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Abstract

Background: The benefits of breast cancer adjuvant systemic treatments are generally assumed to be proportional (or

constant) over time, but limited data suggest that some treatment effects may vary with time. We therefore systematically
assessed the proportional hazards assumption across all 19 breast cancer adjuvant systemic therapy trials in the National
Surgical Adjuvant Breast and Bowel Project (NSABP) database.

Methods: The NSABP breast cancer trials were tested for the proportionality of hazard rates between randomized treatment
groups for five endpoints: overall survival, disease-free survival and recurrence, local-regional recurrence, or distant
recurrence as first events. When the proportional hazards assumption did not hold, a “change point for the relative risk”
technique was used to identify the temporal breakdown of the treatment effect.

Results: Time-varying treatment effects were observed in nearly half of the trials (nine of 19). In six (B-05, B-11, B-12, B-14,
B-16, and B-20), novel treatment benefits diminished statistically significantly at specific time points following surgery. In
B-09 and B-31, novel treatment benefits were delayed and emerged more than one year after surgery (1.57 and 1.32 years
correspondingly), but the benefit in B-09 reversed after the third year of follow-up. In one trial (B-23), the initial advantage
and subsequent disadvantage of one of the regimens was evident.

Conclusions: Breast cancer adjuvant systemic therapy can have statistically significant time-varying effects, which should
be considered in the design, analysis, reporting, and translation of clinical trials. These time-dependent effects will have

greater relevance as the number of long-term breast cancer survivors increases.

Following surgery for primary breast cancer, most patients
receive adjuvant systemic therapy, and the benefits of these treat-
ments are generally assumed to be proportional (or constant)
over time (1). However, the proportional hazards assumption has
never been systematically assessed in a large clinical trial data-
set and time-varying treatment effects never fully elucidated. For
instance, an early effect of breast cancer adjuvant therapy may
potentially diminish over time after cessation of therapy, or there
may exist a lag time before a treatment effect becomes evident.
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In randomized clinical trials, time to occurrence of a clini-
cally important event (eg, death, disease progression, etc.) is a
primary outcome measure, and the Cox proportional hazards
regression model is often used to evaluate the effect of treat-
ment on this time-to-event outcome (2). Under the assump-
tion of proportional hazards, the estimate of the hazard ratio
(HR) for an endpoint (ie, the relative risk of having the event
for a treated patient compared with an individual in the con-
trol group) provides summary results for the duration of the
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clinical trial. These summary estimates assume proportional
risks and/or benefits (constant HR) irrespective of length of
follow-up, even though the hazard rates may vary over time.
For example, if a treatment reduces the average risk of recur-
rence by 50% during the first three years after breast can-
cer diagnosis (ie, HR of 0.5), then risk of recurrence should
decrease from 8% to 4% at year three, 6% to 3% at year four, 2%
to 1% at year six, and so forth. Thus, the absolute benefit might
vary but the proportional (or relative) benefit would remain
constant over time.

However, some reports now suggest that the proportional
hazards assumption of the Cox model does not hold and that the
relative effects of breast cancer adjuvant systemic therapy may
indeed vary over time (3-6). Since 1971, the National Surgical
Adjuvant Breast and Bowel Project (NSABP) has completed 19
breast cancer adjuvant therapy trials (7-23). More than ten
years of average follow-up are now available for most of these
trials, with some having more than 20 years of average follow-
up. The NSABP dataset therefore provided a unique opportunity
to assess the long-term effects of adjuvant systemic therapy
in a large set of breast cancer trials. We have analyzed each of
those trials to discern potential changes in the optimal efficacy
of adjuvant systemic therapy at specific time points following
breast cancer diagnosis and surgery.

Methods

NSABP Trial Data Synthesis

These trials were approved by local human investigations com-
mittees or institutional review boards in accordance with assur-
ances filed with and approved by the Department of Health and

Human Services. Written informed consent was required for
participation in each trial.

