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Abstract
Background: To evaluate the effect of follow-up length on the outcome of
breast cancer patients, we compared the 50- and 25-year follow-up results in
terms of cure rate, overall mortality and mortalities from breast cancer,
second cancer, and benign diseases. Methods: 763 patients treated for breast
cancer between February 1953 and September 1976, were followed up until
December 2014. They were divided into two cohorts; earlier cohort exclusively
underwent radical mastectomy plus adjuvant radiotherapy, while later cohort
had radical mastectomy alone. Assuming that in all patients follow-up was
terminated at 50 or 25 years after diagnosis, likelihood ratio test and stratified
Log-rank tests were performed to evaluate the differences in cure rate and
overall survival between the two cohorts. Results: During the 50 years, radical
mastectomy alone compared with radical mastectomy plus adjuvant radiotherapy is associated with a significantly higher cure rate, and higher survivals
regardless of whether the death was from breast cancer, second cancer, benign
causes or any causes. However, if follow-up information is limited to 25 years,
the advantage of radical mastectomy alone is partly offset and the survival
difference between the two cohorts becomes less significant. Conclusion: Radiotherapy to breast cancer may adversely affect not only mortality from
breast cancer, but mortalities unrelated to breast cancer. Since such deaths
occur later, they may fail to be detected unless follow-up is long enough.
Thus, deleterious effects of radiotherapy may be underestimated. Exceedingly
long follow-up is required to accurately estimate the cure rate and the
long-term effect of radiotherapy.
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1. Introduction
The goal of cancer therapy is to cure the disease rather than to prolong the time
until death from the cancer; cure provides far more benefits than prolonged life
with the remaining tumor. This is particularly true for younger patients who
gain more benefits from cure than older patients. To promote cure, it is mandatory to determine which treatment is more curative in terms of having a higher
cure rate. Unfortunately, as Cox himself acknowledges [1], the most commonly
used methods of survival analysis such as the Cox proportional hazards regression [2] and the closely associated log-rank test [3] have limitations, failing to
estimate the cure rate.
It is noteworthy that as early as 1949, Boag [4] estimated the cure rate using
his survival model which has three parameters including the cure rate. By calculating these parameters, Boag estimated the probability of cure for several tumors including cancer of the breast. The advantage of his model is that its parameters provide the information for clinicians and patients eagerly seek, such as
the patient’s chance of being cured, and if not cured, the time to death from the
cancer. Although the Boag model has been highly valued by clinicians and biostatisticians [5] [6] [7], it inherently has a serious difficulty; as compared with the
standard methods of survival analysis, it requires a much longer follow-up time
in order to distinguish between cure and delayed death from the cancer. This is
particularly true for breast cancer patients who have much longer times to death
than those with other malignancies.
Fortunately, we were able to overcome this difficulty. Since the registration of
breast cancer started at the Kyoto University Hospital in 1953, the first author of
the present paper (Y.Y.) assumed the responsibility to follow all patients who
were surgically treated. If a patient was discharged, or hospitalized elsewhere, he
made contact with the patient, her family members, her primary physician or the
hospital staff. As a result, 41 patients were followed alive longer than 50 years.
The purpose of the present paper is to gain a new insight into such extraordinarily long-term follow-up information, in particular, on the effects of adjuvant
radiotherapy, which would not have been obtained without ordinary follow-up.

