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Abstract
Background  Trastuzumab (H) with chemotherapy benefits patients with HER2+ breast cancer (BC); however, we lack 
head-to-head pairwise assessment of survival or cardiotoxicity for specific combinations. We sought to identify optimal 
combinations.
Methods  We searched PubMed, updated October 2017, using keywords “Breast Neoplasms/drug therapy,” “Trastuzumab,” 
and “Clinical Trial” and searched Cochrane Library. Our search included randomized trials of adjuvant H plus chemotherapy 
for early-stage HER2+ BC, and excluding trials of neoadjuvant therapy or without data to obtain hazard ratios (HRs) for out-
comes. Following PRISMA guidelines, one investigator did initial search; two others independently confirmed and extracted 
information; and consensus with another investigator resolved disagreements. Before gathering data, we set outcomes of 
overall survival (OS), event-free survival (EFS), and severe cardiac adverse events (SCAEs). Analyzing 6 trials and 13,621 
patients, we made direct and indirect comparisons using network meta-analysis on HR for OS or EFS and on odds ratio (OR) 
for SCAE; ranked therapy was done based on outcomes using p scores.
Results  Compared with anthracycline-cyclophosphamide with taxane (ACT), ACT with concurrent H (ACT+H) showed 
best OS (HR 0.63, 95% confidence interval [CI] 0.55, 0.72), followed by taxane and carboplatin (TC) with concurrent H 
(TC+H) (HR 0.77, 95% CI 0.59, 1) and ACT with sequential H (ACT-H) (HR 0.85, 95% CI 0.68, 1.05). Pairwise compari-
sons showed statistically significant OS benefit for ACT+H over others; similar results for EFS. TC+H showed statistically 
significant lower SCAE risk compared to ACT+H (OR 0.13, 95% CI 0.03, 0.61).
Conclusions  Concurrent H with ACT or TC showed most clinical benefit for early-stage HER2+ BC; TC+H had lowest 
cardiotoxicity.
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Introduction

Despite early detection and treatment advances, breast can-
cer remains a major cause of cancer death in the United 
States [1]. The human epithelial growth factor receptor 2 
(HER2)/neu is known to regulate cell growth, differentia-
tion, and tumorigenicity in normal and malignant breast 
epithelial cells [2, 3]. HER2 is overexpressed in approxi-
mately 20–25% of all invasive breast cancer [4, 5], which 
is traditionally associated with poor prognosis [6–13]. An 
anti-HER2 agent, trastuzumab (H), used in combination with 
standard chemotherapy in adjuvant settings, has reduced the 
risk of disease recurrence and disease-specific death among 
patients with HER2-positive (HER2+) primary breast cancer 
[4, 5, 14, 15]. The standard chemotherapy regimens include 
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anthracycline-cyclophosphamide (AC), anthracycline-cyclo-
phosphamide with sequential or concurrent taxane (ACT), 
and docetaxel and carboplatin (TC) [16–23].

Despite the rapid dissemination of HER2-targeted agents 
into clinical practice, unanswered questions remain for the 
optimal use of these agents with standard chemotherapy in 
the adjuvant setting. Most controlled clinical trials (RCTs) 
have randomized patients with HER2+ breast cancer to a 
standard chemotherapy with or without H, while one RCT 
has assessed ACT with H concurrently versus ACT with 
H sequentially. Although RCTs have demonstrated the 
clinical benefit of adding H, it lacks head-to-head assess-
ments of H-containing chemotherapies and these regimes 
are presumed by many to be equivalent. The optimal adju-
vant H-containing chemotherapy for treating early-stage 
HER2+ breast cancer is still unclear. This is particularly 
important in discerning whether anthracyclines provide an 
independent benefit given the higher risk, although rare, of 
cardiomyopathy when combined with trastuzumab [24]. In 
HER2-negative breast cancer, anthracyclines do appear to 
provide a small benefit with respect to recurrence [25], but 
there is ongoing debate as to whether this is the case with 
trastuzumab in HER2+ disease.