The assumption of proportional hazards between treatment
groups for overall survival (OS), disease-free survival (DFS), recur-
rence (R), local-regional recurrence (LRR), and distant recurrence
(DR) as first events was tested for all completed breast cancer
adjuvant NSABP trials, ie, B-05, B-07 to B-16, B-19, B-20, B-22,
B-23, B-25, B-28, B-30, and B-31 (7-23). A brief summary of these
trials is presented in Table 1. All time-to-event endpoints were
measured from the date of random assignment to the date of
diagnosis of the specified event. Patients otherwise event-free
were censored at their last follow-up. DFS events included all
local, regional, and distant recurrences, second primary cancers,
and deaths from any cause. All of the analyses were based on
the original treatment assignment.

Statistical Analysis

The standard Cox proportional hazards model was employed for
the trials in which receptor status was not collected and trials
with only either receptor-positive or receptor-negative popula-
tions. The Cox proportional hazards model, stratified by receptor
status, was employed for the trials that included both receptor-
positive and receptor-negative patients, ie, B-09, B-15, B-16, B-22,
B-25, B-28, B-30, and B-31. Patients with estrogen receptor (ER)-
positive and/or PgR-positive tumors were identified as receptor
positive; otherwise the patients were considered to be receptor
negative. Women with both ER and PgR status unknown were
excluded from the analyses of these trials. Only eligible patients
with follow-up were considered in the present work.

The formal test for lack of proportionality assumption for
treatment indicator was performed by artificially creating a

Table 1. Summary of the NSABP breast cancer adjuvant systemic therapy clinical trials

No. of eventst

No. of Receptor Nodal
Trial Trial period* Treatment patientst status status 0os DFS R LRR DR
B-05 1972-1996 P vs placebo 348 Not recorded + 256 276 214 76 136
B-07 1975-1996 PFvs P 671 Not recorded + 446 517 392 130 262
B-08 1976-1996 PMF vs PF 686 Not recorded + 444 506 404 131 266
B-09 1977-2004 PF+TAM vs PF 1545 ER+/PR+ + 1090 1222 949 324 616
B-10 1977-1996 PF+CP vs PF 254 Not recorded + 154 181 159 54 105
B-11 1981-1996 PAF vs PF 683 ER- and /or PR- + 378 441 371 162 209
B-12 1981-2004 PAF+TAM vs PF+TAM 1073 ER+ + 667 762 511 134 373
B-13 1981-2004 Surgery vs surgery + M—F 731 ER- - 240 351 204 80 116
B-14 1982-2007 Placebo vs TAM 2817 ER+ - 1187 1652 796 312 477
B-15 1984-2004 AC vs AC+CMF(x3) vs CMF 2295 ER+/PR+ + 1182 1461 1208 425 761
B-16 1984-2004 AC+TAM vs TAMS 833 ER+/PR+ + 467 568 382 117 260
B-19 1988-2006 M-F vs CMF 1074 ER- - 266 428 228 96 132
B-20 1988-2006 TAM vs M—F+TAM 2299 ER+ - 439 774 380 148 231
vs CMF+TAM
B-22 1989-2006 AC vs AC(i) vs AG(i) 2255 ER#+/PR+ + 1053 1367 1048 364 681
B-23 1991-2006 AC+TAM vs CMF+TAM 1952 ER- - 335 545 316 126 186
B-25 1992-2006 AC(ii) vs AC(ii-i) vs AC(ii-ii) 1977 ER+/PR+ + 794 1069 854 294 558
B-28 1995-2009 ACvs AC—T, 3036 ER+/PR+ + 862 1266 919 288 626
B-30 1999-2012 AC-T, vs AT, vs AT,C 5240 ER+/PR+ + 1169 1769 1218 262 948
B-31 2000-open AC-T, vs AC—T +H 2050 ER+/PR+; HER2+ + 395 642 487 120 367

*Trial period: year opened to accrual - year closed to follow-up. A = adriamycin; C = cyclophosphamide; CP = corynebacterium parvum; DFS = disease-free survival;
DR = distant recurrence; ER = estrogen receptor; F = 5-fluorouracil; H = herceptin; i = intensified; ii = intensified and increased; LRR = local-regional recurrence;
M = methotrexate; OS = overall survival; P = L-Phenylalanine mustard; PR = progesterone receptor; R = recurrence; TAM = tamoxifen; T, = taxol; T, = taxotere.

