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Abstract: Breast cancer related lymphedema (BCRL) is frequent but strategies for an individualized
risk assessment are lacking. We aimed to define whether tumor-specific pathological features, coupled
with clinical and therapeutic data, could help identify patients at risk. Data from 368 patients
with node-positive breast cancers were retrospectively collected, including 75 patients with BCRL
(0.4–25.6 years follow-up). BCRL was assessed during the standard follow-up oncology visits using
the circumferential measurement. Clinicopathologic and therapeutic factors associated with BCRL
were integrated into a Cox proportional hazards regression model. Lymphovascular invasion (LVI)
was more common in BCRL patients (n = 33, 44% vs. n = 85, 29%, p = 0.01), akin extra nodal
extension (ENE) of the metastasis (n = 57, 76% vs. n = 180, 61%, p = 0.02). Sentinel lymph node
excision without axillary dissection and extra-axillary radiotherapy were BCRL-unrelated. A higher
number of BCRL-positive patients were treated with taxane-based chemotherapy with or without
trastuzumab, compared to BCRL-negative patients (p < 0.01). Treatment with trastuzumab and/or
taxanes, adjusted for systemic infections, laterality, therapy, and pathological features (i.e., LVI and
ENE), had a significant impact in BCRL-free survival (p < 0.01). This work offers new insights on
BCRL risk stratification, where the integration of clinical, therapeutic, and tumor-specific pathological
data suggests a possible role of anti-human epidermal growth factor receptor 2 (HER2) therapy in
BCRL pathogenesis.
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1. Background

Treatment of breast cancer has progressed extraordinarily with the introduction of more and more
personalized therapies [1]. However, the improvement in survival observed in recent decades led to
an increased incidence of long-term complications related to the treatments [2–5]. Among them, breast
cancer related lymphedema (BCRL) is one of the most frequent issues in breast cancer survivors treated
with surgery with or without radiotherapy, and has tremendous implications on women’s quality
of life and on sanitary costs [6,7]. This condition is due to an iatrogenic impairment in the transport
capacity of the local lymphatic system after surgery and radiotherapy, which leads to the interstitial
accumulation of lymph fluid in the upper limb [8]. BCRL has a progressive clinical course, usually
showing suboptimal response to surgical, physical, and medical therapies [9]. There are several lines of
evidence to suggest that the early detection of BCRL is cornerstone to allow for an effective treatment.
However, the preventive options available to date are scarce. As a consequence, complete remission in
these patients is seldom accomplished [7].

All patients subjected to axillary procedures (e.g., en bloc dissection, sentinel lymph node,
and irradiation) should be considered at risk for BCRL [6,10–13]. The number of lymph nodes excised
plays a crucial role, not only for mechanical reasons but probably also because of the increased use of
radiotherapy in patients with numerous metastatic nodes [10,13–15]. Furthermore, patients subjected to
radical mastectomy show a higher frequency of BCRL compared to those treated with breast-conserving
surgery (i.e., quadrantectomy, lumpectomy) [16,17]. Some authors have also hypothesized the role of
taxane-based chemotherapy in BCRL pathogenesis, but only in women subjected to axillary lymph
nodes dissection (ALND) [18–21]. Other risk factors include high body mass index (BMI), smoking,
and alcoholism, confirming the role of non-communicable diseases in long-term complications in
breast cancer survivors [22]. There is recent evidence that tumor-specific biological features, such as
peritumoral lymphovascular invasion (LVI) and extranodal extension (ENE), are involved in BCRL
pathogenesis [14]. Regrettably, all these variables are not integrated in BCRL clinical workup.

Realizing new strategies for assessing the individual risk of lymphedema in breast cancer
survivors is a crucial clinical need. Our working hypothesis was that the integration of tumor-specific
biological features with patients’ clinical and therapeutic data could improve BCRL risk stratification.
Using an integrative risk-assessment platform, we sought to characterize new risk factors for BCRL.

2. Materials and Methods

2.1. Study Cohort

This observational study included a retrospective series of women with node-positive (pN ≥ 1)
breast cancers diagnosed from January 1998 to September 2018 at Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico, Milan, Italy. All patients underwent breast surgery with standard
adjuvant treatment (medical and radiotherapy) that was based on risk stratification. Outcome data
were collected, and only patients with uniformly recorded BCRL status and detailed information on
the adjuvant therapeutic protocols employed were included. Likely or documented syndromic tumors,
pregnancy-associated breast cancers, or those treated in the neoadjuvant setting were excluded for this
study. Patients were anonymized prior to data collection and analysis. The study was approved by the
local Independent Ethics Committee under protocol number #620_2018bis.
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2.2. BCRL Assessment

For all patients, BCRL was assessed during the standard follow-up oncology visits using the
circumferential method [14,23]. In the presence of macroscopic evidence and/or patients complains
of BCRL (e.g., swelling, heaviness, pain, aching, limb fatigue, impaired mobility), the limb volume was
calculated considering the arm either as a single segment or as the sum of the truncated cone volumes
represented by the multiple segments. For this analysis, sequential circumferential measurements were
taken every 5-cm interval, distally and proximally to the crease of the elbow, using a tape and compared to
the contralateral arm. In the presence of an interlimb difference ≥2 cm at any single location or ≥200 mL,
BCRL was confirmed and annotated as a dichotomous variable (i.e., BCRL+ and BCRL−) [24].

2.3. Histological Review

Tumor classification, grading, and pathological staging were re-performed for all cases following
the latest recommendations [25] and guidelines [26,27]. All cases were independently reviewed by
three pathologists with a particular interest in breast pathology (Gianluca Lopez, Letterio Runza,
and Nicola Fusco). Discordant results were resolved collegially. LVI and ENE were assessed following
the College of American Pathologists 2017 Protocol for the examination of specimens from patients
with invasive carcinoma of the breast (v.4.0.0.0, available at https://www.cap.org/cancerprotocols),
as previously described [14,28–34].