Network meta-analysis facilitates direct and indirect 
comparisons using a network of existing clinical trials in 
comparative effectiveness research [26–29], thereby allow-
ing us to combine data derived from direct comparisons of 
X to Y and Y to Z to obtain an indirect comparison of X to Z. 
Thus, we conducted a network meta-analysis to evaluate the 
relative efficacy of H-containing chemotherapies regarding 
patients’ overall survival (OS) and event-free survival (EFS) 
and to compare the associated severe cardiac adverse events 
(SCAEs) using all relevant RCTs that target early-stage 
HER2+ breast cancer patients. The synthesized evidence 
will help physicians and patients make treatment decisions 
by balancing the tradeoff between efficacy and cardiotoxic-
ity outcomes.

Methods

Search strategy and selection criteria

We conducted a systematic literature review to identify rel-
evant RCTs according to the Preferred Reporting Items for 
Systematic Reviews and Meta-analysis [30]. We employed 
a computerized search of PubMed up to October 2013 and 
updated our search in October 2017, using the following 
combined key words: “Breast Neoplasms/drug therapy,” 
“Trastuzumab,” and “Clinical Trial.” The flowchart for the 
literature search appears in Supplementary Fig. S1 (avail-
able online).

We included the eight published reports of RCTs 
[19–22, 31–34] that evaluated H-containing chemother-
apy regimens versus chemotherapy alone in the adjuvant 
setting for HER2+ breast cancer, assessing anthracycline-
containing regimen alone (AC), AC followed by one 
year of sequential H (AC-H), or followed by 2 years of 
sequential H (AC-H2y), anthracycline with sequential or 
concurrent taxane (ACT), combined with concurrent H 
(ACT+H), and ACT followed by sequential H (ACT-H). 
We also assessed docetaxel and carboplatin (TC), com-
bined with concurrent H (TC+H), and chemotherapy with-
out H in the respective comparisons of AC and ACT.

To ensure a reasonably homogeneous cohort of patients 
with early-stage HER2+ breast cancer, we excluded RCTs 
for patients with stage IV HER2+ breast cancers, trials in 
neoadjuvant settings, and trials that evaluated H combined 
with hormonal therapies. For trials represented in multi-
ple publications, we used the publication with the most 
updated results. To facilitate indirect comparisons and link 
two separate networks with adjuvant H-containing chemo-
therapies, we included three RCTs of adjuvant treatments 
without H for early-stage breast cancer that compared AC 
versus ACT [35–37] (Fig. 1). More details on the regimen 
dose and schedule for each treatment arm can be found 
in Table 1. Thus, we included a total of 9 RCTs [19–22, 
31–37] to assess the following seven treatment regimens: 
AC, ACT, ACT+H, ACT-H, AC-H, AC-H2y, and TC+H.

Fig. 1   Network of meta-analysis comparisons. AC anthracycline-con-
taining regimen without taxane, ACT​ anthracycline with sequential or 
concurrent taxane, ACT​+H ACT with concurrent trastuzumab, ACT-
H ACT followed by sequential trastuzumab, AC-H AC followed by 
sequential trastuzumab, AC-H2y AC with sequential trastuzumab of 2 
years, TC+H docetaxel, and carboplatin with concurrent trastuzumab
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Data extraction

One investigator (N.F.) performed the initial literature search 
given the above selection criteria. Two other investigators 
(L.X., T.F.) independently reviewed and confirmed the 
extracted information. Any disagreements were discussed 
with another investigator (Y.S.) and consensus was achieved. 

Table 1 lists characteristics of the studies. We extracted 
aggregate data on OS, EFS, and SCAEs. The primary out-
come was OS, and EFS and cardiotoxicity were secondary 
outcomes. We define OS as the time from the date of rand-
omization to the date of death or last follow-up; EFS as the 
time from the date of randomization to the date of first can-
cer recurrence, including locoregional, contralateral breast 

Table 1   Characteristics of studies analyzed for comparing trastuzumab in the setting of adjuvant chemotherapy