2. Patients and Methods
Of the 1023 Japanese women who were treated either at Kyoto University Hospital, or the Tomita Hospital from February 1953 to August 2002 for UICC [8]
Stage I to IIIa breast cancer, 763 patients who were diagnosed earlier than September 1976 formed the basis for the present study. The reason why we excluded
more recently diagnosed patients from this study was that their follow-up times
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were not long enough for cure rate estimation. Furthermore, if they had been included in the study, more recent anticancer regimens not available earlier, such
as tegafur and tamoxifen might have been used and introduced biases in comparing two treatment cohorts.
When the breast cancer registration started in 1953, there was a policy to treat
resectable cancer by Halsted’s radical mastectomy [9] followed by adjuvant radiotherapy. Thus, only 9 patients had breast-conserving surgery, and they were excluded from the survival analysis; all of the remaining 754 patients underwent
radical mastectomy.
In October 1961, adjuvant X-ray therapy was replaced by 60Co gamma-ray. It
was initiated within three weeks after surgery. Treatment plans were individualized depending on the site and extension of the tumour. Usually, two areas were
selected for irradiation among the following five areas: the chest wall, axilla,
sternal, supraclavicular, and infraclavicular regions. Radiotherapy was delivered
in five fractions per week in a dose of 150 rad per day over six weeks. The maximum dose was 4500 rad.
Such radiotherapy was continued until May 1967, when the first author took
over the chief of the Breast Surgery Section and totally abolished adjuvant radiotherapy while the radical mastectomy procedure was continued as before. This
change in policy gave us the chance to compare two treatment cohorts, one with
radical mastectomy alone (309 controls) versus the other with radical mastectomy plus radiotherapy (445 patients).
When patients died during the follow-up period, their deaths were classified
into the following 3 types: 1) death from the original breast cancer; 2) death
from second cancers including one from the contralateral breast cancer; and 3)
death from benign causes. Those who were either alive at the last follow-up or
lost to follow-up were censored. The Kaplan-Meier survival curves were plotted
using each of the above three deaths as an event. Another survival curve (overall
survival curve) was plotted for a group who died of any cause.

Statistical Analysis
In order to determine the cure rate, we estimated the three parameters of the
Boag Model [4] which assumes that of a group of cancer patients a fraction c are
completely cured by treatment, while the remaining 1–c are incurable and their
failure times follow a log-normal distribution with mean m and standard deviation s unless they die from other causes. The three parameters (c, m, s) of the
Boag model were estimated using the Gamel model [10] as shown below:
c=

exp ( c0 + c1 x1 + c2 x2 + )

1 + exp ( c0 + c1 x1 + c2 x2 + )

,

(1)

m =m0 + m1 y1 + m2 y2 +  ,

(2)

s = exp ( s0 + s1 z1 + s2 z2 + ) .

(3)

This model is the extension of the Boag model to three regressions (1), (2),
(3), whose dependent variables are the cure rate (c), and the mean (m) and
standard deviation(s) of log failure times, respectively; their independent va83
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( x , y , z ) . Using the maximum likelihood method, the regression coefficients ( c , m , s ; i, j , k = 0,1, 2,) were esriables are covariates of the regressions

i

j

i

k

j

k

timated along with their standard errors. The Boag parameters were then derived from the regressions. Graphically, if the disease-specific survival curve levels off in parallel with the time axis, its distance from the time axis is considered
the cure rate.
The hypothesis that there is no difference in cure rate between radical mastectomy alone and radical mastectomy plus adjuvant radiotherapy was tested by
the likelihood ratio test χ21 (Klein) [11]. Another hypothesis that there is no
survival difference between the two cohorts was evaluated by the log-rank test
[12] stratified by UICC N-categories [9].
Patients were divided according to covariate values into subgroups. For each
subgroup, the cure rate (c) was compared with the 5-year overall survival rate
using the paired t-test.
In order to evaluate the effect of short follow-up length (e.g., 5 years) on the
results of survival analyses, imaginary data were created by decreasing the observed follow-up length to a shorter length (e.g., from “died at 7.2 years” to
“censored at 5 years”), and survival analyses were carried out.

3. Results
Of the 763 patients, 41 survived 50 years, 83 were still alive as of December 31,
2014. The individual follow-up times ranged from 8 days to 61.9 years, with a
median of 20.5 years. A total of 204 died of the original breast cancer, 143 from
second malignancies, and 326 from benign diseases. Seven patients were lost to
follow-up from 2.4 to 8.5 years.
In Table 1, the cure rates for Stage 1 to Stage IIIa have been estimated as c of
the Boag model using the limited follow-up information available at 5, 10, 20,
and 40 years after diagnosis. Figure 1 shows that irrespective of the stage, when
disease-specific survival curves are predicted using information available at 5
Table 1. Prediction of cure rate at different follow-up limit.
Follow-Up Limit
5y