2.4. Statistical Analyses

All the statistical analyses were performed using the SAS 9.4 software (SAS Institute, Cary, NC,
USA). Categorical variables were annotated as absolute numbers with the corresponding percentage.
To summarize the continuous variables, the mean and standard deviation (SD) or median and
quartiles (Q1, Q3) were used. The Shapiro-Wilk test was employed to analyze the normal distributions.
Associations between BCRL, demographic and clinical information, pathologic and molecular features
of the tumors, and treatment data were performed using the Fisher’s exact test, chi-squared test,
or Wilcoxon rank-sum, according to the type of variables. Subsequently, Cox’s proportional hazard
regression models were used for multivariate analyses, and covariates were selected using the
purposeful method [14,35]. The proportional hazard assumption was verified considering Schoenfeld’s
residuals of each covariate [36]. The linearity assumption for quantitative variables was evaluated on
the basis of the quartiles [37]. For each predictor, the hazard ratio (HR) and 95% confidence intervals
(CI) were provided. Survival curves were built according to the Kaplan-Meier method and compared
using the Log-Rank test, as previously described [38]. All statistical tests were two-tailed; only p-values
of less than 0.05 were considered statistically significant.

3. Results

A total of 368 women (age, 26–88 years; median, 58 years) with pN ≥ 1 breast cancer were included
in this study (follow-up time, 0.4–25 years; median 6.2 years). Among them, 75 (20%) patients were
BCRL-positive and 293 (80%) were BCRL-negative. The median time of BCRL onset was 1.6 years (range
0.2–8.2 years). The demographic data and general characteristics of the study group are listed in Table 1.

Table 1. Demographic data and general characteristics of the patients included in the study. BCRL,
breast cancer related lymphedema; SD, standard deviation; BMI, body mass index.

BCRL+ (n = 75) BCRL− (n = 293) p-Value

Age at diagnosis, years, mean ± SD 57.9 ± 13.1 59.5 ± 12.9 0.3879
Menopause, n (%)

Peri- 1 (1.4) 9 (3.1)
0.6845Post- 49 (67.1) 195 (67.7)

Pre- 23 (31.5) 84 (29.1)
Smoking status, current smoker, n (%) 8 (10.7) 29 (9.9) 0.8433

https://www.cap.org/cancerprotocols
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Table 1. Cont.

BCRL+ (n = 75) BCRL− (n = 293) p-Value

BMI, mean ± SD 27.0 ± 5.6 26.9 ± 5.4 0.9572
Obesity, BMI ≥ 30 kg/m2 n (%) 16 (21.3) 78 (26.6) 0.3488

Diabetes mellitus, n (%) 7 (9.3) 19 (6.5) 0.3903
Cardiovascular diseases, n (%) 25 (33.3) 83 (28.3) 0.3956

Systemic infections, n (%) 10 (13.3) 18 (6.1) 0.0361
Blood disorders, n (%) 6 (8.0) 25 (8.5) 0.8822

Bone and joints diseases, n (%) 7 (9.3) 32 (10.9) 0.6901
Dyslipidemia, n (%) 5 (6.7) 44 (15.0) 0.0575

Gastrointestinal diseases, n (%) 14 (18.7) 51 (17.4) 0.7984
Diseases of the urinary tract, n (%) 4 (5.3) 16 (5.5) 1.0000

Diseases of the reproductive tract, n (%) 12 (16.0) 49 (16.7) 0.8805
Central nervous system diseases, n (%) 1 (1.3) 25 (8.5) 0.0299

Other neoplasms, n (%) 10 (13.3) 42 (14.3) 0.8242

3.1. Tumor-Specific Biological Features Associated with BCRL

Lymphedema was observed more frequently in patients with cancers of the right breast (n = 48, 64%,
p = 0.02), whereas in the BCRL-negative population the tumors were equally distributed among the left
(n = 151, 51%) and right (n = 142, 49%) sides. In both cohorts the most frequently diagnosed histological
type was the invasive ductal carcinoma. No statistically significant differences among BCRL-positive and
BCRL-negative tumors were observed in terms of tumor stage, histological grade, proliferation index,
and hormone receptor status. LVI at the periphery of the primary tumor was detected in 44% (n = 33) of
BCRL patients, while only 29% (n = 85) of the BCRL-negative population showed this feature (p = 0.01).
The prevalence of ENE of the metastasis was significantly higher (p = 0.02) in BCRL-positive (n = 57, 76%)
than in BCRL-negative patients (n = 180, 61%). These observations confirm that intrinsic biological features
of both the tumor and metastasis are bona fide biomarkers of BCRL occurrence. All clinicopathologic
features are summarized in Supplementary Table S1.

3.2. The Type of Axillary Surgical Dissection But Not the Type of Breast Surgery Impacts on BCRL

The condition of BCRL was restricted to the patients subjected to ALND, as those who underwent
only sentinel lymph node procedure (n = 19, 7%) were all BCRL-negative (p = 0.02). Breast conservative
surgery was the most widely adopted surgical approach both in BCRL-positive (n = 47, 63%) and
BCRL-negative (n = 177, 60%) patients, as shown in Table 2. No statistically significant correlation
was observed between the type of breast surgery and BCRL. These data provide circumstantial
evidence that BCRL is likely not to be a direct consequence of the breast surgery and that non-invasive
procedures in the axilla are not able alone to trigger this condition.

Table 2. Therapeutic protocols of the patients included in the study.