NABCITE North American Breast Cancer Intergroup Trial E 2197, ADNPBC adjuvant docetaxel for node-positive breast cancer, ADHRNNBC 
adjuvant docetaxel for high-risk, node-negative breast cancer, NSABP B-31 doxorubicin plus cyclophosphamide (60  mg/m2 and 600  mg/m2, 
respectively, every 21 days for 4 cycles) followed by paclitaxel (175 mg/m2 every 21 days for 4 cycles), FinHer docetaxel (100 mg/m2 every 3 
weeks for 3 cycles) followed by fluorouracil plus epirubicin plus cyclophosphamide (600 mg/m2, 60 mg/m2, and 600 mg/m2, respectively, every 
3 weeks for 3 cycles), PACS-04 fluorouracil plus epirubicin plus cyclophosphamide (FE100C: F and C 500 mg/m2, E 100 mg/m2) every 3 weeks 
for 6 cycles, or epirubicin plus docetaxel (both 75 mg/m2) every 3 weeks for 6 cycles, BCIRG 006 doxorubicin plus cyclophosphamide (60 mg/
m2 and 600 mg/m2, respectively, every 3 weeks for 4 cycles) followed by docetaxel (100 mg/m2 every 3 weeks for 4 cycles), docetaxel plus 
carboplatin (both 75 mg/m2 every 3 weeks for 6 cycles), N9831 doxorubicin plus cyclophosphamide (60 mg/m2 and 600 mg/m2, respectively, 
every 21 days for 4 cycles) followed by paclitaxel (80 mg/m2 weekly for 12 doses), HERA anthracyclines alone (68% of patients in each group), 
anthracyclines plus taxanes (26% of patients in each group) or a regimen without anthracyclines, including cyclophosphamide, methotrexate, and 
fluorouracil (6% of patients in each group), AC Anthracycline-containing regimen without taxane, ACT​: anthracycline with sequential or concur-
rent taxane, ACT​+H ACT with concurrent trastuzumab, ACT-H ACT followed by sequential trastuzumab, AC-H AC followed by sequential tras-
tuzumab, AC-H2y AC with sequential trastuzumab for 2 years, TC+H docetaxel and carboplatin (TC) with concurrent trastuzumab
a Age: median, mean, or range in years
b The joint analysis of B31 and N9831 based on results reported in JCO2014 [20]

Study Journal/year pub-
lished

Median 
follow-up 
(months)

Agea (years) # per arm (# ana-
lyzed)

Adjuvant treat-
ment

Dose of trastu-
zumab (H)

Dura-
tion of H 
(weeks)

NSABP B-31 
[19–21]

JCO/2005
JCO/2012
JCO/2014

101b 22–80 1024 (814) ACT​ None NA
1019 (850) ACT+H 4 mg/kg loading

2 mg/kg q. wk
52

FinHer [31] JCO/2009 62 NA 58 ACT​ None NA
54 ACT+H 4 mg/kg loading

2 mg/kg q. wk
9

PACS-04 [32] JCO/2009 47 48 268 AC None NA
260 AC-H 8 mg/kg loading

6 mg/kg q. 3 wk
52

BCIRG 006 [33] NEJM/2011 65 49 1073 ACT​ None NA
1074 ACT+H Not reported 52
1075 TC+H Not reported 52

N9831 [20, 22] JCO/2011 72 22–80 819 ACT​ None NA
981 ACT-H 4 mg/kg loading

2 mg/kg q. wk
52

814 ACT+H 4 mg/kg loading
2 mg/kg q. wk

52

HERA [34, 35] Lancet/2013
Lancet/2017

132 49 1698 (1697) AC None NA
1703 (1702) AC-H 8 mg/kg loading

6 mg/kg q. 3 wk
52

1701 (1700) AC-H2y 8 mg/kg loading
6 mg/kg q. 3 wk

104

NABCITE 2197 
[36]

JCO/2008 79.4 51 1476 (1441) ACT​ NA NA
1476 (1441) AC NA NA

ADNPBC [37] NEJM/2005 55 49 745 (744) ACT​ NA NA
746 (736) AC NA NA

ADHRNNBC [38] NEJM/2010 77 23–74 521 ACT​ NA NA
539 AC NA NA



4	 Breast Cancer Research and Treatment (2019) 173:1–9

1 3

cancer, distant recurrence, or death; and SCAEs using the 
original definition given in each RCT. SCAEs included New 
York Heart Association class III/ IV heart failure, possible/
probable cardiac death, and discontinuation of treatment 
due to cardiac toxicities, for which some studies defined 
cardiac toxicities using significant left ventricular ejection 
fraction (LVEF) decrease ≥ 10% from baseline and absolute 
LVEF < 50% or symptomatic heart failure.