10y

20y

40y

Cure Rate (95%CI)

Stage
(Size)

I
(217)

0.921
(0.864 to 0.955)

0.859
(0.791 to 0.908)

0.849
(0.791 to 0.893)

0.821
(0.757 to 0.870)

IIA
(219)

0.853
(0.729 to 0.926)

0.724
(0.521 to 0.864)

0.772
(0.705 to 0.828)

0.739
(0.667 to 0.800)

IIB
(227)

0.781
(0.622 to 0.885)

0.741
(0.662 to 0.801)

0.663
(0.582 to 0.736)

0.647
(0.571 to 0.716)

IIIA
(100)

0.533
(0.369 to 0.690)

0.450
(0.339 to 0.566)

0..396
(0.295 to 0.507)

0.401
(0.302 to 0.510)

For prediction of cure rate using full follow-up data, refer to Table 2.
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Figure 1. Survival curves predicted using limited follow-up information available at 5 to
40 years, respectively.

years, these parametric curves (red) diverge from the corresponding KaplanMeier curves (black), which are obtained by the full follow-up data. The predicted disease-specific survival curves failed to converge to the Kaplan-Meier
curve (black) until after 40 years of follow-up.
In Table 2, the total patient population has been divided into two to five subgroups by various covariate values, thus generating a total of 31 subgroups. For
each subgroup, the curability of breast cancer was assessed by the cure rate
ranging from 3% to 88%; the minimum cure rate is seen in the subgroup with
metastasis (+), suggesting that patients with metastasis have very little chance of
cure. The other subgroups whose cure rates ≤ 0.2 are those with N2 disease and
locoregional recurrence (+). On the other hand, the maximum cure rate of 88%
is encountered in the subgroup whose body weight < 40 kg. Other subgroups
whose cure rates ≥ 80% are those with N0 disease, metastasis (−), and Stage I.
When the cure rate is compared with the 5-year survival rate for each subgroup, there is a highly significant difference between them; the five year-survival is on average 10.5% higher than the cure rate (paired t-test = 6.71 on 38 df,
P < 0.0001).
Of note, the subgroup undergoing radical mastectomy plus adjuvant radiotherapy has a lower cure rate (67%) than the subgroup undergoing radical mastectomy alone (75%); the difference is significant based on the likelihood ratio
test ( χ12 = 60.14, P < 0.0001).
Figure 2 graphically shows impact of adjuvant radiotherapy (red) compared
with radical mastectomy alone (blue) on Kaplan-Meier survival curves. This figure also shows how the survival curves differ depending on the type of events,
which include (a): death from breast cancer, (b): death from second cancer, (c):
death from benign diseases, and (d): death from any causes. Of the four pairs of
85
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Table 2. Long-term outcomes of breast cancer subgroups.

Subgroups

No. of
cases

Deaths
from
breast
cancer

Deaths
from
second
cancer

Deaths
from
benign
causes

Probability of
cure (95% CI)

5-year
survival
(95% CI)

Age (y)
<45

311

86

53

98

0.70 (0.65 - 0.75)

0.82 (0.77 - 0.86)

45 - 54

232

60

47

111

0.72 (0.66 - 0.78)

0.82 (0.77 - 0.87)

55 - 64

161

48

35

77

0.66 (0.58 - 0.74)

0.76 (0.69 - 0.82)

≥65

59

10

8

40

0.60 (0.00 - 1·00)

0.64 (0.52 - 0.77)

I

217

34

46

95

0.82 (0.77 - 0.88)

0.88 (0.84 - 0.93)

IIa

219

50

45

96

0.74 (0.67 - 0.81)

0.86 (0.81 - 0.93)

IIb

227

67

39

101

0.65 (0.58 - 0.72)

0.75 (0.69 - 0.80)

IIIa

100

53

13

34

0.40 (0.30 - 0.51)

0.54 (0.44 - 0.64)

T1

290

59

59

122

0.77 (0.72 - 0.82)