1 Eligible with follow-up and known receptor status.

1 The location for some of the recurrences was unknown, and could not be classified as either LRR or DR.

§ B-16 is a three-arm trial, the primary comparison relates to these two regimens.



time-dependent covariate Z(t)=TRT xIn(t) and testing the sta-
tistical significance of this interaction term at .05 level in the
Cox regression model

h(t) = hy(t)exp{B, x TRT + 3, x Z(t)}. (1)

The rejection of the null hypothesis H;:f8, =0 indicated the
violation of the proportional hazards assumption. This test,
originally proposed by Cox, has the advantage of simplicity
and has been shown to have equally good power for detec-
tion of nonproportionality as some other commonly used tests
(2,24). When proportional hazards assumption was not satis-
fied, we used a “change point” for the relative risk technique to
identify the form of the time-dependent covariate (25,26). The
time interval was split at point t into two epochs (t<7 and
t>17), and the Cox proportional hazards model (1) was fit with
the corresponding time-dependent function Z(t) defined as

TRT ift>7

0 ift<t
function is used to describe the time-dependent effect of treat-
ment, the interpretation of the coefficients 8, and S, becomes
quite straightforward with exp(8,) and exp(B, +8,), reflecting
the hazard ratio between two treatment groups before and after
time point 7 correspondingly. To identify the optimal value for
1, the model was fit for a set of t values equal to each of the
event times and the value that maximized the log partial likeli-
hood was chosen. Proportional hazards assumption was then
tested on each side of the change point 1, and the process was
repeated if it was violated on either side of 1. As a secondary
analysis to identifying the empirical change point, the time
axis was divided at five years and the treatment effects were
reported over the two intervals of five years or less and more
than five years.

Z(t)=TRT xI(t>17) = { (2). In general, when indicator
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The standard estimator proposed by Kaplan and Meier was
used to plot the estimates of the survival curves (27). The ker-
nel-smoothed estimates of the hazards function were obtained
from a standard univariate product-limit estimate. A plot of the
logarithm of the cumulative hazard rates by treatment group vs
time was used as an example of a graphical technique to check
proportionality of the hazards assumption (25). The correspond-
ing curves should be approximately parallel to each other if the
assumption is not violated. All reported P values were two-sided,
and all analyses were performed in SAS (Version 9.4, Cary, NC).

Results

The assumption of proportionality was violated for one or more
endpoints in nine of the 19 NSABP trials: B-05, B-09, B-11, B-12,
B-14, B-16, B-20, B-23, and B-31 (Table 2) (7,9,11,13,15,17,19,23). It
did not hold for one endpoint in B-09 (DFS), B-12 (survival), B-20
(LR recurrence), and B-31 (distant recurrence). It did not hold for
two endpoints in B-05 (DFS and recurrence) and B-16 (survival
and DFS) and for three endpoints in B-11, B-14, and B-23 (DFS,
recurrence, and LR recurrence).

Change points for the relative risks ranged from 1.1 to
9.1 years following initial surgery (Table 3). However, the change
in treatment effect for the majority of the trials occurred
between one and four years. Change points ranged between one
to two years for B-05, B-23, and B-31, between two to three years
in B-12, and between three to four years in B-11 (recurrence
and LR recurrence), B-14 (DFS and recurrence), B-16, and B-20.
A change point of approximately 4.5 years was identified in B-11
(DFS) and about nine years in B-14 (LR recurrence). Two change
points for the relative risk of DFS events were identified for the
B-09 protocol (Table 4).

