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Abstract

Background: Even with contemporary treatment strategies, more than 10% of HER2-positive early stage breast cancer patients may
experience distant metastasis as first event during follow-up. Tools for predicting unique patterns of metastatic spread are needed to
plan personalized surveillance. We evaluated how molecular heterogeneity affects the pattern of distant relapse in HER2-positive
breast cancer.

Methods: A total of 677 HER2-positive stage I-III breast cancer patients from ShortHER trial, Cher-LOB trial, and 2 institutional
cohorts were included. PAM50 molecular subtypes and research-based HER2DX scores were evaluated. The cumulative incidence of
distant relapse as the first event (any site and site specific) was evaluated using competing risk analysis. Median follow-up was
8.4 years. Tests of statistical significance are 2-sided.

Results: Stage III and high HER2DX risk score identified patients at the highest risk of distant relapse as first event (10-year incidence
24.5% and 19.7%, respectively). Intrinsic molecular subtypes were associated with specific patterns of metastatic spread: compared with
other subtypes, HER2-enriched tumors were more prone to develop brain metastases (10-year incidence 3.8% vs 0.6%, P =.005), basal-
like tumors were associated with an increased risk of lung metastases (10-year incidence 11.1% vs 2.6%, P =.001), and luminal tumors
developed more frequently bone-only metastases (10-year incidence 5.1% vs 2.0%, P =.042). When added to stage or HER2DX risk score
in competing risk regression models, intrinsic subtype maintained an independent association with site-specific metastases.
Conclusions: The integration of intrinsic molecular subtypes with stage or HER2DX risk score predicts site-specific metastatic risk in
HER2-positive breast cancer, with potential implications for personalized surveillance and clinical trials aimed at preventing site-
specific recurrence.

Owing to the evolution of anti-HER2 therapies, the outcome of
patients diagnosed with HER2-positive breast cancer has dramati-
cally improved (1,2). However, even with the most modern treat-
ment strategies, up to 11% of patients experience distant
metastasis as the first event during follow-up (3,4). Moreover, the
rate of brain metastases as the first site of relapse has been little

affected by treatment improvements, still ranging between 2% and
6%, indicating a major unmet need for this patient population (3-8).

Currently, international guidelines do not recommend systemic
radiological examinations during follow-up after treatment with
curative intent for early breast cancer, because the anticipated
detection of subclinical distant relapses has never been associated
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with improved subsequent outcomes (9,10). However, this evi-
dence is derived from obsolete studies that do not account for
more sophisticated diagnostic procedures, modern effective thera-
pies, and breast cancer classification into biological subtypes (11-
14). Indeed, the increased availability of effective multidisciplinary
personalized strategies for advanced disease is putting into ques-
tion the robustness of this approach, leading to the hypothesis
that individually tailored intensive follow-up might be appropri-
ate, at least for patients at a higher risk of relapse (15). Two of the
main challenges limiting the implementation of personalized fol-
low-up are the lack of valid tools to identify patients at increased
risk of distant relapse and to predict specific patterns of distant
metastatic spread.

It is known since more than a decade that in unselected breast
cancer patients, breast cancer subtypes as defined by routine
pathology influence the risk, timing, and pattern of metastatic
spread (16-18). In HER2-positive breast cancer, several reports
have highlighted differences in the pattern of relapse according
to hormone receptor status (19,20). However, clinically defined
HER2-positive breast cancer is highly heterogeneous from a
molecular perspective, encompassing all 5 main intrinsic breast
cancer subtypes, as evaluated by the PAM50 gene expression—
based assay (21). Although the distribution of intrinsic subtypes
varies according to the hormone receptor status, molecular het-
erogeneity can still be recognized in hormone receptor-positive
and hormone receptor-negative subgroups and has relevant
implications in terms of prognosis and treatment sensitivity
(21,22). Intrinsic subtyping is not the only tool used to dissect the
biological heterogeneity of HER2-positive diseases. Recently, the
HER2DX genomic test was developed, providing 2 independent
scores to predict both long-term prognosis and likelihood
of pathological complete response (pCR) in HER2-positive early
breast cancer (23). To the best of our knowledge, the impact of
molecular heterogeneity on the pattern of metastatic spread has
never been explored in clinically defined HER2-positive breast
cancer patients.

We hypothesized that the integration of molecular profiles
could improve our ability to select patients with HER2-positive
breast cancer at increased risk of developing distant relapse at
specific sites, to support individualized monitoring strategies
during follow-up.

Methods
Patients

A total of 677 patients with available gene expression data and
diagnosed with early HER2-positive breast cancer, all treated
with surgery, chemotherapy, and anti-HER2 therapy with cura-
tive intent, were included in this study. Patients were derived
from the following cohorts: ShortHER trial (n=437), Cher-LOB
trial (n=2384), hospital clinic (Barcelona, Spain), institutional
cohort (n=117), and Padova University, Veneto Institute of
Oncology (Padova, Italy) institutional cohort (n=39).

The study design, procedures, and median follow-up of the
ShortHER (24) and Cher-LOB (25) trials, as well as the main fea-
tures and median follow-up of the 2 institutional cohorts, are
detailed in the Supplementary Methods (available online). The
median follow-up of the entire study cohort was 8.4years (95%
confidence interval [CI] = 8.2 to 8.6 years).