0.87 (0.83 - 0.90)

T2

367

101

72

158

0.74 (0.67 - 0.81)

0.78 (0.74 - 0.83)

T3

106

44

12

46

0.54 (0.43 - 0.64

0.61 (0.52 - 0.71)

N0

397

71

81

178

0.80 (075 - 0.84)

0.86 (0.83 - 0.89)

N1

323

104

57

139

0.63 (057 - 0.69)

0.75 (0.71 - 0.80)

N2

43

29

5

9

0.10 (0.00 - 0.24)

0.42 (0.27 - 0.57)

Stage

T disease

N disease

Radiotherapy
(-)

309

68

48

128

0.75 (0.69 - 0.80)

0.83 (0.79 - 0.88)

(+)

445

132

94

194

0.67 (0.62 - 0.72)

0.77 (0.73 - 0.81)

<40

47

5

13

25

0.88 (0.79 - 0.98)

0.83 (0.72 - 0.94)

40 - 59

617

161

119

260

0.70 (0.66 - 0.74)

0.81 (0.72 - 0.94)

60 - 69

84

34

9

35

0.55 (0.43 - 0.66)

0.67 (0.43 - 0.90)

≥70

15

4

2

6

0.69 (0.44 - 0.94)

0.67 (0.57 - 0.78)

<150

163

40

26

84

0.71 (0.63 - 0.79)

0.80 (0.74 - 0.86)

150 - 159

505

139

97

209

0.69 (0.64 - 0.73)

0.79 (0.75 - 0.82)

≥160

95

25

20

33

0.70 (0.60 - 0.80)

0.80 (0.72 - 0.88)

<18

55

10

17

23

0.77 (0.64 - 0.91)

0.78 (0.67 - 0.89)

18 - 24

586

147

114

251

0.72 (0.68 - 0.76)

0.81 (0.78 - 0.84)

25 - 29

111

42

10

48

0.58 (0.47 - 0.67)

0.73 (0.65 - 0.81)

≥30

11

5

2

4

0.54 (0.25 - 0.84)

0.54 (0.25 - 0.84)

(−)

576

31

137

319

0.83 (0.80 - 0.86)

0.85 (0.82 - 0.88)

(+)

178

169

5

3

0.03 (0.00 - 0.09)

0.52 (0.43 - 0.60)

(−)

715

169

140

318

0.72 (0.68 - 0.76)

0.81 (0.78 - 0.84)

(+)

39

31

2

4

0.14 (0.02 - 0.25)

0.51 (0.42 - 0.60)

Body weight (kg)

Height (cm)

Body mass index

Metastasis

Locoreg rec

Stage, T-factor, N-factor: UICC TNM Classification 4th Edition. Radiotherapy: See the text.
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(a)

(b)

(c)

(d)

Figure 2. The effects of radical mastectomy alone compared with radical mastectomy
plus adjuvant radiotherapy on Kaplan-Meier survival curves using four different deaths
(a): death from breast cancer; (b): death from second cancer; (c): death from benign
causes; (d): death from any cause. The log-rank tests are done assuming that, for every
patient, follow-up is terminated at 25 and 50 years after diagnosis. If follow-up is assumed
to be terminated at 25 years, a patient who actually died at 26 years is treated as censored
at 25 years, whereas patients dying at 20 years are unchanged.

survival curves, the one whose death is from breast cancer (a) differs from the
other three pairs in that the curves level off with time before dropping to zero,
suggesting that the risk of death from breast cancer decreases with time. In contrast, the other three pairs of curves ((b), (c), (d)), in particular, those subjected
to adjuvant radiotherapy continue to decline with time.
Figure 2 also shows the results of stratified log-rank tests assuming that the
follow-up is terminated at 25 or 50 years after diagnosis. Thus, the results of the
two tests using 25- and 50- year follow-up data are compared. They reveal that
when patients are followed-up for 50 years, the effect of radical mastectomy
alone compared with adjuvant radiotherapy always shows highly significant differences ((a): P = 0.029, (b): P < 0.0001, (c): P < 0.0001, (d): P < 0.0001). However, when the follow-up time is shortened to 25 years, the difference in survival
between the two cohorts became less significant ((a): P = 0.02, (b): P = 0.146, (c):

P = 0.003, (d): P = 0.007) except for A.
Another significant association with adjuvant radiotherapy was found between the latter and the risk of distant metastasis (Table 3, P = 0.05). On the
other hand, no significant association was found between the latter and the risk
of locoregional recurrences ( χ12 = 0.245 (P = 0.621) (Table 4).