BCRL+ (n = 75) BCRL− (n = 293) p-Value

Breast surgery, n (%)
Conservative 47 (62.7) 177 (60.4)

0.7208Mastectomy 28 (37.3) 116 (39.6)
Axillary surgery, n (%)

En bloc dissection 75 (100.0) 274 (93.5)
0.0178Sentinel lymph node 0 (0.0) 19 (6.5)

Radiotherapy, n (%)
No

WBI
WBI + SCF
SCF + CW

21 (28.0)
36 (48.0)
7 (9.3)

11 (14.7)

78 (26.6)
153 (52.2)
16 (5.5)

46 (15.7)

0.6318

Chemotherapy, n (%)
No

Taxanes
Other protocols

22 (29.3)
45 (60.0)
8 (10.7)

153 (52.2)
110 (37.5)
30 (10.2)

0.0010
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Table 2. Cont.

BCRL+ (n = 75) BCRL− (n = 293) p-Value

Hormone therapy, n (%)
No

SERM
Aromatase inhibitors

SERM + Aromatase inhibitors
SERM + LHRH agonists

14 (18.7)
6 (8.0)

34 (45.3)
11 (14.7)
10 (13.3)

36 (12.3)
43 (14.7)

135 (46.1)
44 (15.0)
35 (12.0)

0.4206

Duration of the intake (days), median (Q1, Q3)
SERM

Aromatase inhibitors
LHRH agonists

301 (252; 349)
1586 (1095; 1827)
1200 (731; 1358)

300 (216; 371)
1544 (967; 1836)
989 (708; 1765)

1.0000
0.8658
0.9343

Trastuzumab, n (%) 11 (14.7) 19 (6.5) 0.0209
BCRL+ (n = 75) BCRL− (n = 293) p-Value

Breast surgery, n (%)
Conservative 47 (62.7) 177 (60.4)

0.7208Mastectomy 28 (37.3) 116 (39.6)
Axillary surgery, n (%)

En bloc dissection 75 (100.0) 274 (93.5)
0.0178Sentinel lymph node 0 (0.0) 19 (6.5)

Radiotherapy, n (%)
No

WBI
WBI + SCF
SCF + CW

21 (28.0)
36 (48.0)
7 (9.3)

11 (14.7)

78 (26.6)
153 (52.2)
16 (5.5)

46 (15.7)

0.6318

Chemotherapy, n (%)
No

Taxanes
Other protocols

22 (29.3)
45 (60.0)
8 (10.7)

153 (52.2)
110 (37.5)
30 (10.2)

0.0010

Hormone therapy, n (%)
No

SERM
Aromatase inhibitors

SERM + Aromatase inhibitors
SERM + LHRH agonists

14 (18.7)
6 (8.0)

34 (45.3)
11 (14.7)
10 (13.3)

36 (12.3)
43 (14.7)

135 (46.1)
44 (15.0)
35 (12.0)

0.4206

Duration of the intake (days), median (Q1, Q3)
SERM

Aromatase inhibitors
LHRH agonists

301 (252; 349)
1586 (1095; 1827)
1200 (731; 1358)

300 (216; 371)
1544 (967; 1836)
989 (708; 1765)

1.0000
0.8658
0.9343

Trastuzumab, n (%) 11 (14.7) 19 (6.5) 0.0209

BCRL, breast cancer related lymphedema; WBI, whole breast irradiation; SCF, supraclavicular fossa; CW, chest wall;
SERM, selective estrogen receptor modulator (Tamoxifen); LHRH, luteinizing hormone releasing hormone agonist;
Q1, quartile 1; Q3, quartile 3.

3.3. Extra-Axillary Radiotherapy Does Not Increase the Risk of BCRL

Whole breast irradiation (WBI) was the most frequently adopted radiotherapy protocol among
both BCRL-positive (n = 43, 57%) and BCRL-negative (n = 169, 58%) patients, including 7 (9%) and
16 (6%) cases, respectively, subjected to additional irradiation of the supraclavicular fossa (Table 2).
WBI was performed after surgery as one treatment per day, five days a week, for five to seven weeks.
A supplemental boost dose has been variably included at the end of the regimen. In our cohort,
all patients treated with mastectomy and radical lymphadenectomy showing ≥4 metastatic lymph
nodes received radiotherapy on both the supraclavicular fossa and the chest wall (n = 57, 16%). None of
the patients included in this study received axillary irradiation, while 21 (28%) BCRL-positive and 78
(27%) BCRL-negative patients were radiotherapy-naïve. Overall, extra-axillary radiation therapy was
not associated with BCRL (Table 2).

3.4. Taxanes-Based Chemotherapy Is Associated with BCRL Occurrence

Fisher’s exact test showed a strong association between adjuvant chemotherapy and BCRL
(p < 0.01), as displayed in Table 2. Taken together, a higher prevalence of chemo-treated patients was
observed in the BCRL-positive cohort (n = 53, 71%), compared to the BCRL-negative (n = 140, 48%),
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as shown in Table 2. In particular, 45 (60%) BCRL patients were treated with taxane-based protocols
(e.g., epirubicin and cyclophosphamide followed by docetaxel), in contrast to BCRL-negative patients
(n = 110, 38%). The higher incidence of BCRL was not observed in patients treated with other (i.e.,
taxanes-free) protocols (Table 2). These results were corroborated by the observation that more than
half of unaffected subjects (n = 153, 52%) received neither taxanes nor other chemotherapy protocols.
Log-rank test demonstrated that taxanes, but not other chemotherapeutics, had a significant impact
on BCRL-free survival (p < 0.01), as represented in Figure 1. The association between chemotherapy
and BCRL was further evaluated using a Cox proportional hazard model (Table 3). This analysis
showed that taxanes administration exposes breast cancer patients to a doubled risk of developing
lymphedema (HR = 2.24, 95% CI (1.26–3.98)), compared to other protocols (Table 3). No significant
correlations were observed between BCRL and hormone therapy, regardless of both the therapeutic
protocol and duration of the treatment (Table 2).