The protocols of the 2 clinical trials and the 2 observational
institutional studies were approved by competent ethical com-
mittees. Written informed consent was obtained from all the

patients. Further details regarding the patient population are
reported in Supplementary Methods (available online).

Intrinsic subtyping and HER2DX score

Gene expression analyses were performed on RNA extracted
from tumor samples. Intrinsic molecular subtyping was per-
formed using the previously reported PAM50 subtype predictor
(26,27) and categorized as luminal A, luminal B, HER2-enriched,
basal-like, and normal-like (normal). Further details are reported
in Supplementary Methods (available online).

The HER2DX genomic test provides 2 independent scores, which
predict long-term survival (risk score) and the likelihood of pCR
(pCR score). Both HER2DX risk scores and pCR scores range from 0
to 100, defining 2 HER2DX risk groups (low = 0-50 and high = 50-
100) and 3 HER2DX pCR groups (low = 0-33.3, medium = 33.3-66.7,
and high = 66.7-100). This classifier represents a supervised learn-
ing algorithm that is based on the integration of clinical features
(ie, tumor size and nodal status) with 4 gene signatures (23). To
assess HER2DX scores (risk score and pCR score), the expression of
185 breast cancer-related genes and 5 housekeeping genes was
measured using the same technology as previously reported (23).
The 4 HER2DX gene signatures included a 14-gene immunoglobu-
lin signature tracking immune infiltration (CD27, CD79A, HLA-C,
1G], IGKC, IGL, IGLV3-25, IL2RG, CXCL8, LAX1, NTN3, PIM2, POU2AF1,
and TNFRSF17), a 4-gene tumor cell proliferation signature (EXO1,
ASPM, NEK2, and KIF23), a 5-gene luminal differentiation signature
(BCL2, DNAJC12, AGR3, AFF3, and ESR1), and a 4-gene HER2 ampli-
con signature (ERBB2, GRB7, STARD3, and TCAP). Gene expression
for each sample was independently normalized to the geometric
mean of the 5 housekeeping genes. The HER2DX risk score was cal-
culated based on the immunoglobulin, luminal, and proliferation
signatures. The HER2DX pCR score was calculated based on HER2,
IgG, luminal, and proliferation signatures. The 2 HER2DX scores
were reported according to pre-established and above-specified
cutoff values (23). All gene expression analyses were done blinded
from clinical data.

Statistical analysis

Patient and tumor characteristics were compared across breast
cancer subtypes and HER2DX scores using the y? test (categorical
variables) and Mann-Whitney or Kruskal-Wallis test (continuous
variables).

The cumulative incidence of distant metastases as the first
event (at any site and at specific sites) was evaluated using a com-
peting risk methodology [Fine and Gray method (28,29)]. Univariate
and multivariate competing risk regression models were used to
calculate the subdistribution hazard ratios (HRs) and their 95% con-
fidence intervals (CIs) (28,29). Details regarding the competing risk
analyses are reported in Supplementary Methods (available online).
We then evaluated the association of the site of relapse with molec-
ular and clinicopathological variables in patients who had a distant
relapse as the first event using the x test.

All P values were 2-sided with the level of statistical signifi-
cance set at a Pvalue less than .05. No formal sample size calcula-
tion was performed because the sample population was based on
the number of cases with available molecular data suitable for the
present analysis. Statistical analyses were conducted using IBM
SPSS version 28.0.1.0 and R project software version 4.2.2 (30).

Ethical considerations

The study was approved by the ethics committee of the partici-
pating centers, and all relevant ethical regulations were complied
with. Tumor samples were collected after approval from the
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respective institutional review board and in accordance with the
Declaration of Helsinki. Informed written consent was obtained
from each participant who was alive at the time of study entry.

Results
Patients’ characteristics

The distribution of PAMSO0 intrinsic subtypes across all 677
patients was as follows: HER2 enriched, 51.3%; luminal A, 19.2%;
normal-like, 11.7%; luminal B, 11.1%; and basal-like, 6.8%.

The HER2DX scores were available for 640 patients. The HER2DX
risk score showed that 51.2% of tumor samples were categorized as
high risk and 48.8% as low risk. The HER2DX pCR score was high in
37.7%, medium in 31.7%, and low in 30.6% of the patients.

There was no statistically significant difference in the distribu-
tion of HER2DX risk scores between the different intrinsic subtypes,
highlighting that the 2 classifications describe nonsuperimposable
information (Supplementary Figure 1, A, available online). The dis-
tribution of HER2DX pCR scores across intrinsic subtypes is shown
in Supplementary Materials (Supplementary Results, available
online) and Supplementary Figure 1, B (available online).

The main clinicopathological features of the patients accord-
ing to tumor molecular categories are detailed in Table 1. As
expected, the intrinsic subtype distribution was statistically sig-
nificantly different according to the histologic grade and hor-
mone receptor status. The median age was younger in patients
with normal-like tumors, which, accordingly, were more fre-
quently premenopausal. Because the luminal and HER?2 signa-
tures are the main drivers of the HER2DX pCR score, we found a
statistically significant association between this score and hor-
mone receptor status and histologic grade.