The overall quality of the trials in this analysis was 
assessed using the Cochrane risk-of-bias tool [38] regard-
ing sequence generation, allocation concealment, blinding 
outcome, incomplete outcome data, selective reporting, and 
other sources of bias. The items were ranked as low, high, or 
unknown risk of bias for each RCT.

Two RCTs (FinHer and PACS-04 trials) [31, 32] included 
treatment arms for patients with HER2-negative breast can-
cer, which is irrelevant to this study, so we excluded them 
from the analysis. For the FinHer trial [31], we additionally 
excluded two arms that used vinorelbine because those arms 
could not be linked directly or indirectly to any other treat-
ments in the network.

Statistical analysis

We conducted network meta-analysis to integrate direct and 
indirect comparisons of adjuvant chemotherapy combina-
tions for early-stage HER2+ breast cancer. We extracted HRs 
and the corresponding 95% confidence intervals (CIs) from 
the published studies. If HRs were not reported, we used the 
reported median survival times and the log-rank test p value 
to estimate the corresponding HRs, assuming an exponen-
tial distribution for survival times in each arm. Given the 
aggregate data, we used the methods by Parmar [39, 40] to 
compute the natural logarithm of the HR and its standard 
error, and then used the random effect models to perform 
network meta-analysis to account for within-trial correlation 
of multi-arm RCTs and heterogeneity between studies [41].

To compare the SCAE risk, we assumed that one SCAE 
corresponded to one patient for the calculation of the odds 
ratios (ORs). We calculated the natural logarithm of the ORs 
and the corresponding standard errors as inputs for the net-
work meta-analysis.

We used p scores to rank the H-containing chemotherapy 
combinations based on OS, EFS, and SCAE, respectively, 
and jointly presented the ranks for OS and SCAE [42]. The p 
scores use network estimators to measure the mean extent of 
certainty that a treatment is better than the competing treat-
ments while accounting for the precision of the estimator. A 
larger p score indicates a better treatment.

We used Cochran’s Q statistics and the I2 index to exam-
ine heterogeneity and inconsistency beyond what would be 
expected from the sampling error within each trial. In gen-
eral, an I2 index less than 25% implies low heterogeneity, 

25–50% implies moderate heterogeneity, and greater than 
50% indicates high heterogeneity [43–45]. We used a 
descriptive, net heat plot to assess any inconsistency, which 
is defined as disagreement between the direct and indirect 
treatment effects beyond the difference among the same 
treatment arms by the studies [44]. We used R software 
v3.0.2 and netmeta package version 0.8-0 for data analysis. 
Probabilities with p value < 0.05 were considered statisti-
cally significant. All statistical tests were two-sided.

Results

The initial search in PubMed yielded 321 records. No addi-
tional RCTs were identified upon our updated search in 
October 2017. We thoroughly reviewed 27 full-text versions 
of articles that satisfied the selection criteria with the most 
updated results. Among them, six unique RCTs for treating 
early-stage HER2+ breast cancer met the eligibility criteria 
and were included in our network meta-analysis (Supple-
mentary Fig. S1).

Summary of direct comparisons

Figure 1 presents the network diagram with 7 direct com-
parisons from six RCTs for early-stage HER2+ breast can-
cer, and three RCTs for early-stage breast cancer to compare 
ACT against AC to facilitate connection of the networks. We 
evaluated a total of 7 adjuvant chemotherapy regimens (each 
circle in Fig. 1 represents one treatment regimen), although 
the focus was to compare 5 adjuvant H-containing chemo-
therapy regimens. The size of each circle in Fig. 1 is pro-
portional to the number of patients treated under a regimen, 
and the thickness of the connecting line is proportional to the 
number of RCTs. In total, 2961 patients were treated with 
ACT+H versus ACT in a direct comparison within 3 RCTs. 
Two RCTs were conducted to investigate AC-H versus AC. 
The rest of the “head-to-head” comparisons were done in a 
single trial, and three RCTs were conducted to compare AC 
against ACT. Blinding was not used in most of the RCTs. 
Our evaluation of the primary outcome, OS, was rated as 
having low risk of bias, since OS was unlikely to be biased 
by the lack of blinding (Supplementary Table S1).