In B-05, patients were randomly assigned to L-Phenylalanine
mustard (P) vs placebo, and the entire benefit of the

Table 2. Results of the test of proportionality of the hazards* for different treatment groups by dataset and endpoint

P
Disease-free Local-regional Distant
Trial Survival survival Recurrence recurrence recurrence
B-05 .86 .05 .01 .06 .16
B-07 17 .52 .35 .29 .10
B-08 .55 .40 .23 .08 73
B-09t .67 .03 11 .16 47
B-10 .23 .32 .33 .61 .10
B-11 1.00 <.01 .04 .04 49
B-12 .02 12 .07 .13 .33
B-13 .83 .34 .87 .32 .33
B-14 .23 <.01 .01 <.01 12
B-15t .78 .96 .51 .70 43
B-16t1 .04 .02 .09 .25 .25
B-19 31 .10 .34 .54 21
B-20 77 21 .18 .03 47
B-22t1 .89 .81 .98 .55 .63
B-23 17 <.01 .01 <.01 42
B-25t .28 .89 .20 .08 .80
B-28t .36 71 .84 72 .60
B-30t1 .38 .30 .15 71 13
B-31t .85 .53 .38 .19 .03

*Tested the statistical significance of the presence of interaction between treatment and In(time). Two-sided P values less than or equal to .05 were considered statis-

tically significant.
1 Using the stratified-by-receptor-status Cox regression model.
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Table 3. Summary of the findings for the trials in which proportionality of the hazards was not satisfied*

Median Change First interval, <t Second interval, > ©
follow-up  Treatment point,
Trial Outcome time, y group HR (95% CI)t Pt v, T HR (95% CI) P HR (95% CI) P
B-05 DFS 21.0 Placebo Ref
P 0.83 .004 1.14 0.45 .001 1.02 .88
(0.66 to 1.05) (0.27 t0 0.73) (0.78 to 1.35)
Recurrence P 0.78 .002 1.14 0.39 <.001 1.03 .84
(0.60 to 1.02) (0.23 t0 0.66) (0.75 to 1.43)
B-11 DFS 12.7 PF Ref
PAF 0.81 .002 4.47 0.68 <.001 1.44 .08
(0.67 t0 0.97) (0.55 t0 0.85) (0.96 t0 2.18)
Recurrence PAF 0.75 .01 3.79 0.65 <.001 1.23 .37
(0.61 to 0.92) (0.52 t0 0.83) (0.78 to 1.92)
LR Recurrence PAF 0.59 .006 3.81 0.48 <.001 1.62 24
(0.43 to 0.81) (0.33 t0 0.68) (0.73 to 3.61)
B-12 0s 20.3 PF+TAM Ref
PAF+TAM 1.02 .002 2.79 0.54 .005 1.13 .15
(0.88 to 1.19) (0.35 to 0.83) (0.96 to 1.33)
B-14 DFS 20.4 Placebo Ref
TAM 0.74 <.001 3.42 0.53 <.001 0.84 .002
(0.67 to 0.82) (0.44 to 0.65) (0.75 to 0.94)
Recurrence TAM 0.59 .006 3.47 0.46 <.001 0.70 <.001
(0.51 to 0.68) (0.37 t0 0.58) (0.58 to0 0.84)
LR recurrence TAM 0.47 .001 9.08 0.35 <.001 0.79 .23
(0.37 to 0.60) (0.26 to 0.48) (0.54 to 1.16)
B-16 oS 16.1 TAM Ref
AC+TAM 0.89 .002 3.47 0.51 .001 1.03 74
(0.74 to 1.07) (0.34 t0 0.76) (0.84 to 1.27)
DFS AC+TAM 0.84 .003 3.85 0.63 <.001 1.05 .69
(0.71 to 0.99) (0.49 to 0.81) (0.84 to 1.31)
B-20 LR recurrence 14.6 TAM Ref
M—F+TAM 0.76 .02 3.8 0.59 .07 0.91 .68
(0.53 to 1.08) (0.34 to 1.03) (0.57 to 1.45)
CMF+TAM 0.35 0.09 <.001 0.58 .04
(0.22 to 0.55) (0.03 to 0.29) (0.34 to 0.99)
B-23 DFS 11.0 CMF+TAM Ref
AC+TAM 1.13 .001 1.5 0.66 .03 1.31 .005
(0.96 to 1.34) (0.46 to 0.96) (1.08 to 1.59)
Recurrence AC+TAM 1.06 .006 1.5 0.65 .04 1.30 .05
(0.85 to 1.32) (0.43 to 0.98) (1.00 to 1.70)
LR recurrence AC+TAM 1.14 <.001 1.93 0.50 .02 2.03 .004
(0.81 t0 1.62) (0.28 to 0.89) (1.26 to 3.28)
B-31 Distant recurrence 9.0 AC-T, Ref
AC—T +H 0.51 .02 1.32 0.81 .35 0.45 <.001