Cumulative incidence of distant relapse in the
whole population

In the entire study cohort, the cumulative incidence rates of dis-
tant relapse as the first event were 5.6% at 3 years, 8.6% at 5
years, and 13.0% at 10 years, highlighting a persistent risk beyond
S years from diagnosis, as shown in Table 2. The cumulative inci-
dence of brain metastases as the first site of relapse was approxi-
mately 2%, and all events occurred in the first 5years of follow-
up. The most frequently affected sites were the bone and liver.

Cumulative incidence of distant relapse by
clinicopathological characteristics

Among the classic clinicopathological characteristics, only stage
statistically significantly affected the incidence of distant relapse
as the first event (Table 2). Stage statistically significantly affected
the cumulative incidence rate of any distant relapse as well as
metastases in the brain, brain only, and bone (Table 2). The results
of the statistically significant univariate competing risk regression
models are shown in Table 3, and the relative incidence curves are
shown in Supplementary Figure 2 (available online).

Compared with patients with stage I disease, those with stage
IT and stage III had a statistically significantly increased risk of
developing distant metastatic disease as the first event, statisti-
cally significantly increased risk of developing bone lesions, and
numerically higher risk of lung metastases (Tables 2 and 3;
Supplementary Figure 2, available online). The cumulative inci-
dence of brain metastases at 5 and 10years in stage III patients
was as high as 8.9% (both at 5 and 10years) as compared with
0.6% for stage I (both at 5 and 10years) and 1.5% for stage II (both
at 5 and 10years) (Tables 2 and 3; Supplementary Figure 2, avail-
able online).
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Cumulative incidence of distant relapse by
intrinsic subtype and correction by stage
The intrinsic subtype was statistically significantly associated
with the risk of any distant relapse as the first event, as well as
metastases to the brain, lung, and bone only. The cumulative inci-
dence rates are reported in Table 2, and the relevant cumulative
incidence curves are shown in Figure 1. The results of the statisti-
cally significant competing risk models are presented in Table 3.
Patients with luminal A tumors experienced the lowest cumu-
lative incidence of distant relapse across all intrinsic subtypes,
with no substantial numerical differences among luminal B,
HER2-enriched, basal-like, and normal subtypes (Table 2,
Figure 1). However, in multivariate regression analysis including
intrinsic subtype and stage, luminal A was not statistically signif-
icantly associated with a lower risk of distant relapse as the first
event (subdistribution HR = 0.50, 95% CI = 0.24 to 1.04), whereas
stage maintained a statistically significant association (Table 3).
Regarding site-specific metastases, HER2-enriched, basal-like,
and luminal tumors were more prone as compared with other sub-
types to generate brain, lung, and bone-only metastases as first
event, respectively (Table 2, Figure 1). Compared with other patients,
those with a HER2-enriched tumor had a statistically significantly
higher risk of developing brain metastasis as the first event (subdis-
tribution HR = 6.33, 95% CI = 1.44 to 27.9; P=.015; Table 2 and 3,
Figure 1), with isolated brain metastases without extracranial dis-
ease occurring only in HER2-enriched patients (Table 2). The risk of
lung metastasis as the first event was more than 4.5-fold higher in
patients with basal-like tumors than in those with other tumors
(Table 2 and 3, Figure 1). Finally, patients with luminal A and lumi-
nal B tumors had a statistically significant 2.6-fold increased risk of
developing bone-only disease compared with other subtypes
(Table 2 and 3, Figure 1). When correcting these regression models
by stage, the intrinsic subtype maintained a statistically significant
association with site-specific metastasis. Both HER2-enriched sub-
type and stage III were independently associated with an increased
risk of brain metastases (Table 3). To show the independence of
these 2 factors in determining the risk of brain metastases, we
reported in Figure 1 cumulative incidence curves by intrinsic sub-
types in stage I-1I and stage III groups separately. Notably, the inci-
dence at 5 years of brain metastasis in patients with HER2-enriched
and stage III tumors was 12.7%. In the multivariate regression model
for lung metastases, including intrinsic subtype and stage, only the
basal-like subtype was an independent risk factor (Table 3).

Cumulative incidence of distant relapse by
HER2DX and correction by intrinsic subtype

As expected, the HER2DX risk score was associated with the risk
of any distant relapse: 10-year cumulative incidence of 19.7% vs
5.3% for high vs low risk score (P<.001; Tables 2 and 3;
Supplementary Figure 3, available online). Moreover, we found a
statistically significant association of HER2DX risk score with all
site-specific metastases (with the exception of brain only), sup-
porting an increased generic risk of developing distant metasta-
ses in patients with a high-risk score, without a specific
preferential site. Table 2 shows the cumulative incidence rates
and Gray P value, and cumulative incidence curves are shown as
Supplementary Figure 3 (available online), and competing risk
regression models are shown in Table 3.

