Illnesses: 0. None, i. 
Endocrinopathy, 2. Others; 22. Family History of 
Breast Cancer: None, Age, I. Mother, Age, 2. Ma- 
ternal Grandmother, Age, 3. Paternal Grandmother, 
Age, 4. Maternal Aunt, Age, 5. Paternal Aunt, Age, 
6. Sister, %ge, 7. Other, Age; 23. Discovered by: 
i. Self, 2. GYN or LMD (primary care physician), 
3. CDH or SJK (follow-up), 4. Routine Screening 
Mammogram, 5. Other; 24. Interval from Discovery 
to Biopsy: days; 25. Initial Mode of Presen- 
tation: i. Mass or lump in FMG, 2. Pain in FMG~ 
3. Heavy, dragging or other sensation, 4. Nipple 
discharge, 5~ Skin or nipple changes, 6. Palpa- 
ble axillary lymph node, 7. Abnormal mammogram, 
8. Other; 26. Side: ; 27. Location ; 28. 
Size: cm in greatest diameter; 29. Configura- 
tion: i. Poorly delineated and/or irregular, 2. 
Discrete (including nodular, lobulated, round, 
etc.), 3. Others, 4. Not remarked upon: 30. Con- 
sistency: 0. Not remarked upon, i. Firm, hard, or 

gritty~ 2~ Soft, 3. Rubbery, 4. Other; 31. Rela- 
tionship to Environs: I. Freely moveable, no re- 
traction or fixation, 2. Skin retraction or nip- 
ple retraction, 3. Fixed in surrounding breast 
substance, 4. Fixed to underlying chest wall tis- 
sue, 5. Peau d'orange, 6. Other, 7. Any combina- 
tion of 1 to 6; 32. Skin Changes: 0. None, i. 
Ecchymosis~ 2. Edema, limited to less than 1/3 of 
breast surface, 3. Edema, extensive, 4. Peau d' 
orange, 5. Erythema, 6. Other, 7. Any combination 
of 1 to 6; 33. Nipple Changes: 0. None, i. Re- 
traction or inversion (only if other side normal), 
2. Discharge (bloody or otherwise), 3. Any com- 
bination of 1 to 3; 34. Characteristics of In- 
volved Breast: Oo Non-tender, I. Tender or pain- 
ful, 2~ Different size from opposite, 3. Pendu- 
lous (with or without), 4. Other, 5. Any combi- 
nation of 1 to 4, 6. Without distinguishing 
characteristics; 35. Homolateral Lymph Nodes: AX, 
SC, IM, 0. None, io Less than 2.5 cm and freely 
moveable, 2. Greater than 2.5 cm and freely move- 
able, 3. Less than 2.5 cm and matted down, 4. 
Greater than 2.5 cm and matted down; 36. Contra- 
lateral Lymph Nodes: AX, SC, IM, 0. None, i. Less 
than 2.5 cm and freely moveable, 2. Greater than 
2.5 cm and freely moveable~ 3. Less than 2.5 cm 
and matted down, 4. Greater than 2~5 cm and mat- 
ted down; 37° Neural: 0o No, i. Yes; 38. Fascial: 
0. No, io Yes (relative fixation to chest wall); 
39. Muscle: O. No, i. Yes; 40. Columbia Clinical 

Classification: ; 41o International TNM System: 
_ ; 42. Duration between biopsy of primary tumor 
and surgical treatment: days/months or years; 
%-3° Procedure: I. Haagensen radical mastectomy, 
2. Modified radical mastectomy, 3. Simple mastec- 
tomy, 4. Lumpectomy (wide excision); 44. Area of 
skin removed: x cm (use greatest dimension); 
45. Skin graft size: x cm; 46. Duration of 
operation: (hours/minutes / ; 47. Transfusion: 
0. None, I. Whole blood units, 2. Plasma 
units, 3. Other; 48. Post-operative complications: 
0. None, i. Fluid collection under flaps, etc., 
2. Urinary tract infection, 3. Pulmonary tract 
infection, 4. Thrombophlebitis, 5. Pulmonary 
Embolus, 6. Cardia or cardio-vascular problem, 
7. Depression, 8. Other, 9 Any combination of 1 
to 8; 49. Post-operative transfusions: 0. None, 
I. Blood, 2. Plasma, 3. Other, 4. Any combination 
of 1 to 3; 50. Duration of post-op hospital stay: 