Table 3. Clinicopathologic factors associated with the development of breast cancer related
lymphedema (Cox proportional hazard model).

HR 95% CI p-Value

Systemic infections 1.88 0.95–3.71 0.0703

Chemotherapy, no 1.00
Taxanes

Other protocols
2.24
1.21

1.26–3.98
0.50–2.94

0.0060
0.6684

Trastuzumab 2.70 1.31–5.55 0.0071
No radiotherapy, no 1.00

WBI
WBI + SCF
SCF + CW

0.73
0.71
0.45

0.42–1.28
0.29–1.73
0.20–0.98

0.2678
0.4549
0.0446

Side ENE 0.0144
Right Yes vs. No 3.11 1.45–6.65
Left Yes vs. No 0.76 0.32–1.78
Side LVI 0.0208

Right Yes vs. No 1.09 0.59–2.00
Left Yes vs. No 3.56 1.61–7.87

HR, hazard ratio; CI, confidence interval; WBI, whole breast irradiation; SCF, supraclavicular fossa; CW, chest wall;
ENE, extranodal extension; LVI, lymphovascular invasion.
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Figure 1. Lymphedema-free survival of the patients included in the study according to the type
of chemotherapy. The curves are built according to the by Kaplan-Meier method, p values are the
expression of Log-rank test. The specific risk for a given timeframe is reported on the bottom of each
graph. BCRL, breast cancer related lymphedema; CT, chemotherapy.
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3.5. Anti-Human Epidermal Growth Factor Receptor 2 (HER2) Monoclonal Antibodies Administration
Increase the Risk of BCRL

The rate of human epidermal growth factor receptor 2 (HER2)-positive carcinomas was higher in
patients with BCRL (n = 11, 15%) than in BCRL-negative (n = 26, 9%), albeit not statistically significant
(Supplementary Table S1). All HER2-positive patients with BCRL, before developing lymphedema,
were treated with the monoclonal antibody trastuzumab (TTZ), while only 19 (73%) women with
HER2-positive tumors (n = 26) in the BCRL-negative group were treated with anti-HER2 therapy.
According to Fisher’s exact test, the association between anti-HER2 targeted therapy and BCRL was
significant, (p = 0.02), as shown in Table 3. This association was retained while performing survival
analyses (p < 0.01), as depicted in Figure 2. Despite the small sample size, the significance was
maintained after the inclusion of TTZ therapy in the Cox Proportional Hazard model comprising LVI
and ENE (p = 0.01). This analysis provided evidence that anti-HER2 therapy with TTZ increased the
risk of subsequent BCRL by nearly three times (HR = 2.7, 95% CI (1.31–5.55)). The therapeutic timeline
of BCRL patient treated with anti-HER2 drugs is outlined in Figure 3.
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4. Discussion

BCRL occurs in a remarkable proportion of breast cancer survivors, thus involving hundreds of
thousands of women worldwide, with a significant impact on social and sanitary costs [7]. Despite risk
factors have been identified, patients risk stratification is not performed to date. As a result, BCRL is
treated at its occurrence, in contrast with the modern principles of preventive medicine. Regrettably,
BCRL is poorly responsive to surgical, physical, and medical therapies. Therefore, the currently
available preventive strategies, if applied at an individualized level, could improve patients’ outcome
and sanitary interventions. We have hypothesized that the integration of multiple clinical information
with tumor-specific pathological information would be germane for improving the currently available
guidelines to define individuals at risk. Here, we performed a comprehensive analysis of a large series
of surgically-treated pN ≥ 1 breast cancers with long-term follow-up and found that extra-axillary
radiotherapy, sentinel lymph node procedure, and extensive surgical procedures on the breast are not
able alone to increase the risk of BCRL. Furthermore, we confirm the strong predictive value of LVI
and ENE for BCRL occurrence and that their evaluation is able to identify new risk factors, such as
TTZ therapy. Finally, we corroborate the notion that, among chemo-treated patients, BCRL occurs
preferentially in the setting of therapy with taxanes.

In our study, we provide new insights on how breast cancer systemic therapy can influence
BCRL-free survival. The potential association of endocrine therapy, chemotherapy and anti-HER2
targeted therapy with lymphedema was evaluated with a comprehensive risk model, encompassing
both treatment-related and pathological indicators. Data of our cohort of patients confirmed the
detrimental impact of adjuvant chemotherapy. In detail, HR significantly increases when patients
are treated with taxanes-based protocols, supporting previous literature findings [20,21]. In initial
stages, lymphedema development is characterized by interstitial fluid retention and accumulation of
protein-rich fluid. This process may be worsened by adjuvant chemotherapy with a mechanism that
closely resembles early pathological changes typical of secondary lymphedema. Indeed, taxanes,
and in particular docetaxel, can lead to an enhancement of interstitial fluid filtration, capillary
protein leakage and subsequently edema [39]. Therefore, adjuvant taxanes-based protocols can
contribute to the initiation and maintenance of BCRL by increasing fluid collection early on after
surgery, when lymphatic drainage is markedly impaired by axillary dissection procedures.