Because intrinsic subtypes and the HER2DX risk score provide
nonsumperimposable information and because we already
showed that intrinsic subtype refined some site-specific regres-
sion models beyond stage, we conducted bivariate analyses
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Table 1. Main clinicopathological patients’ characteristics according to intrinsic subtype by PAM50, HER2DX risk score, and HER2DX pCR score®

Intrinsic subtype HER2DX risk score HER2DX pCR score
Total, Luminal A, LuminalB, Basal, Normal, Low, High, Low, Medium, High,
No. (%) No. (%) No. (%) HER enriched, No. (%) No. (%) No. (%) No. (%) No. (%) No. (%) No. (%)

Characteristics (n=677) (n=130) (n=75) No. (%) (n=347) (n=46) (n=79) P (n=312) (n=328) P (n=196) (n=203) (n=241) P
Age, median (range), y 55(25-83) 57 (36-77) 58 (27-76) 54 (28-83) 54 (31-83) 49(25-78) .004 57 (25-83) 54(31-80) .117 57(34-80) 53(27-78) 56 (25-83) .054
Menopausal status ~ Pre 213 37% 37 35% 14 23% 117 37% 10 32% 35 56% .004 94 34% 110 40% 200 58 35% 74 43% 72 33% .131

Post 360 63% 70 65% 46 77% 196 63% 21 68% 27 44% 180 66% 168 60% 107 65% 98 57% 143 67%
7th AJCC stage I 179 27% 46  35% 15 20% 84 24% 9 20% 25 32% .152 163 52% 15 5% <.001 43 22% 40 20% 95 39% <.001

1I 384 57% 65 50% 50 67% 198 57% 30 65% 41 52% 143 46% 217 66% 118 60% 127 63% 115 48%

111 112 17% 19 15% 10 13% 63 18% 7 15% 13 16% 6 2% 96 29% 35 18% 36 18% 31 13%
Histologic grade 1 10 2% 6 5% 1 1% 1 0% 1 2% 1 1% <001 4 1% 6 2% 170 5 3% 3 2% 2 1% <.001

2 186 30% 62 50% 22 32% 77 24% 4 10% 21 30% 100 33% 82 27% 79 43% 61 31% 42 18%

3 423 68% 57 46% 45 66% 237 75% 36 88% 48 69% 196 65% 221 72% 98 54% 131 67% 188 81%
Hormone receptors  Negative 205 30% 4 3% 3 4% 137 39% 31 67% 30 38% <.001 97 31% 94 29% 502 7 4% 38 19% 146 61% <.001

Positive 472 70% 126 97% 72 96% 210 61% 15 33% 49 62% 215 69% 234 71% 189 96% 165 81% 95 39%
Neoadjuvant therapy No 437 65% 87 67% 43 57% 232 67% 27 59% 48 61% 403 216 69% 217 66% 406 119 61% 136 67% 178 74% .014

Yes 240 35% 43 33% 32 43% 115 33% 19 41% 31 39% 9% 31% 111 34% 77 39% 67 33% 63 26%
Anthracycline Yes 649 96% 127 98% 73 97% 328 95% 44 96% 77 97% 464 299 96% 319 97% 323 191 97% 198 98% 229 95% .250
Taxane Yes 675 100% 130 100% 74 99% 347 100% 46 100% 78 99%  .146 311 100% 328 100% .305 196 100% 202 100% 241 100% .340
Trastuzumab Yes 648 96% 124 95% 71 95% 336 97% 43 93% 74 94% 617 299 96% 312 95% 665 188 96% 191 94% 232 96% .512
Lapatinib Yes 62 9% 14 11% 11 1% 19 5% 7 15% 11 14% .011 29 9% 33 10% .743 19 10% 25 12% 18 7% 228
Pertuzumab Yes 20 3% 6 5% 3 4% 8 2% 1 2% 2 3% 700 7 2% 7 2% 925 11 6% 3 1% 0 0% <.001
Trastuzumab- Yes 7 1% 0 0% O 0% 4 1% 0 0% 3 4% 073 1 0% 4 1% 197 4 2% 0 0% 1 0% .049

emtansine

Cohort ShortHER 437 65% 87 67% 43 57% 232 67% 27 59% 48 61% <.001 216 69% 217 66% 457 119 61% 136 67% 178 74% .058

Cher-LOB 84 12% 21 16% 14 19% 22 6% 12 26% 15 19% 38 12% 46 14% 29 15% 29 14% 26 11%

Barcelona 117 17% 20 15% 15 20% 67 19% 5 11% 10 13% 44 14% 42 13% 37 19% 27 13% 22 9%

Padova 39 6% 2 2% 3 4% 26 7% 2 4% 6 8% 14 4% 23 7% 11 6% 11 5% 15 6%

& 7th AJCC = American Joint Committee on Cancer 7th edition; pCR = pathological complete response.
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Table 2. Cumulative incidence rates at 3, 5, and 10years for any distant relapse as first event and site-specific distant relapse as first
event according to main clinicopathological characteristics and molecular features

Site-specific distant relapse

Clinicopathological characteristics Years Any distant relapse Brain Brain only Lung Bone Bone only Liver
All 3y 5.6% 1.8% 1.0% 1.0% 2.2% 0.9% 2.2%
5y 8.6% 2.2% 1.2% 2.2% 3.9% 1.5% 3.1%

10y 13.0% 2.2% 1.2% 3.2% 6.2% 3.0% 5.1%

Hormone receptor positive 3y 4.9% 1.3% 0.8% 1.1% 2.1% 1.1% 2.1%
S5y 7.7% 1.7% 1.1% 2.2% 4.3% 1.9% 3.0%