(0.42 to 0.64)

(0.53 to 1.25) (0.35 t0 0.57)

* All statistical tests were two-sided. A = adriamycin; C = cyclophosphamide; CI = confidence interval; DFS = disease-free survival; F = 5-fluorouracil; H = herceptin;
HR = hazard ratio; LR = local-regional; M = methotrexate; OS = overall survival; P = L-Phenylalanine mustard; TAM = tamoxifen; T, = taxol; y = years.

1 Assuming proportionality of hazards.

1 For statistical significance of time-dependent treatment effect (P value for f, in [1] with Z(t), as defined in [2]).

chemotherapeutic agent occurred during the first 1.14 years
following surgery. In B-11, the addition of doxorubicin to P and
S-fluorouracil (F) statistically significantly improved DFS only
during the first 4.47 years. In B-12, the addition of doxorubicin to
P, F, and tamoxifen (TAM) improved OS during the first 2.79 years,
with no benefit after that period. In B-14, adjuvant TAM had its
greatest effect in improving DFS and reducing overall recur-
rences during the first 3.42 and 3.47 years, respectively, but it
continued to have a statistically significant (though diminished)
benefit thereafter. Moreover, TAM had a statistically significant
benefit in reducing LR recurrences for up to 9.08 years (Table 3).

In B-16, a short course of chemotherapy (doxorubicin and
cyclophosphamide) with TAM was found to have a superior

benefit on OS than TAM alone in postmenopausal patients with
node-positive, primarily receptor-positive tumors. However, that
effect on OS was only evident during the initial 3.47 years follow-
ing surgery, with no benefit thereafter (Table 3). In B-20, chem-
otherapy and TAM was compared with TAM alone in patients
with ER-positive, node-negative tumors, and the addition of
chemotherapy (cyclophosphamide, methotrexate, and F [CMF])
was primarily beneficial in reducing the risk of LR recurrence
during the initial 3.8 years following surgery. After that period,
CMF continued to have a benefit, although the magnitude of
that benefit was statistically significantly reduced (Table 3).

In B-23, patients randomly assigned to doxorubicin and
cyclophosphamide (+/-TAM) had better prognosis initially



Table 4. Summary of the findings for the NSABP B-09 protocol*
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Second
First interval, interval, Third interval,
<1.57 >1.57,<3.32 >3.32
Change
Median Treatment HR point, HR HR HR

Trial Outcome follow-up time,y group (95% CI) t Pt VT (95% CI) P (95% CI) P (95% CI) P
B-09 DFS 23.7 PF Ref .003 1.57

PF+TAM 0.99 1.01 91 0.62 <.001 1.24 .01

(0.88 to 1.10) <.001

332  (0.81t01.27) (0.50 t0 0.78) (1.05 to 1.45)

* All statistical tests were two-sided. CI = confidence interval; DFS = disease-free survival; F = 5-fluorouracil; HR = hazard ratio; NSABP = National Surgical Adjuvant

Breast and Bowel Project; P = L-Phenylalanine mustard; TAM = tamoxifen.
t Assuming proportionality of hazards.
+ For statistical significance of time-dependent treatment effects.

with respect to DFS (until 1.5 years) and LR recurrences (until
1.93 years) compared with patients randomly assigned to cyclo-
phosphamide, methotrexate, and F (+/- TAM), but they experi-
enced a delayed detriment later on.