More interestingly, we were able to identify a significant correlation between anti-HER2 therapy
and BCRL. Despite the small sample size of the HER2-positive tumors included in this study,
our data provides previously unavailable evidence that patients who receive TTZ are at higher
risk of postsurgical lymphedema. Given that the adjuvant systemic therapy with TTZ requires the
administration of concurrent chemotherapy, we can hypothesize the additive effect of anti-HER2
monoclonal antibodies to chemotherapeutics. To date, no adverse effects of TTZ on microcirculation
or fluid retention have been described. However, this monoclonal antibody selectively binds HER2,
which is part of human epidermal growth factor receptor family [40]. HER2 overexpression has
been linked to higher levels of vascular endothelial growth factor (VEGF)-C, which is a key player
in lymphatic development, and subsequent increase in lymphangiogenesis [41]. Evidences in vitro
showed that VEGF-C mRNA and protein expression decreased significantly in breast cancer cells
after TTZ, supporting the assumption of a clinically relevant association between HER2 and VEGF-C
levels [42]. Therefore, the blockade of HER2 by monoclonal antibodies, such as TTZ, may on one hand
reduce direct proliferative effects of VEGF-C on tumor cells and on the other hand, for its systemic
effect, diminish lymphangiogenesis in the site of surgery, preventing lymphatic regeneration and thus
promoting lymphedema.

This study has intrinsic limitations. First, its retrospective nature prevented a rigorous and
uniform measurement of the arm volume. Hence, the sensitivity of the circumferential method
has been questioned by many authors, particularly in the presence of arm shape irregularities and
gibbousness [43,44]. Overall, the lack of a baseline measurement of the limb volume prior to the
development of macroscopic BCRL, coupled with the fact that the measurements were not always
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taken at regular intervals, could have led to an underestimation of the real incidence of BCRL in
our population of patients. To overcome potential biases in quantification we chose to annotate
BCRL as a dichotomous variable. However, this study should be considered hypothesis-generating.
Further clinical studies coupled with detailed records of both arm volumes at regular intervals using
cutting-edge tools (i.e., bioimpedance spectroscopy or tissue dielectric constant analysis), information
on weight gain and symptoms of fluid retention (e.g., facial edema) during chemotherapy, and duration
of the specific interventions will be required to allow for BCRL staging, including latent and subclinical
conditions. Second, the relatively small sample size of HER2-positive tumors included in the study
could have limited the clinical impact of our conclusions. It should be noted, however, that our
work provides for the first time in literature evidence on the possible role of trastuzumab in BCRL
pathogenesis. Large-scale studies enriched for HER2-positive breast cancers are warranted to confirm
our observations. Third, we cannot rule out the possibility that the correlation of TTZ treatment in
BCRL onset could be related to a carry-over effect of the combined treatment with taxanes, in particular
considering the different protocols adopted during the long time-frame of patients’ recruitment
(1993–2018). To this end, functional studies exploring the individual role of specific drugs in BCRL
would be needed.

5. Conclusions

Despite these limitations, our work offers novel insights in BCRL risk stratification, where the
integration of demographic, clinical, therapeutic, and tumor-specific pathologic data could represent
a step forward for the prevention, or at least prediction, of long-term complications in breast cancer
survivors. The assessment of LVI and ENE could be beneficial not only for the implementation of
BCRL active surveillance protocols in the setting of trastuzumab therapy, but also for tailoring the
surgical intervention, follow-up, and therapeutic strategy in women with node-positive breast cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/2/138/s1,
Table S1: Clinicopathologic features of the tumors.

Author Contributions: Conceptualization, M.I. and N.F.; data curation, A.M., G.L. and N.F.; formal analysis,
M.N.; funding acquisition, M.I.; investigation, M.I., A.M., L.R., M.G., L.D., C.B., D.G. and N.F.; methodology,
M.N., D.G. and N.F.; project administration, N.F.; resources, N.F.; software, M.N.; supervision, S.M., D.G. and N.F.;
visualization, M.I., L.R., M.G., L.D., C.B., S.M., D.G. and N.F.; Writing—original draft, A.M.; writing—review and
editing, M.I., M.N., G.L., D.G. and N.F.

Acknowledgments: Marco Invernizzi is funded in part by the Edo and Elvo Tempia Foundation, Biella, Italy.
Gianluca Lopez was founded by an OXIAMO Onlus Post-Graduate Fellowship.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. De Abreu, F.B.; Schwartz, G.N.; Wells, W.A.; Tsongalis, G.J. Personalized therapy for breast cancer. Clin. Genet.
2014, 86, 62–67. [CrossRef]

2. American Cancer Society. Global Cancer Facts & Figures, 4th ed.; American Cancer Society: Atlanta, GA,
USA, 2018.

3. Runowicz, C.D.; Leach, C.R.; Henry, N.L.; Henry, K.S.; Mackey, H.T.; Cowens-Alvarado, R.L.; Cannady, R.S.;
Pratt-Chapman, M.L.; Edge, S.B.; Jacobs, L.A.; et al. American Cancer Society/American Society of Clinical
Oncology Breast Cancer Survivorship Care Guideline. J. Clin. Oncol. 2016, 34, 611–635. [CrossRef] [PubMed]

4. Halsted, C.P.; Benson, J.R.; Jatoi, I. A historical account of breast cancer surgery: Beware of local recurrence
but be not radical. Future Oncol. 2014, 10, 1649–1657. [CrossRef] [PubMed]

5. Sakorafas, G.H.; Safioleas, M. Breast cancer surgery: An historical narrative. Part III. From the sunset of the
19th to the dawn of the 21st century. Eur. J. Cancer Care (Engl.) 2010, 19, 145–166. [CrossRef] [PubMed]

6. Gillespie, T.C.; Sayegh, H.E.; Brunelle, C.L.; Daniell, K.M.; Taghian, A.G. Breast cancer-related lymphedema:
Risk factors, precautionary measures, and treatments. Gland Surg. 2018, 7, 379–403. [CrossRef]

http://www.mdpi.com/2077-0383/8/2/138/s1
http://dx.doi.org/10.1111/cge.12381
http://dx.doi.org/10.1200/JCO.2015.64.3809
http://www.ncbi.nlm.nih.gov/pubmed/26644543
http://dx.doi.org/10.2217/fon.14.98
http://www.ncbi.nlm.nih.gov/pubmed/25145433
http://dx.doi.org/10.1111/j.1365-2354.2008.01061.x
http://www.ncbi.nlm.nih.gov/pubmed/19674072
http://dx.doi.org/10.21037/gs.2017.11.04