10y 13.1% 1.7% 1.1% 2.9% 7.2% 3.8% 5.7%

Hormone receptor negative 3y 7.3% 2.9% 1.5% 1.0% 2.5% 0.5% 2.4%
5y 10.8% 3.4% 1.5% 2.4% 2.9% 0.5% 3.4%

10y 13.1% 3.4% 1.5% 3.7% 4.1% 1.0% 4.1%

Gray P value 535 164 .656 682 209 .080 781
Histologic grade 1-2 3y 3.1% 2.0% 0.5% 0.0% 1.0% 0.5% 1.0%
5y 5.6% 2.6% 0.5% 2.1% 2.6% 0.5% 2.6%

10y 13.3% 2.6% 0.5% 2.7% 6.3% 3.7% 5.9%

Histologic grade 3 3y 7.1% 1.9% 1.4% 1.7% 3.1% 1.2% 2.6%
5y 9.5% 2.4% 1.7% 2.1% 4.3% 1.9% 3.3%

10y 12.1% 2.4% 1.7% 3.0% 5.7% 2.8% 4.1%

Gray P value .505 .897 241 .854 .947 .979 .883
Stagel 3y 1.1% 0.6% 0.6% 0.0% 0.6% 0.0% 0.1%
S5y 1.7% 0.6% 0.6% 0.0% 0.6% 0.0% 1.1%

10y 7.9% 0.6% 0.6% 0.1% 0.6% 0.0% 5.3%

Stage II 3y 5.2% 0.8% 0.3% 0.8% 2.1% 1.0% 2.9%
5y 8.4% 1.5% 0.3% 2.6% 4.2% 1.6% 3.7%

10y 12.7% 1.5% 0.3% 4.0% 7.5% 3.3% 5.6%

Stage Il 3y 14.3% 7.1% 4.5% 3.6% 5.4% 1.8% 2.7%
5y 20.6% 8.9% 5.4% 4.5% 8.1% 3.6% 4.4%

10y 24.5% 8.9% 5.4% 4.5% 11.1% 6.6% 5.4%

Gray P value <.001 <.001 <.001 .076 .001 .015 156
HER2DX risk score low 3y 2.9% 0.6% 0.3% 0.6% 1.0% 0.0% 1.3%
5y 3.2% 0.6% 0.3% 0.6% 1.0% 0.0% 1.6%

10y 5.3% 0.6% 0.3% 1.1% 2.3% 1.0% 2.0%

HER2DX risk score high 3y 8.2% 2.7% 1.5% 1.5% 3.4% 1.8% 3.1%
5y 13.2% 3.7% 1.8% 3.7% 6.1% 2.8% 4.6%

10y 19.7% 3.7% 1.8% 4.8% 9.3% 4.8% 8.0%

Gray P value <.001 .009 .067 .006 <.001 .003 .008
Luminal A 3y 1.5% 0.0% 0.0% 0.8% 1.5% 0.1% 0.0%
5y 3.1% 0.0% 0.0% 0.8% 3.1% 2.3% 0.0%

10y 7.9% 0.0% 0.0% 1.9% 8.7% 5.3% 2.7%

Luminal B 3y 6.7% 0.0% 0.0% 0.0% 2.7% 2.7% 2.7%
5y 10.7% 0.0% 0.0% 1.4% 6.7% 2.7% 5.4%

10y 14.8% 0.0% 0.0% 3.3% 8.9% 4.8% 5.4%

HER?2 enriched 3y 7.2% 3.2% 2.0% 1.2% 2.6% 0.9% 2.9%
S5y 10.5% 3.8% 2.3% 2.6% 3.8% 1.2% 4.1%

10y 14.7% 3.8% 2.3% 3.3% 4.4% 1.5% 6.6%

Basal 3y 6.5% 0.0% 0.0% 4.3% 2.2% 0.0% 2.2%
S5y 10.9% 0.0% 0.0% 8.7% 4.3% 0.0% 2.2%

10y 15.5% 0.0% 0.0% 11.1% 6.6% 0.0% 4.4%

Normal 3y 3.8% 1.3% 0.0% 0.0% 1.3% 0.0% 2.5%
S5y 6.3% 2.5% 0.0% 0.0% 2.5% 1.3% 2.5%

10y 10.4% 2.5% 0.0% 0.0% 6.6% 5.4% 2.5%

Gray P value 179 .049 .102 .010 .679 .187 .383

integrating intrinsic subtype and HER2DX risk score for any dis-
tant, brain, lung, and bone-only metastases.

The results show that intrinsic subtype and HER2DX risk score
were independently associated with the event of interest in each
model, as detailed in Table 3. Cumulative incidence curves for
any distant, brain, lung, and bone-only metastases according to
intrinsic subtype in the HER2DX high-risk score and low-risk
score are shown in Figure 2. Luminal A tumors, compared with
other subtypes, showed lower cumulative incidence rates of any
distant metastasis in HER2DX low-risk and HER2DX high-risk
groups, without reaching statistical significance. The cumulative
incidence of brain metastases was extremely low irrespective of
intrinsic subtype in the HER2DX low-risk group, whereas in the

HER2DX high-risk score group, there was a statistically signifi-
cantly higher incidence for HER2-enriched cases than for other
subtypes. For lung metastases, the cumulative incidence was
statistically significantly higher for basal-like vs other subtypes
in both HER2DX risk score groups. Finally, patients with a lumi-
nal A and luminal B tumor showed at least a numerically
increased cumulative incidence of bone-only metastases in both
the low HER2DX risk score group and in the high HER2DX risk
score group.