Table 1 summarizes the characteristics of the six RCTs 
for 13,621 HER2+ primary breast cancer patients treated 
with adjuvant chemotherapy regimens with or without H 
[21, 23, 24, 31–34, 46] and 3 RCTs that compared ACT to 
AC [35–37] for 5422 patients with early-stage breast cancer. 
The median follow-up time ranged from 47 to 132 months. 
The number of patients with HER2+ primary breast cancer 
randomized per trial ranged from 112 to 5102.

The estimated HRs and corresponding 95% CIs to com-
pare OS and EFS between treatments for each study are, 
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respectively, summarized in Supplementary Fig. S2a, b. The 
addition of H indicated an OS benefit compared with chemo-
therapy alone in all direct comparisons, even though some of 
the benefits were not statistically significant within the indi-
vidual trials. For direct comparison of ACT versus ACT+H, 
two of the three RCTs showed that the addition of concurrent 
H to ACT had statistically significant benefits. Similar to the 
OS outcome, compared to chemotherapy alone, the addi-
tion of H significantly reduced the risk of disease recurrence 
or progression, except in the comparison of ACT-H versus 
ACT in one trial, in which the reduction in events related to 
EFS was not statistically significant.

Network meta‑analysis

OS outcome

Figure 2 presents comparisons of study regimens against 
ACT in the network meta-analysis. ACT+H (HR 0.63, 95% 
CI 0.55, 0.72) showed the most OS benefit, followed by 
TC+H (HR 0.77, 95% CI 0.59, 1) and ACT-H (HR 0.85, 
95% CI 0.68, 1.05). Supplementary Table S2 lists the HRs 

and corresponding 95% CIs for all the possible pairwise 
comparisons from the seven treatments evaluated. Among 
the pairwise comparisons between H-containing adjuvant 
chemotherapies, ACT+H showed greater statistically sig-
nificant OS benefit than the other combinations, except for a 
non-significant advantage against TC+H (HR 0.82, 95% CI 
0.61, 1.1). The net heat plot (Supplementary Fig. S3a) shows 
no strong inconsistency among the RCTs for the OS analy-
sis, where less intense colors in the plot indicate consistent 
treatment comparisons relative to the network.

EFS outcome

Results for EFS were similar to those for OS (Fig. 2 and 
Supplementary Table S3). Compared to ACT, ACT+H 
(HR 0.59, 95% CI 0.51, 0.69) most effectively decreased 
the risk of disease progression or recurrence among the 
comparisons. It was followed by ACT-H (HR 0.73, 95% CI 
0.59, 0.90) and TC+H (HR 0.75, 95% CI 0.58, 0.97). In the 
pairwise comparisons of H-containing regimens, ACT+H 
showed statistically significant EFS advantages over AC-H 
and AC-H2y, and a non-significant benefit over ACT-H (HR 

   Hazard Ratio (HR)

0.2 0.3 0.5 1 2 3 4

HR (95%CI)Treatment OS

ACT 1 ( 1 - 1 )
ACT+H 0.63 ( 0.55 - 0.72 )
TC+H 0.77 ( 0.59 - 1 )
ACT-H 0.85 ( 0.68 - 1.05 )
AC-H2y 0.89 ( 0.7 - 1.12 )
AC-H 0.92 ( 0.73 - 1.16 )
AC 1.21 ( 1.02 - 1.43 )

Hazard Ratio (HR)

0.2 0.3 0.5 1 2 3 4

HR (95%CI)Treatment EFS

ACT 1 ( 1 - 1 )
ACT+H 0.59 ( 0.51 - 0.69 )
ACT-H 0.73 ( 0.59 - 0.9 )
TC+H 0.75 ( 0.58 - 0.97 )
AC-H2y 0.96 ( 0.73 - 1.25 )
AC-H 0.96 ( 0.75 - 1.23 )
AC 1.23 ( 1.04 - 1.45 )