Delayed treatment effect was evident in B-31. A statistically
significant benefit of adjuvant trastuzumab on distant recur-
rences emerged 1.32 years after surgery and remained essen-
tially constant thereafter (HR = 0.45, 95% confidence interval
[CI] = 0.35 to 0.57, P < .001) (Table 3). However, patients in the
study arm of the B-31 trial received one year of trastuzumab,
and it may have potentially taken this long to realize the full
benefits of therapy.

In B-09 (PF+TAM vs PF), the benefit of adding TAM to the
chemotherapy regimen did not emerge until 1.57 years after
surgery (HR = 0.62, 95% CI = 0.50 to 0.78, P < .001), but after
3.32 years the effect reversed (HR = 1.24, 95% CI = 1.05 to 1.45,
P =.01) (Table 4 and Figures 1 and 2). When an unstratified analy-
sis of this trial was performed by including all of the patients
regardless of their receptor status, the same two change points
for the relative risk (1.57 and 3.32 years) were detected with no
treatment effect on the first interval, statistically significant
benefit of PF+TAM on the second time interval, and the reversed
treatment effect on the last time interval. However, the benefi-
cial effect of PF after 3.32 years was not statistically significant
(HR =1.15,95% CI = 0.99 to 1.33, P = .07).

Supplementary Table 1 (a table similar to Table 3, available
online) presents the results of our secondary analyses in which
a fixed change point of five years was employed. As expected,
the results were similar among the trials, in which an empiri-
cally identified change point was close to five years (B-11, B-14,
B-16, and B-20). However, the point estimates of the hazard ratios
and their statistical significance were quite different for the rest
of the trials. In addition, the nonproportionality of the hazards
could no longer be detected in the majority of the studies.

Discussion

The hazard ratio point estimates indicate average treatment
effects during the window of a clinical trial, but clinicians often
utilize these summary measures to predict long-term treat-
ment effects under the assumption that such effects are pro-
portional (or constant) over time. Yet, our study suggests that
this assumption may no longer hold for long-term follow-up.
Indeed, nine of the 19 NSABP breast cancer adjuvant systemic
therapy trials demonstrated nonproportional (time-varying)
treatment effects. In six of these trials (B-05, B-11, B-12, B-14,
B-16, and B-20), the benefits of adjuvant therapy diminished
statistically significantly at specific time points following
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Figure 1. Kaplan-Meier estimator (A) and smoothed hazard rates (B) of disease-
free survival for National Surgical Adjuvant Breast and Bowel Project (NSABP)
B-09, PF + TAM vs PF. A) The Kaplan-Meier estimator for disease-free survival
function is a ‘cumulative’ measure that describes the fraction of patients sur-
viving disease-free up to a given time point (following the successful interven-
tion for the initial breast cancer diagnosis). B) The hazard rate for disease-free
survival is a ‘conditional’ measure that describes the instantaneous rate of
predefined events among patients who are disease free at a given time point
(following the successful intervention for the initial breast cancer diagnosis).
F = 5-fluorouracil; P = L-Phenylalanine mustard; TAM = tamoxifen.

surgery, generally before the fourth year. In B-23, novel treat-
ment was associated with an initial benefit and then a delayed
increased risk of recurrence. In two other trials (B-09 and
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Graphical check of the PH assumption: NSABP B-09

1
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Log cumulative hazard rate

—4
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Figure 2. Plot of the logarithm of the cumulative hazard rates vs time for PF +
TAM and PF treatment groups for National Surgical Adjuvant Breast and
Bowel Project (NSABP) B-09. F = 5-fluorouracil; P = L-Phenylalanine mustard;
TAM = tamoxifen.

B-31), treatment benefits were delayed, although the benefit in
B-09 was transient, ie, lasting between approximately 1.5 and
3.5 years following initial surgery, with a reversal of the effect
after 3.5 years.