Next, we evaluated the impact of HER2DX pCR score on the
pattern of distant relapse. The results are presented in
Supplementary Materials (Supplementary Results, available
online) and Supplementary Tables 1 and 2 (available online).
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Table 3. Univariate and multivariate competing risk regression model

s for any distant relapse as first event and site-specific distant

relapse as first event by stage, intrinsic subtypes, and HER2DX risk score

Univariate competing risk regression models: stage®

Endpoint Variables Subdistribution HR (95% CI) P
Any distant Stage Il vs stage | 3.07 (1.39t0 6.8) .0057
Stage IIl vs stage 6.73(2.92t0 15.5) <.001
Brain Stage Il vs stage | 1.87 (0.21 to 16.8) .580
Stage Il vs stage I 16.62 (2.11 t0 130.8) .0076
Brain only Stage Il vs stage I 0.47 (0.03 to 7.44) .590
Stage Il vs stage 1 9.76 (1.71 to 81.29) .035
Bone Stage Il vs stage I 12.1(1.64t0 89.7) .015
Stage Il vs stage 18.5 (2.39 to 144.1) .005

Univariate competing risk regression models: intrinsic subtype

Endpoint Variables Subdistribution HR (95% CI) P
Any distant Luminal A vs others 0.46 (0.22 t0 0.95) .035
Brain HER? enriched vs others 6.33 (1.44 to 27.9) .015
Lung Basal vs others 4.74 (1.73 to 13.00) .002
Bone only Luminal A and luminal B vs others 2.6 (1.01t06.72) .048
Univariate competing risk regression models: HER2DX risk score
Endpoint Variables Subdistribution HR (95% CI) P
Any distant HER2DX risk score high vs low 3.77 (2.13 to0 6.66) <.001
Brain HER2DX risk score high vs low 5.78 (1.29 to 25.8) .022
Lung HER2DX risk score high vs low 4.79 (1.39 to 16.6) .013
Bone HER2DX risk score high vs low 4.41 (1.83 t0 10.7) <.001
Bone only HER2DX risk score high vs low 6.78 (1.55 t0 29.6) .011
Liver HER2DX risk score high vs low 3.22 (1.29 t0 8.03) .012
Multivariate competing risk regression models: stage and intrinsic subtype®
Endpoint® Variables Subdistribution HR (95% CI) P
Any distant Stage Il vs stage 2.93(1.32t0 6.53) .009
Stage IIl vs stage 6.45 (2.79 to 14.93) <.001
Luminal A vs others 0.50 (0.24 to 1.04) .064
Brain Stage Il vs stage | 1.75 (0.20 to 15.7) .620
Stage Il vs stage 14.87 (1.86 to 118.9) 011
HER2 enriched vs others 5.73(1.30 to 25.3) .021
Lung Stage Il vs stage | 6.31(0.84 to 47.3) .073
Stage Il vs stage 8.03 (0.94 to 68.4) .057
Basal vs others 4.49 (1.65 to 12.2) .003

Multivariate competing risk regression models: HER2DX and intrinsic subtype?

Endpoint Variables Subdistribution HR (95% CI) P

Any distant HER2DX risk score high vs low
Luminal A vs others

Brain HER2DX risk score high vs low
HER?2 enriched vs others

Lung HER2DX risk score high vs low
Basal vs others

Bone only HER2DX risk score high vs low

Luminal A and luminal B vs others

3.71(2.09 to 6.56) <.001
0.43 (0.20 t0 0.94) 033
5.13 (1.17 to 22.5) 030
5.32 (1.23 to 23.1) 026
5.04 (1.48 t0 17.2) 010
6.00 (2.19 to 16.4) <.001
6.90 (2.19 to 16.4) 010
2.94 (1.10 to 7.85) 032

Regression model not evaluable for bone-only events.
Models for those events for which HER2DX risk score and intrinsic subtype sho

a0 ow

Frequency of site-specific metastases in patients
with a distant relapse as first event

Finally, we analyzed the pattern of metastatic spread according
to classic clinicopathological and molecular features among 77
patients who experienced distant relapse as the first event
(Figure 3; Supplementary Table 3, available online). The overall

Only statistically significant and evaluable models showed. CI = confidence interval; HR = hazard ratio.
Models for those events for which stage and intrinsic subtype showed a statistically significant association in univariate analysis.

wed a statistically significant association in univariate analysis.