days; 51. Radiotherapy: 0. None, i. Post-op, 
to IMN chain , 2. Post-op, to axilla and SC area 
or "regional nodes," 3. Post-op, to chest wall, 
4. For recurrence (later) to any area, 5. Post-op, 
to combination of 1 to 3, 6. Other, 7. For com- 
bination of 4 and any other; 52. Chemotherapy: 
0. None, i. Adjuvant, 2. For recurrent disease 
(later), 3. 1 and 2; 53. Hormonal Manipulation: 
(if any, give 1 or 2, and 3 to i0), 0. None, i. 
Adjuvant (immediately post-op), 2. For recurrent 
disease (later), 3. Oopherectomy, 4. Adrenalectomy, 
5. Oopherectomy and adrenalectomy. 6. Other sur- 
gery, 7. Steroids, 8. Androgen analogue, 9. Es- 
trogen or progestogen analogues, i0. Any combina- 
tion of 3-6 and 7-9; 54. Consistency: 0. Not re- 
marked upon, i. Firm, hard, or gritty (ignore 
color and other descriptive data), 2. Soft, 3. 
Rubbery, 4. Other; 55. Size: cm; 56. Margin 
from tumor to skin: 0. None, skin not involved, 

i. None, skin involved, cm; 57. Margin from 
tumor to fascia: 0. None, fascia and muscle not 
involved, i. None, fascia or muscle involved, 2. 
Less than 1 cm, cm; 58. Histologic Type: I. 
No special type (includes schirrous, invasive, 
intraductal), 2. Predominantly intraductal with 
loci of invasion, 3. Intraductal, 4. Papillary, 
5. Solid circumscribed or medullary, 6. Small 
cell, 7. Pagets, 8. Inflammatory, 9. Lobular 
carcinoma (invasive), i0. Multiple types, with 
no one predominant, Ii. Other; 59. Degree of 
Differentiation: 0. No special differentiation, 
I. Well-differentiated, 2. Moderately to well- 
differentiated, 3. Moderately differentiated, 4. 
Moderate to poorly-differentiated, 5. Poorly 
differentiated; 60. Invasion of blood vessels: 
0. No, I. Yes; 61. Invasion of lymphatics in 
breast: 0. No, i. Yes; 62. Invasion of breast 
stroma: 0. No, i. Yes; 63. Invasion of axillary 
fat: 0. No, i. Yes; 64. Total no. of ALN recov- 
ered: ; 65. No. of ALN in each subgroup: AV, 

C, S, R, __ Ap; 66. No. of positive ALN 
In total: _ ~67. Percent of total ALN that are 
positive: ; 68. No. of positive ALN in each 
subgroup: AV~ C, S, R, Ap; 69. 
Percent of total positive ALN that are: AV, 

C, S, __ R, __ AP; 70. Percent of ALN in 
each subgroup that are positive: AV, C, 
__ S, R ,  Ap; 71. Level of visibility 0~ 
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metastatic foci: i. Macrometastasis, 2. Micro- 
metastasis; 72. Areas of nodes involved: i. Cap- 
sule and gub-capsular sinus only (micro), 2. 
Deeper areas of node involved discretely (macro), 
3. Node diffusely replaced with tumor (macro); 
73. Associated pathologic findings: 0. None, i. 
Microscopic cystic disease (including any or all 
of the following: microscopic cysts, squamous 
metaplasia, proliferation of duct epithelium, 
blunt duct adenosis, adenosis, fibrosis). 2. 
Gross cystic disease, 3. Fibroadenoma (gross or 
micro), 4. Intraductal papilloma, 5. Papilloma- 
tosis, 6. Lobular neoplasia in situ, 7. Chronic 
lymphadenitis or sinus histiocytosis, 8. Lesions 
of breast cancer, 9. Other, i0. Any combination 
of 1 to 9; 74. Date of operation: / / ; 
75. Date of metastasis or recurrence: / 
(0 = none); 76. Site of metastasis: i. Local 
recurrence (chest wall or skin nodules), 2. Local 
recurrence (axilla), 3. Regional spread (internal 
mammary or supraclavicular nodes), 4. Bony metas- 
tases, 5. Pulmonary metastases, 6. Hepatic metas- 
tases, 7. Brain metastases, 8. Other, 9. Any com- 
bination of 1 to 8; 77. Date of death: / / 
(0 = none); 78. Cause of death: i. Meta~atic 
disease, 2. Unrelated disease, 3. Other. 