Odds Ratio (OR)

0.2 0.3 0.5 1 2 3 4 10

OR (95%CI)Treatment SCAE

ACT 1 ( 1 - 1 )
AC 0.46 ( 0.23 - 0.91 )
TC+H 0.57 ( 0.15 - 2.19 )
AC-H 2.92 ( 0.67 - 12.7 )
AC-H2y 3.36 ( 0.59 - 18.94 )
ACT-H 3.76 ( 1.4 - 10.05 )
ACT+H 4.2 ( 2.12 - 8.33 )

Fig. 2   Network meta-analysis estimated hazard ratios (HRs) for com-
parison of overall survival (OS) or event-free survival (EFS) between 
each adjuvant therapy and ACT and odds ratios (ORs) for comparison 

of incidence of severe cardiac adverse events (SCAEs) between each 
adjuvant therapy and ACT​



6	 Breast Cancer Research and Treatment (2019) 173:1–9

1 3

0.82, 95% CI 0.66, 1.01) and TC+H (HR 0.79, 95% CI 0.59, 
1.06). The net heat plot (Supplementary Fig. S3b) shows no 
strong inconsistency among the RCTs for the EFS analysis.

SCAEs

ACT+H was associated with the highest SCAE risk com-
pared to ACT alone (OR 4.2, 95% CI 2.12, 8.33), and 
ACT-H had the second highest OR (OR 3.76, 95%CI 1.4, 
10.5) (Fig. 2). TC+H had the lowest SCAE risk compared 
with ACT alone (OR 0.57, 95% CI 0.15, 2.19). Among the 
H-containing chemotherapies in the pairwise comparisons, 
TC+H had a statistically significant lower SCAE risk than 
ACT+H (OR 0.13, 95% CI 0.03, 0.61) and ACT-H (OR 
0.15, 95 CI 0.03, 0.8), and had non-significant lower risks 
than the other two H-containing adjuvant therapies (Sup-
plementary Table S4).

Ranking adjuvant chemotherapy regimens by efficacy 
and toxicity outcomes

ACT+H and TC+H had the highest p scores (0.981 and 
0.732, respectively) for OS and were ranked as the most and 
second most effective adjuvant chemotherapy with H, fol-
lowed by ACT-H (0.586). For EFS, ACT+H and ACT-H had 
the highest p scores (0.985 and 0.75, respectively), followed 
by TC+H (0.715) (Supplementary Table S5). For SCAE, 
TC+H had the lowest cardiotoxicity among the H-containing 
chemotherapies. Figure 3 shows the rankings of the compet-
ing treatment strategies in terms of OS and SCAE. Treat-
ments shown at the upper right corner have better efficacy 
and lower cardiotoxicity. ACT+H and TC+H were, respec-
tively, ranked as the best and second best for OS benefit, 
whereas TC+H exhibited the lowest ranking for cardiotoxic-
ity compared to other H-containing chemotherapy regimens.

Discussion

By combining hierarchies of evidence from published 
RCTs for H-containing chemotherapy regimens in the 
adjuvant treatment of early-stage HER2+ breast cancer, 
our network meta-analysis derived head-to-head compari-
sons and ranked the treatments in terms of clinical out-
comes. ACT+H showed the highest OS benefit, followed 
by TC+H. For EFS, ACT+H was the most effective com-
bination, followed by ACT-H and TC+H, which performed 
similarly. It is important to note that while the BCIRG 
006 trial included H-containing arms with and without 
anthracycline that showed similar clinical outcomes, the 
statistical design did not plan for a formal comparison 
between these arms. The risk of H-induced cardiotoxicity 
was similar for all the combination therapies, except that 
TC+H had a significantly lower risk of SCAE compared to 
ACT+H or ACT-H. Balancing the tradeoff between clini-
cal benefits and cardiotoxicity, ACT+H may be a viable 
choice for treating younger patients with HER2+ primary 
breast cancer who have lower risk of cardiovascular dis-
ease, whereas TC+H might be best recommended as a 
reasonable option for patients at increased risk of cardio-
toxicities [47].