J. Clin. Med. 2019, 8, 138 10 of 12

7. Michelotti, A.; Invernizzi, M.; Lopez, G.; Lorenzini, D.; Nesa, F.; De Sire, A.; Fusco, N. Tackling the diversity
of breast cancer related lymphedema: Perspectives on diagnosis, risk assessment, and clinical management.
Breast 2018, 44, 15–23. [CrossRef] [PubMed]

8. Mortimer, P.S. The pathophysiology of lymphedema. Cancer 1998, 83, 2798–2802. [CrossRef]
9. Rogan, S.; Taeymans, J.; Luginbuehl, H.; Aebi, M.; Mahnig, S.; Gebruers, N. Therapy modalities to reduce

lymphoedema in female breast cancer patients: A systematic review and meta-analysis. Breast Cancer
Res. Treat. 2016, 159, 1–14. [CrossRef]

10. DiSipio, T.; Rye, S.; Newman, B.; Hayes, S. Incidence of unilateral arm lymphoedema after breast cancer:
A systematic review and meta-analysis. Lancet Oncol. 2013, 14, 500–515. [CrossRef]

11. Schrenk, P.; Rieger, R.; Shamiyeh, A.; Wayand, W. Morbidity following sentinel lymph node biopsy versus
axillary lymph node dissection for patients with breast carcinoma. Cancer 2000, 88, 608–614. [CrossRef]

12. Langer, I.; Guller, U.; Berclaz, G.; Koechli, O.R.; Schaer, G.; Fehr, M.K.; Hess, T.; Oertli, D.; Bronz, L.;
Schnarwyler, B.; et al. Morbidity of sentinel lymph node biopsy (SLN) alone versus SLN and completion
axillary lymph node dissection after breast cancer surgery: A prospective Swiss multicenter study on 659
patients. Ann. Surg. 2007, 245, 452–461. [CrossRef] [PubMed]

13. Goldberg, J.I.; Riedel, E.R.; Morrow, M.; Van Zee, K.J. Morbidity of sentinel node biopsy: Relationship
between number of excised lymph nodes and patient perceptions of lymphedema. Ann. Surg. Oncol. 2011,
18, 2866–2872. [CrossRef] [PubMed]

14. Invernizzi, M.; Corti, C.; Lopez, G.; Michelotti, A.; Despini, L.; Gambini, D.; Lorenzini, D.; Guerini-Rocco, E.;
Maggi, S.; Noale, M.; et al. Lymphovascular invasion and extranodal tumour extension are risk indicators
of breast cancer related lymphoedema: An observational retrospective study with long-term follow-up.
BMC Cancer 2018, 18, 935. [CrossRef] [PubMed]

15. Vieira, R.A.; da Costa, A.M.; de Souza, J.L.; Coelho, R.R.; de Oliveira, C.Z.; Sarri, A.J.; Junior, R.J.;
Zucca-Matthes, G. Risk Factors for Arm Lymphedema in a Cohort of Breast Cancer Patients Followed
up for 10 Years. Breast Care 2016, 11, 45–50. [CrossRef] [PubMed]

16. Tsai, R.J.; Dennis, L.K.; Lynch, C.F.; Snetselaar, L.G.; Zamba, G.K.; Scott-Conner, C. The risk of developing
arm lymphedema among breast cancer survivors: A meta-analysis of treatment factors. Ann. Surg. Oncol.
2009, 16, 1959–1972. [CrossRef]

17. Curigliano, G.; Burstein, H.J.; P Winer, E.; Gnant, M.; Dubsky, P.; Loibl, S.; Colleoni, M.; Regan, M.M.;
Piccart-Gebhart, M.; Senn, H.J.; et al. De-escalating and escalating treatments for early-stage breast cancer:
The St. Gallen International Expert Consensus Conference on the Primary Therapy of Early Breast Cancer
2017. Ann. Oncol. 2017, 28, 1700–1712. [CrossRef]

18. Cariati, M.; Bains, S.K.; Grootendorst, M.R.; Suyoi, A.; Peters, A.M.; Mortimer, P.; Ellis, P.; Harries, M.;
Van Hemelrijck, M.; Purushotham, A.D. Adjuvant taxanes and the development of breast cancer-related arm
lymphoedema. Br. J. Surg. 2015, 102, 1071–1078. [CrossRef]

19. Lee, M.J.; Beith, J.; Ward, L.; Kilbreath, S. Lymphedema following taxane-based chemotherapy in women
with early breast cancer. Lymphat. Res. Biol. 2014, 12, 282–288. [CrossRef]

20. Swaroop, M.N.; Ferguson, C.M.; Horick, N.K.; Skolny, M.N.; Miller, C.L.; Jammallo, L.S.; Brunelle, C.L.;
O’Toole, J.A.; Isakoff, S.J.; Specht, M.C.; et al. Impact of adjuvant taxane-based chemotherapy on development
of breast cancer-related lymphedema: Results from a large prospective cohort. Breast Cancer Res. Treat 2015,
151, 393–403. [CrossRef]

21. Zhu, W.; Li, D.; Li, X.; Ren, J.; Chen, W.; Gu, H.; Shu, Y.; Wang, D. Association between adjuvant
docetaxel-based chemotherapy and breast cancer-related lymphedema. Anticancer Drugs 2017, 28, 350–355.
[CrossRef]

22. Jammallo, L.S.; Miller, C.L.; Singer, M.; Horick, N.K.; Skolny, M.N.; Specht, M.C.; O’Toole, J.; Taghian, A.G.
Impact of body mass index and weight fluctuation on lymphedema risk in patients treated for breast cancer.
Breast Cancer Res. Treat. 2013, 142, 59–67. [CrossRef] [PubMed]