distribution of metastatic sites was as follows: brain, 18%; brain
only, 9%; lung, 26%; bone, 45%; bone only, 21%; and liver, 34%.
The frequency of brain metastases was higher in patients with
stage III disease (stage I vs II vs III: 14.3% vs 9.1% vs 34.6%;
P=.027). Isolated first distant relapse in the bone was more fre-
quently observed in patients with hormone receptor-positive
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Figure 1. Cumulative incidence curves according to PAMS0 intrinsic molecular subtype for the following distant relapses as first event: any distant
metastasis (A), lung metastasis (B), brain metastasis (C), bone-only metastasis (D), brain metastasis in patients with stage I-II disease at diagnosis (E),
and brain metastasis in patients with stage III disease at diagnosis (F). HER2-e = HER?2 enriched; LumA = luminal A; LumB = luminal B.

breast cancer than in those with hormone receptor-negative
breast cancer (27.5% vs 7.7%; P=.043). The frequency of patients
with lung, bone, and bone-only metastases was statistically sig-
nificantly different according to intrinsic subtype (Figure 3). Lung
metastases occurred more frequently in patients with basal-like
tumors, whereas bone and bone-only disease occurred more fre-
quently in patients with luminal A tumors. Brain-only relapses
were exclusively observed in patients with HER2-enriched dis-
ease. HER2DX risk score was not associated with any site-specific
distant relapse.

Discussion

This study represents the first evaluation of the pattern of meta-
static spread in patients diagnosed with early HER2-positive
breast cancer based on molecular features, such as intrinsic sub-
type and HER2DX. Our work led to 2 main results. First, we iden-
tified a higher disease stage at diagnosis and high HER2DX risk
score, which integrates information on stage, as the main deter-
minant of an increased general risk of metastatic disease as the
first event, without being associated with a preferential site-spe-
cific pattern of metastatic spread. Second, our data revealed that
gene expression tools reflecting intrinsic tumor molecular fea-
tures, such as PAMS50-based intrinsic subtype and HER2DX pCR
score, tracking luminal, and HER2 signatures, were associated
with unique patterns of preferential metastatic sites. In particu-
lar, the intrinsic molecular subtype could refine the site-specific
prediction of the first metastatic event when integrated with the
disease stage or HER2DX risk score. This result was further rein-
forced by the association between the PAMS50 intrinsic subtype
and the frequency of site-specific metastases in patients who
developed a distant relapse as the first event.

The first set of results may help identify patients at increased
risk of metastatic disease, which should be prioritized for inten-
sive follow-up approaches. According to the stage and HER2DX
risk score, patients at the highest risk had a 10-year cumulative
incidence rate of distant relapse of 24.5% (stage III) and 19.7%
(high HER2DX risk score). These results were not unexpected:
stage is a well-known strong prognostic factor for metastatic risk
in early HER2-positive breast cancer patients, and HER2DX risk
score has been developed as a prognostic tool to predict distant
disease-free survival (31). The intrinsic molecular subtype was
also associated with an increased incidence of distant relapse at
any site, and the integration of this factor further refined the pre-
diction beyond the HER2DX risk score in regression models. In
particular, patients with a low HER2DX risk score and a luminal
A tumor experienced an extremely low incidence of metastasis
as the first event at 10years, identifying a subset of patients for
whom intensive follow-up strategies are likely to be inappropri-
ate. A second fundamental question to be answered when plan-
ning intensive follow-up is, how long? In this study, taking
advantage of a long median follow-up period, we reported a per-
sistent risk of metastatic disease beyond 5years from diagnosis
across all subgroups defined by clinicopathological characteris-
tics or molecular features. Although there was no overall differ-
ence in the cumulative incidence of metastasis as the first event
between patients with hormone receptor—positive and hormone
receptor-negative tumors across the entire follow-up period, the
absolute difference between the incidence rates at 5 and 10years
was larger in the case of hormone receptor—positive tumors than
in patients with hormone receptor-negative disease. This obser-
vation is in line with other studies showing that the continuous
risk of relapse is more evident in patients with hormone recep-
tor—positive disease but not exclusively (19,20).
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Figure 2. Cumulative incidence curves for distant relapse as first event according to intrinsic molecular subtype in HER2DX risk score high and low
groups: any distant relapse in low (A) and high (B) HER2DX risk score; brain metastasis in low (C) and high (D) HER2DX risk score; lung metastasis in low
(E) and high (F) HER2DX risk score. HER2-e = HER? enriched; LumA = luminal A; LumB = luminal B.

Once patients at an increased risk of distant relapse suitable
for intensified surveillance have been identified, the next step is
to decide which type of radiological examination is considered
the most cost-effective and appropriate in a personalized
approach. We demonstrated that PAMS50-based intrinsic molecu-
lar subtype classification can discriminate between patients with
distinct patterns of metastatic spread. The propensity of cancer
cells to colonize specific distant organs arises from a complex
and largely unknown interaction between seeds and soil (32). Our

clinical observations indicate the impact of the intrinsic molecu-
lar biology of the primary tumor as a seed in the metastatic dis-
ease process. Several genomic-based signatures have been
proposed to predict site-specific metastatic spread, although
none have been developed specifically for HER2-positive breast
cancer, and none has been definitively clinically validated to
date (32-36).