In the B-09 trial, 17% of patients had unknown receptor
status and were excluded from the current analyses. Among
patients with known receptor status, there was a 70/30 mixture
of patients with receptor-positive/receptor-negative tumors,
who were equally split between PF+TAM versus PF, with TAM
given for only two years. The large fraction of receptor-negative
tumors might partially explain the initial delay in effect with
the subsequent short interval of benefit, possibly because of
the short, two-year course of TAM. For statistical, not clinical,
verification, an unstratified sensitivity analysis of this trial was
performed by including all of the patients regardless of their
receptor status. The same two change points for the relative risk
were detected, and the results, similar to the stratified analy-
sis, were obtained in terms of treatment effects on each inter-
val. A more detailed analysis of this trial is beyond the scope of
this manuscript. Other trials have shown a superiority to more
extended regimens, ie, five years of TAM superior to two years
and 10 years superior to five years (28).

Prior to this report, a few other studies had suggested that
the benefits of many adjuvant systemic therapies were nonpro-
portional and often limited to the initial years following surgery.
Analysis of clinical trial data from the National Cancer Institute
of Milan comparing hazard functions among patients treated
with CMF vs the untreated control group found that essen-
tially all the benefit of CMF occurred during the first four years
following surgery (4). Additionally, analysis of the Cancer and
Leukemia Group B (CALGB) and US Breast Cancer Intergroup
data revealed that high-dose vs low-dose adjuvant cyclophos-
phamide, doxorubicin, and F reduced the risk of breast cancer
recurrence or death by 55% in the first year following surgery
and 30% in the second year, with no advantage thereafter (5).
Moreover, inspection of recurrence hazard curves for node-neg-
ative breast cancers in the NSABP trials seemed to suggest that

much of the benefit of adjuvant therapy was evident during the
initial years following surgery (6).

Although we have dwelled on the nonproportional effects of
breast cancer adjuvant systemic therapy, it is widely acknowl-
edged that standard breast cancer prognostic and predictive fac-
tors (ER expression, tumor size, S-phase fraction, etc.) also have
nonproportional effects (1,29,30). For example, the ER-positive to
ER-negative hazard ratio for breast cancer death varies over time
and at its extreme is less than 1.0 during the initial eight years
following surgery, and thereafter the hazard ratio is greater than
1.0 (1). The nonproportional effects of adjuvant systemic therapy
are consistent with these observations. Indeed, if predictive bio-
markers (such as ER expression) show nonproportional effects,
then the biological mechanisms responsible for early and late
breast cancer-specific events may vary, and one should also
consider the possibility of time-varying treatment effects.

The optimal graphic representation of time-dependent treat-
ment effects merits some consideration. The Kaplan-Meier plots
of the survival curves by treatment group are usually chosen to
present the results of a clinical trial. It is a cumulative measure
that depicts the fraction of patients surviving event-free up to a
given time point over the course of a clinical trial (Figure 1A) (27).
However, breast cancer is a chronic and heterogeneous disease
that may recur many years after initial diagnosis and treatment.
Given this clinical uncertainty, outcomes might be better visual-
ized with the hazard curves, especially when the proportional
hazards assumption is not satisfied (6,31). The hazard functionis a
conditional measure that depicts the instantaneous rate or “force”
of failure (Figure 1B). For example, in B-09, the hump-shaped DFS
hazard rate curves of the two treatment groups cross at two time
points, indicating an initial delayed benefit of the experimental
treatment that was reversed later (Figure 1B) (9). Yet, this time-var-
ying treatment effect is not immediately evident from the Kaplan-
Meier plot, in which the reversal of the experimental treatment
effect becomes visually apparent only when the DFS curves con-
verge around eight years and then eventually cross at 12 years
(Figure 1A). Although B-09 is not a recent trial, it demonstrates
that curves of hazard rates over time are potentially as important
as Kaplan-Meier plots. In general, kernel-based methods are often
used to produce smoothed plots of the hazard function estimates
(25). However, because the decreasing number of patients at risk
generally increases the bias and the variance of the estimator, one
must be careful in interpreting these estimates, especially in later
follow-up (so called “boundary effect” of smoothed hazard func-
tion estimates). In addition, special attention should be paid to the
choice of the bandwidth, which determines the degree of smooth-
ness of the kernel-smoothed estimator, because more smooth-
ness also generally leads to increased bias, even though it might
result in a lower variability (32).