23. Hidding, J.T.; Viehoff, P.B.; Beurskens, C.H.; van Laarhoven, H.W.; Nijhuis-van der Sanden, M.W.; van
der Wees, P.J. Measurement Properties of Instruments for Measuring of Lymphedema: Systematic Review.
Phys. Ther. 2016, 96, 1965–1981. [CrossRef] [PubMed]

24. Smoot, B.J.; Wong, J.F.; Dodd, M.J. Comparison of diagnostic accuracy of clinical measures of breast
cancer-related lymphedema: Area under the curve. Arch. Phys. Med. Rehabil. 2011, 92, 603–610. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.breast.2018.12.009
http://www.ncbi.nlm.nih.gov/pubmed/30580170
http://dx.doi.org/10.1002/(SICI)1097-0142(19981215)83:12B+&lt;2798::AID-CNCR28&gt;3.0.CO;2-E
http://dx.doi.org/10.1007/s10549-016-3919-4
http://dx.doi.org/10.1016/S1470-2045(13)70076-7
http://dx.doi.org/10.1002/(SICI)1097-0142(20000201)88:3&lt;608::AID-CNCR17&gt;3.0.CO;2-K
http://dx.doi.org/10.1097/01.sla.0000245472.47748.ec
http://www.ncbi.nlm.nih.gov/pubmed/17435553
http://dx.doi.org/10.1245/s10434-011-1688-1
http://www.ncbi.nlm.nih.gov/pubmed/21465310
http://dx.doi.org/10.1186/s12885-018-4851-2
http://www.ncbi.nlm.nih.gov/pubmed/30268112
http://dx.doi.org/10.1159/000442489
http://www.ncbi.nlm.nih.gov/pubmed/27051396
http://dx.doi.org/10.1245/s10434-009-0452-2
http://dx.doi.org/10.1093/annonc/mdx308
http://dx.doi.org/10.1002/bjs.9846
http://dx.doi.org/10.1089/lrb.2014.0030
http://dx.doi.org/10.1007/s10549-015-3408-1
http://dx.doi.org/10.1097/CAD.0000000000000468
http://dx.doi.org/10.1007/s10549-013-2715-7
http://www.ncbi.nlm.nih.gov/pubmed/24122390
http://dx.doi.org/10.2522/ptj.20150412
http://www.ncbi.nlm.nih.gov/pubmed/27340195
http://dx.doi.org/10.1016/j.apmr.2010.11.017
http://www.ncbi.nlm.nih.gov/pubmed/21440706


J. Clin. Med. 2019, 8, 138 11 of 12

25. Lakhani, S.R.; Ellis, I.O.; Schnitt, S.J.; Tan, P.H.; van de Vijver, M.J. WHO Classification of Tumours of the Breast,
4th ed.; IARC Press: Lyon, France, 2012.

26. Elston, C.W.; Ellis, I.O. Pathological prognostic factors in breast cancer. I. The value of histological grade
in breast cancer: Experience from a large study with long-term follow-up. Histopathology 1991, 19, 403–410.
[CrossRef]

27. Amin, M.B.; Greene, F.L.; Edge, S.B.; Compton, C.C.; Gershenwald, J.E.; Brookland, R.K.; Meyer, L.;
Gress, D.M.; Byrd, D.R.; Winchester, D.P. The Eighth Edition AJCC Cancer Staging Manual: Continuing to
build a bridge from a population-based to a more “personalized” approach to cancer staging. CA Cancer
J. Clin. 2017, 67, 93–99. [CrossRef] [PubMed]

28. Lee, A.H.; Pinder, S.E.; Macmillan, R.D.; Mitchell, M.; Ellis, I.O.; Elston, C.W.; Blamey, R.W. Prognostic value
of lymphovascular invasion in women with lymph node negative invasive breast carcinoma. Eur. J. Cancer
2006, 42, 357–362. [CrossRef]

29. Rosen, P.P. Tumor emboli in intramammary lymphatics in breast carcinoma: Pathologic criteria for diagnosis
and clinical significance. Pathol. Annu. 1983, 18 Pt 2, 215–232.

30. Gooch, J.; King, T.A.; Eaton, A.; Dengel, L.; Stempel, M.; Corben, A.D.; Morrow, M. The extent of extracapsular
extension may influence the need for axillary lymph node dissection in patients with T1-T2 breast cancer.
Ann. Surg. Oncol. 2014, 21, 2897–2903. [CrossRef]

31. Gruber, G.; Cole, B.F.; Castiglione-Gertsch, M.; Holmberg, S.B.; Lindtner, J.; Golouh, R.; Collins, J.;
Crivellari, D.; Thürlimann, B.; Simoncini, E.; et al. Extracapsular tumor spread and the risk of local, axillary
and supraclavicular recurrence in node-positive, premenopausal patients with breast cancer. Ann. Oncol.
2008, 19, 1393–1401. [CrossRef]

32. Gruber, G.; Bonetti, M.; Nasi, M.L.; Price, K.N.; Castiglione-Gertsch, M.; Rudenstam, C.M.; Holmberg, S.B.;
Lindtner, J.; Golouh, R.; Collins, J.; et al. Prognostic value of extracapsular tumor spread for locoregional
control in premenopausal patients with node-positive breast cancer treated with classical cyclophosphamide,
methotrexate, and fluorouracil: Long-term observations from International Breast Cancer Study Group Trial
VI. J. Clin. Oncol. 2005, 23, 7089–7097. [CrossRef]