4. Discussion
For many years, the overall survival rate at a given point in time, particularly, at
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Table 3. Association of adjuvant radiotherapy with metastasis.
Metastasis

Total

(+)

(−)

Radiotherapy (+)

94

351

445

(−)

45

264

309

Total

139

615

754

χ12 = 5.220 (P = 0.022).

Table 4. Association of adjuvant radiotherapy with locoregional recurrence.
Recurrence

Total

(+)

(−)

Radiotherapy (+)

44

401

445

(−)

34

275

309

Total

78

676

754

χ12 = 0.245 (P = 0.621).

five years, has been commonly used as an easy measure of cancer curability and
treatment efficacy. However, our long-term follow-up study of breast cancer patients reveals that for this purpose, the overall 5-year survival rate is heavily biased, being about 10% higher than the probability of cure. Although the use of
other statistics such as the hazard ratio [1] and log-rank statistic [3] is advocated
by biostatisticians, they do not appear to be easily comprehensible for the patients, who are now the major decision-makers in this era of patient-centered
medicine.
It is noteworthy that in our extremely long-term follow-up study the cohort
with radical mastectomy plus adjuvant radiotherapy compared with radical
mastectomy alone is at a higher risk of not only death from breast cancer but also other types of deaths including death from second cancer, death from benign
diseases, and death from any cause. In this respect, atomic bomb survivors in
Hiroshima and our breast cancer patients receiving adjuvant radiotherapy exhibit similar features. According to Sakata et al. [13] their 60-year follow-up studies of atomic bomb survivors indicate that radiation exposure increases the risk
of cancer at almost all sites, this increase remains throughout the lifetime of the
survivors, and that radiation increases the incidence of and/or mortality due to
diseases other than cancer.
On the other hand, our results are at variance with the results of a number of
randomized trials and meta-analyses comparing surgery plus adjuvant radiotherapy to surgery alone; they show that, at least in some subsets of breast cancer
patients, adjuvant radiotherapy results in better survival than surgery alone1
[4]-[23]. One of the possible explanations for such controversy may be excessive
blood transfusion, which together with radiotherapy may have caused immunosuppression, predisposing patients to cancer recurrence, infectious diseases and
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other conditions [24] [25] [26] [27] [28]. Unfortunately, the amount of blood
transfusion given to each patient was not obtainable, nor was the statistical interaction of transfusion with radiotherapy. Very likely, however, blood transfusion
was given based on the Christpher’s Textbook of Surgery [29] the most favorite
book read by surgeons and medical students then, the author recommended
blood transfusion in major surgeries as follows: daily infusions of 500 to 1000 cc
of whole blood should continue until the hemoglobin and hematocrit values
reach and remain in the normal range.
Another important explanation for this controversy may be that the follow-up
time of breast cancer patients which has been generally considered appropriate is
insufficient to detect late deaths from second cancers and benign conditions. For
example, it may take several decades for a patient with transfusion-related viral
hepatitis to die from liver cancer or hepatic failure. Hence, even fifty-year follow-up might be insufficient to accurately evaluate the survival benefit of breast
cancer patients [30].

5. Conclusion
In conclusion, radiotherapy to breast cancer may have adverse effects not only
on the breast cancer per se, but on second cancer and benign diseases. Since
these effects tend to occur later, insufficient follow-up may fail to detect late
deaths and underestimate the deleterious effects of radiotherapy. Sufficiently
long-term follow-up is essential for accurate assessment of the cure rate and true
effect of radiotherapy.
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