Conventional meta-analyses based on the RCTs com-
paring various chemotherapy regimens combined with H 
in the adjuvant setting to the chemotherapy regimen alone 
confirmed the efficacy of the targeted chemotherapies for 
HER2+ breast cancer [17, 18, 48, 49]. However, these 
investigations focused on the effect of adding adjuvant H 
by pooling all adjuvant chemotherapies in the analyses 
without differentiating the types of chemotherapy agents 
or schedule of H (i.e., concurrent, sequential or duration). 
Therefore, the analyses did not provide information to 
identify the optimal H-containing chemotherapy regimen 
among the targeted adjuvant therapies. Nagayama et al. 
[50] conducted a network meta-analysis to compare differ-
ent anti-HER2 agents for the outcome pathologic response 
rate in the neoadjuvant setting for HER2+ breast cancer. 
To the best of our knowledge, our report is the first net-
work meta-analysis to compare the effect of currently 
approved adjuvant H-containing chemotherapies on OS, 
EFS, and cardiotoxicity among patients with early-stage 
HER2+ primary breast cancer. Such comparisons will help 
physicians and patients select the most appropriate adju-
vant H-containing chemotherapy combination based on 
the tradeoff between clinical benefits and drug toxicities, 
including SCAE concerns.

Since 2000, several pivotal RCTs have been initiated 
to assess the combination of H with conventional first-
line chemotherapies among patients with early-stage 
HER2+ breast cancer, which led to its approval in the Fig. 3   Ranking of treatments in terms of overall survival and cardio-

toxicity
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adjuvant setting in 2006 [23]. The combination of anthra-
cycline-containing agents plus taxane was evaluated with 
or without H in the HER2-targeted adjuvant setting in 
four trials (FinHer [31], BCIRG 006 [33], NSABP B-31 
[19–21, 23], and N9831 [20–23]). The analysis combin-
ing B-31 and N9831 showed an increased incidence of 
severe cardiotoxicity under the ACT+H regimen com-
pared to ACT alone, with overall SCAE rates of 1.3% and 
0.9% in the ACT arms and 3.8% and 2.3% in the ACT+H 
arms of B-31 and N9831, respectively [21]. An analysis 
of women at least 66 years of age with stages I–III breast 
cancer who received chemotherapy found higher rates of 
H-related congestive heart failure in Medicare–SEER and 
Texas Cancer Registry–Medicare databases than the rates 
reported in clinical trials [51]. The cardiotoxicity con-
cern of ACT-based therapy has led to a trial using a non-
anthracycline H-based regimen (i.e., TC+H), which was 
tested in the BCIRG 006 trial. TC+H had a similar efficacy 
profile as ACT+H, but was associated with fewer acute 
toxic events (0.4%) and lower risk of cardiotoxicity than 
ACT+H. The findings from this large RCT suggest that 
the risk–benefit ratio favored the TC+H regimen over the 
ACT+H regimen [33]. In 2008, the FDA approved TC+H 
for adjuvant treatment of early-stage HER2+ breast cancer.

Limitations

Our study has several limitations. Most of the RCTs we ana-
lyzed were open-label studies. However, the clinical out-
comes of OS, EFS, and SCAE can be measured objectively, 
so the impact of not using blinding should be minimal. For 
data organization, we grouped the chemotherapies into three 
categories, whether including anthracycline-based (AC), 
taxane-based (TC), or both (ACT). If a treatment arm con-
tained two or more chemotherapy groups, adjuvant chemo-
therapy was defined as the combination used to treat the 
highest proportion of patients in that trial. While ACT was 
the most commonly used adjuvant chemotherapy in these 
RCTs, the trials might have used different ACT agents or 
sequence. AC agents could be doxorubicin plus cyclophos-
phamide, fluorouracil plus epirubicin plus cyclophospha-
mide or epirubicin only, and taxanes were either paclitaxel 
or docetaxel. Second, the administered sequence for AC and 
taxanes can be either concurrent or sequential. However, 
these different AC agents with either sequential or concur-
rent administration have shown similar OS outcomes in the 
literature [52–54].