Abbreviations 
ALN: Axillary Lymph Nodes; AV: 
Avillary Vein; C: Central: 
S: Scapular; R: Rotter's; Ap: Apex 

Appendix BI 

Analytical Methods 

Let x be a vector of observed patient characteristics. 
For the i'th patient the vector is x i and has compo- 
nents 1, Xlt, x2i . . . .  xki. Following earlier studies (Fiegl 
and Zelen, 1965; Glasser, 1967; Prentice, 1973), the 
hazard rate Ai is assumed to depend log-linearly on x, 
and is independent of elapsed times since surgery: 

- -  lr l~i  = t 0  Jr- f l l  x l i  q- "" f lk Xki .  (1) 

The expected time to metastases is 1/A i, and the median 
time for the i'th patient is 0.693/Ae Since A i has units of 
inverse months, the probability of a 5-year disease-free 
interval is P5YR = exp ( -602  0. Maximum-likelihood 
methods were used to determine the parameter vector/~ 
by fitting to the data. 

In vector notation, - In  A i =/3%. The likelihood for 
those individuals censored at time q* is 

Li = exp [ -  (t; e-e'~')] (2) 

and the likelihood for those individuals observed to 
recur at time t~ is 

Li = exp ( / ~ ' X  i - -  t ie  -fl'xi) • (3 )  
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When a data entry for a particular xki was not available, 
the average value of the k'th variable over all available 
cases was used to replace the missing value. This proce- 
dure is satisfactory in the absence of any additional in- 
formation about missing data. In one instance, described 
in the text, this procedure required modification. 

The parameter vector/3 is chosen, which maximizes 
I1 

the likelihood,/7' Li, where n is the number of patients. 
i = l  

The first two derivatives of In L are used in the deter- 
mination of/3. They are 

31nL~ _ ~" (t; e-/~%)xi ' , if censored 
a/~ [ (1 + ti e-~'x9, if uncensored (4) 

and 

~21nL~ -- { 1 (t~ e-~'X)xixi' , if censored 
aft z _ (ti e - f l ' X i ) x i x i  ' , if uncensored. (5) 

It has been observed (Morabito and Marubina, 
1976; Walker and Duncan, 1967), that the Newton- 
Raphson iteration technique for determining a maxi- 
mum corresponds to the solution of a weighted least- 
squares problem with weights 

* - -  ' x  Jti e ~ ' ,  if censored 
Wi = [t i  e -5% , if uncensored. (6) 

With these weights, the dependent variable becomes 

81nL~ / /wi 
It was natural to incorporate these algorithms into a 

general-purpose statistical software program capable of 
performing weighted least-squares regression. The 
STATLIB Program (Bradsford and Relles, 1975) was 
chosen because of its superior data manipulation facility 
and efficient cross-product matrix accumulator. The 
starting point in the iteration sequence was the least- 
squares solution with In t as the dependent variable, ig- 
noring censored observations. If this is nonsingular, a 
finite solution to the censored maximum likelihood is 
guaranteed. Since the weights in this problem are always 
positive, it is also assured that the second derivative ma- 
trix is negative definite, implying the unique existence 
of a local maximum. 

Appendix B2 

Confidence Statements 

Based on the theory of maximum likelihood estimators 
(Wilks, 1962), uncertainty in the parameter vector /3, 
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can be approximated as a subjective normal probability 
distribution 

[0  -a21n (m~)\ 

For any particular individual with characteristics xi, the 
important variable/~'x i has variance 

Xl F -~21n (Hgi)q 
L 

_l .x 

A normal distribution was used to make confidence 
statements about/3'x~ and these were then expressed in 
terms of P5YR. 