Brain metastases represent a major clinical challenge for
patients with HER2-positive breast cancer (37,38). Indeed, the
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incidence of brain metastases has been unaffected by advances
in therapies for early disease (3-5,7,8). In our cohort, the inci-
dence of brain relapse as the first event was 2.2% at 5years,
which is in line with data from the HERA and APHINITY trials
(4,7). Recently, access to new anti-HER2 drugs with remarkable
intracranial activity and the availability of sensitive diagnostic
tools have attracted interest for brain metastasis prevention and
early diagnosis. International guidelines have opened up the pos-
sibility of performing radiological brain screening for asympto-
matic patients with HER2-positive stage IV disease, whereas they
still recommend against surveillance during follow-up for
patients with stage I-III disease (39,40). In this study, among all
breast cancer subtypes, HER2 enriched clearly emerged as specifi-
cally associated with the development of brain metastases as the
first event. In addition, brain relapse in the absence of other disease
sites occurred exclusively in patients with a HER2-enriched tumor.
A specific tropism of HER2-driven cancer cells for the central nerv-
ous system has been previously described, supported by studies
describing the acquisition of alterations in the HER2 pathway and/
or intrinsic subtype switching to HER2 enriched as frequent phe-
nomena in brain metastases (41,42). In the context of their associa-
tion with an increased general risk of distant relapse, the disease
stage and HER2DX risk score modulated the risk of brain metasta-
ses. A higher disease burden at diagnosis is already known as a
classic tumor-associated factor that modifies the risk of brain meta-
stases (7,43), as confirmed by our data, and showed in our analysis
a stronger association with brain relapse compared with the
HER2DX risk score. When the disease stage was combined with the
intrinsic subtype, both resulted in independent predictors of brain
metastases, and the group of patients with a HER2-enriched tumor
presenting with stage III at diagnosis emerged as the one with the
highest absolute cumulative incidence of such an event. This com-
bined biomarker could drive the implementation of personalized
central nervous system screening and could be used as stratifica-
tion factor and/or enrichment criteria in ongoing and future trials

looking at brain metastasis screening/prevention (NCT04030507,
NCT03881605, NCT05130840). Finally, in our large dataset with a
long follow-up, brain relapses as the first event occurred in the first
Syears, which is potentially useful information in the planning of
dedicated strategies.

The intrinsic subtype was also associated with the risk of lung
metastases beyond the disease stage or HER2DX risk score, with
basal-like tumors showing a major propensity to colonize this
distant organ. Interestingly, previous preclinical and transla-
tional studies have linked breast cancer tropism for the lung with
cancer stem cell properties, epithelial-to-mesenchymal transi-
tion, and Wnt pathway signaling, all of which are typically
enriched in basal-like breast cancer (36,44). This information
could be helpful in guiding individualized surveillance and may
support clinical reasoning in the differential diagnosis of lung
nodules detected during follow-up.

Finally, luminal tumors show a preferential predisposition
for bone-only metastases. It has been previously shown that in
HER2-positive breast cancer patients who develop distant
recurrence, bone metastases are more common in hormone
receptor-positive tumors than in hormone receptor-negative
tumors (19). However, hormone receptor-positive status is a
largely suboptimal surrogate for the luminal subtype (21,22). In
our study, among patients who developed distant metastasis
as the first event, we found an association between bone-only
disease and HER2-positive/hormone receptor—positive breast
cancer as well as a higher frequency of bone metastases in
patients with luminal tumors, confirmed at the cumulative
incidence analyses, which, on the other hand, did not confirm
the same association for hormone receptor status. This sug-
gested that intrinsic subtyping information may be more effi-
clent in guiding bone-directed imaging during follow-up.
Moreover, HER2-positive breast cancer patients with luminal
tumors may be ideal candidates for bone-modifying agents in
the adjuvant setting (45).



78 | JNCI: Journal of the National Cancer Institute, 2024, Vol. 116, No. 1

Our study has limitations. Surveillance protocols were not
homogeneous across population cohorts. However, this potential
diagnostic bias is unlikely to be unbalanced among different
molecular categories. Moreover, some screening procedures,
such as central nervous system or bone imaging in the absence
of symptoms, were consistently not recommended for all
cohorts. The main caveat is that the patients included in our
study did not receive the most updated therapeutic strategies
that are currently available for HER2-positive early breast cancer.
This is the price to pay for a clinical cohort with a long-term fol-
low-up. Notably, we do not expect results on brain metastases to
be affected by this issue. It should also be acknowledged as an
intrinsic bias that the ShortHER trial represented the training
dataset for HER2DX risk score as a prognostic tool. Finally,
although we provided possible explanations driving the observa-
tion of specific metastatic patterns across different molecular
subtypes, they should be interpreted as speculative.

The main strengths include the unique design, being the first
study to explore the pattern of distant metastases in HER2-positive
disease according to molecular features, a large cohort of patients
profiled by PAM50 and HER2DX with complete available informa-
tion on the type and site of the first relapse, the long median fol-
low-up, high treatment homogeneity, and the statistical approach
taking advantage of the competing risk methodology.

In conclusion, we demonstrated that the integration of stage
with molecular characterization can identify distinct patterns of
metastatic spread in patients with early HER2-positive disease.
This approach may have implications in planning individualized
follow-up strategies, in the design and conduct of clinical trials
testing, intensive surveillance, or aiming to prevent distant
recurrences at specific sites.
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