In the HERA trial, where trastuzumab was always given 
sequentially after chemotherapy [34, 46], we classified the 
chemotherapy regimens as AC according to the rule of 
majority; however, several agents were used: about 68%, 
26%, and 6% of patients, respectively, received AC, ACT, 

and anthracyclines or taxanes. In the PACS 04 trial [32], 
more than half of the patients received AC, while the others 
received ACT; we similarly classified the regimen as AC. 
Since the sample size of the PACS 04 trial is small compared 
to those of the other RCTs, the impact of this approximation 
is minor. Our sensitivity analyses classifying the chemother-
apy regimen as ACT in the PACS 04 trial yielded the same 
ranking of the adjuvant therapies for all outcomes (OS, EFS, 
and SCAE) as the results from the analyses that classified 
the regimen as AC in the PACS 04 trial.

While all reported RCTs in this study had at least 5 years 
of median follow-up, one trial PACS-04 had a median fol-
low-up time less than 5 years (47 months). The sensitiv-
ity analyses excluding the PACS-04 trial lead to the same 
as those from the primary analyses (see Supplementary 
Tables S10, S11). Considering the efficacy outcomes may 
be different between patients with hormonal (HR) positive 
HER2+ from those with HR negative HER2+, or by lymph 
node status, we provided the results of subset/sensitivity 
analyses (see Supplementary Tables S6–S9). Due to smaller 
trial sizes for the subset analyses, some of the comparisons 
are not statistically significant (e.g., HR negative subgroup), 
but the ranks of the treatment regimens for OS and EFS 
remained similar to those in the primary analyses.

The SCAEs in the literature were not counted per patient. 
Because there was no individual-level data available for 
these trials, we used the aggregate data by counting one 
event per patient. Since a single patient can experience mul-
tiple cardiac events, the number of patients that experienced 
cardiotoxicity may be overestimated. In addition, data on 
SCAEs were collected from the published RCTs, for which 
the clinicians might have defined SCAEs differently across 
trials. For example, thresholds for significant LVEF decline 
included > 10% from baseline to an absolute LVEF < 50% in 
the HERA trial [34, 46], but > 20% decline from baseline in 
the FinHer trial [31]. Since the overall number of SCAEs is 
small, a slight change in the definition of severe heart failure 
or LVEF threshold might have a large impact on the OR 
estimates in the comparisons of SCAE risk between treat-
ment regimens. This level of uncertainty indicates that we 
should cautiously interpret the SCAE results. The secondary 
leukemia due to anthracycline can be a concern. Only the 
BCIRG-006 trial reported that 0.6% of patients in the ACT 
arm and 0.1% of patients in the TC+H arm and ACT+H 
arm, respectively, experienced secondary leukemia [33].

EFS also might have been defined differently across trials 
(e.g., disease-free or local/distant recurrence). That could 
be why modest but not statistically significant heterogene-
ity was observed among the RCTs for EFS (p value for Q 
statistics = 0.13; I2 index = 39%). However, Cochran’s Q 
statistics for OS did not detect statistically significant het-
erogeneity among the RCTs, and the estimated I2 index of 
6.8% confirmed low heterogeneity (p = 0.38). No significant 
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heterogeneity was observed among the studies for SCAE (p 
value for Q statistics = 0.30; I2 index = 16.5%).

We did not include more recently developed agents that 
target HER2+ breast cancer, such as pertuzumab in com-
bination with H and docetaxel, because these newer agents 
were approved by the FDA to treat HER2+ metastatic breast 
cancer [55]; and pertuzumab was only approved recently for 
early-stage breast cancer, whereas this meta-analysis focuses 
only on early-stage HER2+ breast cancer with mature sur-
vival data. Moreover, the two recent RCTs, ALTTO and 
APHINITY, were designed to test whether the addition of 
pertuzumab or lapatinib to adjuvant trastuzumab would 
improve the outcome of patients with HER2+ tumor sta-
tus [56, 57]. A future meta-analysis will be warranted to 
investigate this broader group of targeted chemotherapies 
for HER2+ patients compared to the adjuvant therapies with 
trastuzumab alone evaluated in the current study.
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