The theory for confidence statements is satisfactory 
when none of the/3% is estimated to be infinite. As de- 
scribed in the text, a set of three prognostic variables 
was identified such that no patient with any of these 
characteristics was observed to recur. For the 39 pa- 
tients exhibiting these characteristics, estimates of/3 are 
infinite. It can be shown that if the three variables asso- 
ciated with this excellent prognosis actually correspond 
to zero hazard rate for recurrence, then the maximum 
likelihood estimator of the hazard including all patients 
will be the same as the partial maximum likelihood esti- 
mator excluding those patients with excellent prognosis. 
Probability statements and statistical distributions for 
both cases are then identical. Of the two, the partial 
maximum likelihood estimator was employed because of 
its computational simplicity. Insofar as the three vari- 
ables are predictive of no metastasis, the normal approxi- 
mation yields both reliable and easily computable confi- 
dence statements. 

An alternative and theoretically attractive approach 
is to compute confidence points from the likelihood itself 
(Cox, 1970). Let L~ -- Z. In L i, with/3 the true parameter 
vector. Suppose f(/3) is a p-dimensional function describ- 
ing a restriction on possible values of/3. (In this case, 
f(]~) = /3'x). Generalized likelihood ratio test theory 
states that 

(M 2 2 ax L~ - 8: ~@) = c/ = Zp • 

This implies that the lower alpha confidence limit of 
/3'x can be obtained by computing the minimum value of 
fi'x over possible/3 

subject to ax Lp* - L~ = /a Zl,a 

where 2 Xi,~ is the upper alpha percent point of the X] 
distribution. This is feasible but must be repeated for 
each vector x of required explanatory variables. This 
exhaustive procedure was not performed, but a close 
estimate was obtained by a crude search among plausi- 
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ble values of/3. This computation of the lower confi- 
dence limit is justified by the hypothesis testing interpre- 
tation. The value of/5'x determined by the minimum will 
not reject the given data at level c~, but any value of/3 
leading to a lower value at/3'x will cause rejection. A 
similar argument applies to the upper confidence inter- 
val. 

Appendix C 

Validity of the Exponential Model 

The validity of the constant hazard rate model was 
determined in two ways: 

1) A Kaplan-Meier estimate of the probability of re- 
currence-free interval was made with the nondimension- 
al time, Aiti, where ti is the observed time to recurrence 
or censorship and A i is the predicted hazard rate, all for 
the i'th patient. If the assumed model were indeed the 
correct one, then the resulting estimate of the probability 
distribution would approximate an exponential distribu- 
tion exp(-Aiti). This was verified for the region 0 < Aiti 
< 1, where the data are heavily concentrated. Significant 
departures from this distribution occur only for values 
of A~t i > 1, where data are too sparse (N = 3) and error 
estimates too large to permit meaningful compari- 
sons. 

2) The algorithm and computer programs were mod- 
ified to include hazard rates of the Weibull type, where 

/ x  

the hazard rate is proportional to t ( ~ f - ) a n d  may eith 

er increase (tr < 1), or decrease (tr > 1) with time since 
mastectomy. The exponential relation for the probability 
of disease-free interval patient was replaced by 

The parameter ~r was assumed constant for the entire 
patient set, and a maximum likelihood calculation was 
performed to determine a and the coefficient vector ,g 
simultaneously by fitting to the data. 

A maximum likelihood was obtained when a = 0.69, 
suggesting a hazard function that increased weakly with 
time. The relative weights of the individual variables 
were only slightly different from those in the constant 
hazard case (~ = 1). In addition, the Weibull estimates 
for 5-year disease-free interval were usually within 2% 
of those calculated with the simpler exponential model. 
Although ~ is significantly different from unity, it has 
little influence on estimates of short-term risk status. For 
these reasons, and also because inclusion of the Weibull 
hazard rate adds considerable complexity to description 
and formulae, we present only the exponential results. 
Both clinical intuition and a recent study (Mueller and 
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Jeffries, 1975) of  aggregated breast  cancer  survival da ta  
suggest that  a value of  a > 1 is also plausible. 

As  suggested earlier, the Weibull  a obtains different 
values when computed on the basis of  aggregated data,  
or  on the basis of  individual patient characterist ics.  To 
illustrate this effect, a maximum likelihood calculat ion 
was performed with pooled da ta  from all 103 patients, 
i.e., neglecting confirmed individual differences. The 
computed  a was found to be insignificantly different 
from unity, contrast ing with the value of  0.69 described 
above. Given a larger da ta  base  or a longer period of  
follow-up, the present  methodology  can easily be used to 
explore the nature  of  this t ime dependence for the indi- 
vidual patient.  The issue is still an impor tan t  one and 
deserves future study. 
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