In the presence of a time-dependent treatment effect, the
baseline hazard function (for the standard therapy group) pro-
vides important information (33). As is evident from Figure 1B,
the baseline risk of DFS events in the control group of B-09 is
quite high in the first five years after surgery. Therefore, the
majority of DFS events are observed during this time frame
and it dominates the overall treatment effect. When interpret-
ing results similar to B-05, for example, it might be inaccurate
to simply suggest that the experimental treatment no longer
works in the longer follow-up (7). Rather, it worked initially, but
failure rates in surviving patients then became similar in both
treatment groups (Table 3).

A limitation of our study relates to the issue of multiple com-
parisons. Multiple endpoints for multiple trials were screened
based on the P values. However, because one of the main purposes



of this study was to examine the departures from proportionality
in the long-term follow-up trials, the statistical significance level
of .05 was chosen in order to increase the likelihood of detec-
tion. Once the nonproportionality of hazards between the treat-
ment groups was detected, the “change point” t for the relative
risk was identified. As estimates of the change points are derived
based on the data in hand, their independent validation would
be desirable. In addition, knowledge of the distributional proper-
ties of T would be useful for the construction of the confidence
intervals and are currently being investigated (26). The discovery
of the change-points for the trials in our study was purely from
the statistical standpoint. Their interpretation from the clinical
point of view might be difficult. Similar to our secondary analy-
ses, other authors have suggested using a fixed time point during
the follow-up, such as five or seven years, and consider early and
late differences between treatment groups (6).

In summary, the goal of adjuvant therapy is to positively
impact both short-term and long-term outcomes and hopefully
to cure patients with breast cancer. Nonproportional treatment
effects should therefore be considered in the design, analysis,
and reporting of breast cancer adjuvant systemic therapy trials.
The proportionality of hazards is often a reasonable assumption
for short-term duration clinical trials. However its violation is
an important issue that frequently arises in long-term follow-up
(33,34). Even though no formal statistical test of nonproportion-
ality was employed for the primary analysis of the earlier trials,
the authors commented on the diminished treatment effect over
time for B-05 and B-09 (7-9). The remainder of the trials did not
report on the nonproportionality of the hazards at the time of
their primary analyses. However, we were able to detect the vio-
lation of this assumption in more than half of the trials as long-
term follow-up data became available. Even though the hazard
ratio point estimates, which represent average treatment effects
over the duration of a clinical trial, could still be a reasonable
summary measure, provided that the individual hazards are not
strongly nonproportional (6), the results of our study highlight
its potential shortcomings. The check for proportional hazard
assumption is routinely done at the analysis stage of the trial,
and several approaches exist to handle the data revealing the
violation of this assumption, one of which was presented in the
current work. At the same time, the proportionality of hazards
is often assumed at the design stage of the clinical trial. Even
though it is widely accepted that it is hard to design a trial under
nonproportionality assumption, careful consideration should be
given to the potential time-dependent treatment effect (34-36).
Many adjuvant treatments only have early benefits, and longer
follow-up may dilute the beneficial point estimates of those
effects. Conversely, the early stoppage of some trials may poten-
tially obscure important late effects. Thus, careful considera-
tion should be given to developing appropriate timelines for the
primary analysis of breast cancer adjuvant therapy trials, with
particular attention paid to disease-specific endpoints and any
scientific or statistical evidence suggesting time-varying treat-
ment effects. Moreover, with recent improvements in breast
cancer therapy, greater numbers of breast cancer patients will
now survive longer. Some of these long-term survivors are at
increased risk for delayed recurrences, and additional extended
adjuvant therapy trials should be developed to assess novel
long-term treatment strategies.
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