33. Dobi, E.; Bazan, F.; Dufresne, A.; Demarchi, M.; Villanueva, C.; Chaigneau, L.; Montcuquet, P.; Ivanaj, A.;
Sautière, J.L.; Maisonnette-Escot, Y.; et al. Is extracapsular tumour spread a prognostic factor in patients with
early breast cancer? Int. J. Clin. Oncol. 2013, 18, 607–613. [CrossRef] [PubMed]

34. Fusco, N.; Lopez, G.; Corti, C.; Pesenti, C.; Colapietro, P.; Ercoli, G.; Gaudioso, G.; Faversani, A.; Gambini, D.;
Michelotti, A.; et al. Mismatch Repair Protein Loss as a Prognostic and Predictive Biomarker in Breast
Cancers Regardless of Microsatellite Instability. JNCI Cancer Spectr. 2018, 2, pky056. [CrossRef]

35. Hosmer, D.W.; Lemeshow, S.; May, S. Applied Survival Analysis: Regression Modeling of Time-to-Event Data;
Wiley: Hoboken, NJ, USA, 2011.

36. Vittinghoff, E.; McCulloch, C.E. Relaxing the rule of ten events per variable in logistic and Cox regression.
Am. J. Epidemiol. 2007, 165, 710–718. [CrossRef] [PubMed]

37. Denis, D.J. Applied Univariate, Bivariate, and Multivariate Statistics; Wiley: Hoboken, NJ, USA, 2015.
38. Fusco, N.; Guerini-Rocco, E.; Del Gobbo, A.; Franco, R.; Zito-Marino, F.; Vaira, V.; Bulfamante, G.; Ercoli, G.;

Nosotti, M.; Palleschi, A.; et al. The Contrasting Role of p16Ink4A Patterns of Expression in Neuroendocrine
and Non-Neuroendocrine Lung Tumors: A Comprehensive Analysis with Clinicopathologic and Molecular
Correlations. PLoS ONE 2015, 10, e0144923. [CrossRef] [PubMed]

39. Semb, K.A.; Aamdal, S.; Oian, P. Capillary protein leak syndrome appears to explain fluid retention in cancer
patients who receive docetaxel treatment. J. Clin. Oncol. 1998, 16, 3426–3432. [CrossRef] [PubMed]

40. Fusco, N.; Bosari, S. HER2 aberrations and heterogeneity in cancers of the digestive system: Implications for
pathologists and gastroenterologists. World J. Gastroenterol. 2016, 22, 7926–7937. [CrossRef]

41. Schoppmann, S.F.; Tamandl, D.; Roberts, L.; Jomrich, G.; Schoppmann, A.; Zwrtek, R.; Dubsky, P.; Gnant, M.;
Jakesz, R.; Birner, P. HER2/neu expression correlates with vascular endothelial growth factor-C and
lymphangiogenesis in lymph node-positive breast cancer. Ann. Oncol. 2010, 21, 955–960. [CrossRef]

42. Marino, D.; Angehrn, Y.; Klein, S.; Riccardi, S.; Baenziger-Tobler, N.; Otto, V.I.; Pittelkow, M.; Detmar, M.
Activation of the epidermal growth factor receptor promotes lymphangiogenesis in the skin. J. Dermatol. Sci.
2013, 71, 184–194. [CrossRef]

http://dx.doi.org/10.1111/j.1365-2559.1991.tb00229.x
http://dx.doi.org/10.3322/caac.21388
http://www.ncbi.nlm.nih.gov/pubmed/28094848
http://dx.doi.org/10.1016/j.ejca.2005.10.021
http://dx.doi.org/10.1245/s10434-014-3752-0
http://dx.doi.org/10.1093/annonc/mdn123
http://dx.doi.org/10.1200/JCO.2005.08.123
http://dx.doi.org/10.1007/s10147-012-0439-z
http://www.ncbi.nlm.nih.gov/pubmed/22763660
http://dx.doi.org/10.1093/jncics/pky056
http://dx.doi.org/10.1093/aje/kwk052
http://www.ncbi.nlm.nih.gov/pubmed/17182981
http://dx.doi.org/10.1371/journal.pone.0144923
http://www.ncbi.nlm.nih.gov/pubmed/26674347
http://dx.doi.org/10.1200/JCO.1998.16.10.3426
http://www.ncbi.nlm.nih.gov/pubmed/9779722
http://dx.doi.org/10.3748/wjg.v22.i35.7926
http://dx.doi.org/10.1093/annonc/mdp532
http://dx.doi.org/10.1016/j.jdermsci.2013.04.024


J. Clin. Med. 2019, 8, 138 12 of 12

43. Deltombe, T.; Jamart, J.; Recloux, S.; Legrand, C.; Vandenbroeck, N.; Theys, S.; Hanson, P. Reliability and
limits of agreement of circumferential, water displacement, and optoelectronic volumetry in the measurement
of upper limb lymphedema. Lymphology 2007, 40, 26–34.

44. Borthwick, Y.; Paul, L.; Sneddon, M.; McAlpine, L.; Miller, C. Reliability and validity of the figure-of-eight
method of measuring hand size in patients with breast cancer-related lymphoedema. Eur. J. Cancer
Care (Engl.) 2013, 22, 196–201. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/ecc.12024
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Background 
	Materials and Methods 
	Study Cohort 
	BCRL Assessment 
	Histological Review 
	Statistical Analyses 

	Results 
	Tumor-Specific Biological Features Associated with BCRL 
	The Type of Axillary Surgical Dissection But Not the Type of Breast Surgery Impacts on BCRL 
	Extra-Axillary Radiotherapy Does Not Increase the Risk of BCRL 
	Taxanes-Based Chemotherapy Is Associated with BCRL Occurrence 
	Anti-Human Epidermal Growth Factor Receptor 2 (HER2) Monoclonal Antibodies Administration Increase the Risk of BCRL 

	Discussion 
	Conclusions 
	References

